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Chlorin e6 (Ce6) has attracted considerable interest as a promising second-generation photosensitizer for pho-
todynamic therapy (PDT). However, the in vivo availability of Ce6 is significantly restricted by its low water
solubility and poor ability to target tumors. We sought to overcome the limitations of Ce6 by using albumin

Chlorin e_61 nanoparticles with nab”™ (nanoparticle albumin-bound) technology. The fabricated albumin nanoparticles con-
ZI;)?[E?SUC es sisted of bovine serum albumin (BSA), Ce6-BSA, and beta-carotene as a carrier, photosensitizing agent, and

cross-linker, respectively. These albumin nanoparticles (Ce6-BSA-BC-NPs) did not include any toxic che-
motherapeutics but instead contained naturally safe beta-carotene and Ce6, which was activated only upon
irradiation with 660-nm laser light. Ce6-BSA-BC-NPs were ~ 120 nm in size and spherical, similar to Abraxane”,
and showed good physicochemical stability. The nanoparticles showed significant cytotoxicity toward 4T1 cells
as evaluated by MTT, Live/Dead, and TUNEL assays. In particular, results of the TUNEL assay demonstrated that
cell death induced by Ce6-BSA-BC-NPs and light irradiation (660 nm) occurred through the apoptotic pathway.
Ce6-BSA-BC-NPs displayed a remarkably enhanced tumor suppression effect when irradiated by 660-nm light
compared with free Ce6 (tumor volume 90 + 39 versus 487 *= 69 mm?® respectively). Overall, this improved in
vivo antitumor efficacy seemed to be due to the targetability of albumin nanoparticles. We believe that our Ce6-
BSA-BC-NPs with PDT offer a promising new potential therapeutic platform for breast cancer treatment.

Tumor targeting

1. Introduction tested clinically for the treatment of various cancer types including
head and neck, brain, lung, pancreas, skin, prostate and breast cancer

Photodynamic therapy (PDT) has been considered an effective [3].

means of ablating tumors. The process of PDT involves administration
of a tumor-localizing photosensitizer (PS) and timely local irradiation of
tumor regions using light appropriate for the PS [1,2] Under appro-
priate levels of tissue oxygen and intensity of light the PS generates
reactive oxygen species (ROS) such as singlet oxygen or free radicals
[31, which induce cancer cell death through apoptosis, necrosis or au-
tophagy [1,4,5]. Three mechanisms of tumor ablation by PDT have
been suggested: (i) direct tumor cell killing, (ii) damage to tumor vas-
culature, and (iii) tumor suppression via the immune response [3]. PDT
shows many advantages such as alleviated invasiveness, short treat-
ment time, safety even after repetition, minimal scarring after healing,
and low cost compared with other treatments [1,6,7]. PDT has been
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Chlorin e6 (Ce6) is one of the most outstanding PSs developed to
date and its derivatives have been used clinically for PDT. Compared
with the first-generation PS, Ce6 responds to a greater range of wave-
lengths, between 600 and ~900 nm, which enables higher penetration
of laser light into deep tissues. Furthermore, it shows strong intrinsic
fluorescence over the wavelength range and can be effectively applied
for diagnostic imaging of tumors without interference from endogenous
chromophores [8]. However, the availability of Ceb6 is restricted by its
poor water solubility and low targetability.

Efficient localization of PS in tumors is essential for successful PDT
because the amount of PS in tumors is directly related to the efficiency
of ROS generation upon irradiation. Many studies have used the tumor
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targetability of nanoparticles to address the limited availability of PSs
in tumors for PDT. Among a number of nanoparticle platforms, albumin
nanoparticles have attracted considerable interest in both academia and
industry due to noticeable advantages of albumin protein as a phar-
maceutical carrier, such as, biodegradability, biocompatibility, non-
immunogenicity (human source), high chemical stability, and versati-
lity. [9-11]. Moreover, albumin preferentially accumulates in tumor
tissues due to its excellent targetability to tumors. It permeates leaky
blood vessels via efficient extravasation process [12] and is transported
across endothelial walls around tumor tissues through gp60 (60-kDa
glycoprotein) receptors expressed on the tumor vasculature. Further-
more, SPARC (secreted protein, acidic and rich in cysteine) binds to
albumin in the tumor interstitium and facilitates the uptake of albumin
into tumors, providing the basis of targeted delivery by albumin na-
noparticles [13-17]. Additionally, albumin itself plays a role as a dys-
opsonin that prevents the adsorption of various plasma proteins and
protects macrophage recognition, leading to extended circulation time
of nanoparticles [18,19]. In practice, the nab™ (nanoparticle albumin-
bound) technology-based formulation, Abraxane’, has outperformed
other existing formulations of paclitaxel, including Taxol’, by virtue of
several significant advantages such as reduced toxicity, tolerated dose
increase, and excellent tumor targetability. In this albumin nanoparticle
structure, hydrophobic drugs play a significant role in assembling al-
bumin by acting as physical cross-linkers.

Beta-carotene (BC) is a strongly red-orange-colored terpenoid that is
synthesized biochemically from eight isoprene units in nature [20]. BC
from many natural vegetable products, such as carrot, spinach, lettuce,
and broccoli, is used as a safe natural dietary agent [21]. Some studies
have reported the preventive effect of BC as a pro-vitamin by stimu-
lating the immune system [22,23], showing an inverse relationship
between BC uptake and risk of occurrence of estrogen receptor-negative
[24,25] or —positive [26] breast cancers. BC has a high binding affinity
to albumin, and its identical left-right symmetric structure has great
potential for association of albumin molecules. On account of its high
organic solubility it can be used as a physical cross-linker in the pre-
paration of nab” technology-based albumin nanoparticles in a similar
manner to hydrophobic drugs.

In this study, a prototype of albumin nanoparticles consisting of
naive BSA, Ce6-BSA, and BC (Ce6-BSA-BC-NPs) was developed as a
photodynamic therapy agent for the treatment of breast cancer in order
to overcome the problems of poor solubility and tumor targetability.
These albumin nanoparticles were fabricated using high-pressure
homogenization based on nab™ technology and their physicochemical
properties were examined. Also, the in vitro cytotoxicity and in vivo
antitumor efficacy of Ce6-BSA-BC-NPs were examined in 4T1 cells (a
triple-negative breast cancer cell line) and 4T1 cell-xenografted nu/nu
mice after irradiation with 660-nm light (Fig. 1).

2. Materials and methods
2.1. Materials

Chlorin e6 (Ce6) was purchased from Frontier Scientific (Salt Lake
City, UT, USA). Bovine serum albumin (BSA; 66.5 kDa and ~99%) and
beta-carotene were from Sigma-Aldrich (St. Louis, MO, USA). 4T1
(ATCC® CRL-2539™) breast cancer cells were purchased from the
Korean Cell Line Bank (Seoul, Korea). Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), and penicillin/strepto-
mycin (P/S) were obtained from Corning (Corning, NY, USA). The
LIVE/DEAD’ viability/cytotoxicity kits for mammalian cells and singlet
oxygen sensor green reagent (SOSG) were provided by Thermo Fisher
Scientific (Rockford, IL, USA). The in situ cell death detection kit was
obtained from Roche Diagnostics (Mannheim, Germany). All other re-
agents were supplied by Sigma-Aldrich unless otherwise specified.
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2.2. Animals

BALB/c nu/nu mice (male, 6 weeks old) were purchased from
Hanlim Experimental Animal Laboratory (Seoul, South Korea). Animals
were cared for in accordance with the guidelines issued by the National
Institutes of Health (NIH) according to the care and use of laboratory
animals (NIH publication 80-23, revised in 1996). Mice were divided
into groups corresponding to the treatment and provided with food and
water under a 12-h light/dark cycle (lights on at 6 am). This study was
approved by the Ethical Committee on Animal Experimentation at
Sungkyunkwan University.

2.3. Preparation of Ce6-BSA conjugates

BSA was conjugated with Ce6 using a slight modification of pre-
vious methods [27,28]. In brief, aliquots of Ce6 (1 mmol), N-dicyclo-
hexylcarbodiimide (DCC, 4 mmol), N- hydroxysuccinimide (NHS,
5mmol) and triethylamine (TEA, 4 mmol) were dissolved in 10 ml di-
methyl sulfoxide (DMSO, anhydrous) in a glass tube. The mixture was
gently stirred and allowed to react in the dark at ambient temperature
for 24 h. After removal of the precipitate, the Ce6-NHS produced was
stored at —70°C until use. Separately, different aliquots (1.5 and
4.5ml) of Ce6-NHS (0.1 mmol) in DMSO, which correspond to feeding
ratios of 20:1 and 60:1 (Ce6:BSA) respectively, were dropwise mixed
with 50 ml BSA (0.0075 mmol) dissolved in 0.1 M sodium borate buffer
(pH 8.5). The resulting suspension was continuously stirred at 450 rpm
in the dark at room temperature for 24 h. Unreacted Ce6 and DMSO
were removed using a dialysis membrane (MwCO: 10 kDa; amicon
ultra, Millipore, Beverly, MA, USA) against 60% ethanol for 48 h and
then against deionized water (DW) for 24 h. Finally, Ce6-BSA was
concentrated in DW using a centrifugal concentrator (MwCO: 30 kDa,
Amicon® Ultra, Millipore) and then lyophilized and stored at -20 °C for
further experiments.

2.4. Characterization of Ce6-BSA conjugates

Ce6-BSA conjugates (feeding ratios of 20:1 or 60:1) were char-
acterized by matrix-assisted laser desorption and ionization time of
flight (MALDI-TOF) mass spectrometry (UltrafleXtreme, Bruker,
Coventry, UK) and reversed-phase high-performance liquid chromato-
graphy (RP-HPLC) on a PLRP-S column (150 X 4.6 mm, 8 um, Agilent
Technologies, CA, USA) [28].

2.5. Preparation of Ce6-BSA-BC-NPs and BSA-BC-NPs

Ce6-BSA-BC-NPs and BSA-BC-NPs were prepared using a slight
modification of nanoparticle albumin bound (nab™) technology
[9,29,30]. In brief, aliquots of 40 mg BSA/10 mg Ce6-BSA (feeding ratio
of 20:1) or 50 mg BSA were dissolved in 5 ml DW. Beta-carotene (1 mg)
was dissolved in 100 pl of a 9:1 solution of chloroform and ethanol.
These solutions consisting of aqueous and organic phases were gently
mixed and homogenized using a WiseTis HG15D homogenizer
(DAIHAN Scientific Co, Seoul, South Korea) at 18,000 rpm. The re-
sulting solutions were passed through a high-pressure homogenizer
(EmulsiFlex-B15 device, Avestin, Ottawa, Ontario, Canada) for nine
cycles at 20,000 psi. The dispersions were rotary evaporated to remove
chloroform at 40 °C for 15 min under reduced pressure. Finally, the NPs
were centrifuged at 6000 rpm and the supernatants were lyophilized
and stored at —20 °C until required.

2.6. Characterization of Ce6-BSA-BC-NPs and BSA-BC-NPs

The average particle sizes and zeta potentials of Ce6-BSA-BC-NPs
and BSA-BC-NPs (each 1 mg/ml in DW) were measured using dynamic
light scattering (DLS) (Zetasizer Nano ZS90, Malvern Instruments,
Worcestershire, UK) with a 633-nm He-Ne laser beam and a fixed 90°



P.T.T. Phuong et al.

Ce6-BSA conjugate

Covalent Physical
modification Cross-linking
v v

—>

Chlorin e6-NHS

.
s%e

B
C

Laser

i

Beta-carotene

Colloids and Surfaces B: Biointerfaces 171 (2018) 123-133

Ce6-BSA-BC-NPs
120 nm

v

High-pressure
homogenization

1Ce6*

Triplet excited
Singlet /\

d" o~
excited - 2

o C‘\.Oi

3ce6* 302
3
il [
2 oy e
3 s < C ‘o,
7)o,
Ce6 Tumor 10
imaging 2
N Anglet
oxygen
Cancer cell
death

Fig. 1. Schematic illustration of preparation of Ce6-BSA-BC-NPs and photodynamic therapy in cancer tissues.

scattering angle. The surface morphology of the NPs was observed by
transmission electron microscopy (TEM) with a model H-7600 micro-
scope (Hitachi, Tokyo, Japan) and field-emission scanning electron
microscopy (FE-SEM) using a LEO SUPRA 55 microscope (Carl Zeiss,
Jena, Germany).

To investigate the physical stability of NPs, the particle sizes of Ce6-
BSA-BC-NPs and BSA-BC-NPs (each 1 mg/ml in DW) were determined
using the DLS method described above at room temperature over a 48-h
period. The UV-VIS-NIR spectra of these samples were also recorded
over 300-900 nm with a Synergy™ NEO microplate reader (Bio Tek,
Winooski, VT, USA)

The encapsulation efficiency of BC in Ce6-BSA-BC-NPs or BSA-BC-
NPs was determined using the following procedure. In brief, Ce6-BSA-
BC-NPs (1 mg) dissolved in 0.1 ml DW were mixed with 0.9 ml acetone
to extract BC and the resulting solution was thoroughly mixed and
sonicated for 30 min. After centrifugation at 14,500 rpm for 20 min, the
supernatant containing BC was withdrawn and acetone was completely
removed by evaporation. The resulting BC diluted in n-hexane was
quantified by UV spectrophotometry at 450 nm. The precipitate con-
taining Ce6-BSA was reconstituted by a quantity of a 1:9 co-solvent of
DMSO and DW and quantified by UV spectrophotometry at 660 nm.

2.7. Singlet oxygen generation profile

Singlet oxygen sensor green (SOSG) reagents were used as an in-
dicator to detect singlet oxygen. In brief, free Ce6 (1 ug), Ce6-BSA, and
Ce6-BSA-BC-NPs (each 1-pug equivalent as Ce6) were dissolved in 1 ml
co-solvent (DMSO: DW = 1:9). SOSG was added to these solutions to a
final concentration of 10 uM. BSA-BC-NPs and PBS with the same
concentration of SOSG were prepared as positive and negative controls,
respectively. The samples were irradiated with a 660-nm laser at a
power of 10 mW/cm?2. Samples were withdrawn at 0, 10, 20, 30, 40 and
60 min for measurement of fluorescence intensity at excitation and
emission wavelengths of 485 and 538 nm, respectively, using a TriStar?

LB 942 Multimode Microplate Reader (Berthold Technologies GmbH &
Co. KG, Wiirttemberg, Germany). The effect of Ce6 concentration on
singlet oxygen generation was observed using the same procedure.

2.8. Uptake of Ce6-BSA-BC-NPs into 4T1 cell spheroids

Three-dimensional culture of 4T1 cells to form spheroids was per-
formed by a slight modification of previously described methods
[9,10,31]. In brief, 200-ul aliquots of a hot agarose solution containing
serum-free DMEM (2% w/v) with 1% penicillin/streptomycin were
spread in each well of 12-well plates. The agarose solution was kept
above 60 °C during the coating process to minimize agarose solidifica-
tion and then cooled down to room temperature over 1 h. A 100-ul
sample of cell suspension (10° cells) in DMEM containing 10% FBS) was
seeded into each well and allowed to form spheroids over 3 days.
Properly grown cell spheroids were treated with Ce6-BSA-BC-NPs (as a
Ceb6 equivalent of 10 ug/ml) and maintained for 24 h. After three wa-
shes with ice-cold PBS, the spheroids were transferred to glass bottom
cell culture disks (diameter 20 mm, polystyrene) and observed by
confocal laser scanning microscopy (CLSM) using the z stack image
collection mode (20-um step size, ~180-um depth).

2.9. Cytotoxicity of Ce6-BSA-BC-NPs induced by laser irradiation in 4T1
cells

Three separate assays were conducted to evaluate the toxicity of
Ce6-BSA-BC-NPs in conjunction with laser irradiation (660 nm): MTT,
Live/Dead, and TUNEL (terminal deoxynucleotidyl transferase [TdT]-
mediated dUTP nick end labeling) assays. First, the MTT assay was
performed via slight modification of previously reported methods
[28,32,33]. In brief, cells were seeded in 96-well plates at a density of
1 x 10* cells/well. After incubation for 24 h the cells were treated with
different concentrations of free Ce6, Ce6-BSA, Ce6-BSA-BC-NPs, and
BSA-BC-NPs The cells were further incubated for 2h and then washed
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Fig. 2. (A) Matrix-assisted laser desorption and ionization time for flight (MALDI-TOF) mass spectra for Ce6-BSA at feed ratios of Ce6-NHS:BSA of 20:1 and 60:1. (B)
Reverse-phase HPLC chromatograms for naive BSA and Ce6-BSA (20:1). Histograms of particle size (C) and zeta potential (D) of BSA-BC-NPs and Ce6-BSA-BC-NPs,

respectively. (E) TEM images of Ce6-BSA-BC-NPs.

three times, replenished with fresh media, and irradiated with 660-nm
laser (10 mW/cm?) for 30 min. After incubation for 24 h, the cytotoxi-
city (laser or without laser; photo toxicity or dark toxicity) was de-
termined as the 50% inhibitory concentration (ICso) using a 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-based
assay.

Live/Dead™ viability/cytotoxicity kits were used to visualize the
death and viability of the 4T1 cells. Cells were seeded on 4-well glass
slides (Lab-Tek" II Chamber Slide™ system, Sigma-Aldrich) at a density
of 4 x 10* cells/well. After incubation for 12h, the cells were treated
with drug samples diluted in 1% DMEM (PBS, free Ce6, Ce6-BSA-BC-
NPs, and BSA-BC-NP) and incubated for a further 2h. The plates for
each sample group were separated into laser-irradiated or non-irra-
diated and washed three times with PBS. The medium was replaced
with fresh medium to remove any drug outside the cells prior to 660-nm
irradiation for 30 min. After incubation for 2 h, live cells were stained
green with Calcein-AM and dead cells were stained red with ethidium
homodimer-1. The stained cells were observed by CLSM at excitation/
emission wavelengths of 494/517 nm for Calcein-AM and 528/617 nm
for ethidium homodimer-1.

The TUNEL assay was performed to identify apoptosis of 4T1 cells
caused by the Ce6 moiety using an in-situ cell death detection kit

(Fluorescein; Roche Diagnostics, Mannheim, Germany) according to the
protocol described previously [9,28]. In brief, 1 x 10° cells were
seeded onto glass slides in 6-well plates and treated with drugs using
the same method as for the Live/Dead assay. After incubation for 2h
the medium was removed from each well by aspiration and 10% for-
malin was added to the cells for fixation over 1 h at room temperature.
The cells were rinsed twice with ice-cold PBS and treated with 50 pul of
TUNEL reagent in the dark at 37 °C for 1 h. The slides were then washed
twice with PBS, dried, and stained with 4',6-diamidino-2-phenylindole
(DAPI) solution containing nucleotides. The apoptotic cells were vi-
sualized using CLSM with a Meta LSM510 device (Carl Zeiss) with ex-
citation/emission wavelengths of 450-490 and 520 nm, respectively.

2.10. In vivo tumor targeting of Ce6-BSA-BC-NPs in 4T1-tumor-bearing
mice

The biodistribution and tumor targeting of Ce6-BSA-BC-NPs and
free Ce6 were observed in mice bearing 4T1 tumors. Freshly harvested
4T1 cells (100-ul cell suspension containing 2 X 107 cells) were sub-
cutaneously inoculated into each BALB/c nu/nu mouse. When the
tumor volume reached ~100 mm?, free Ce6 (2.5 mg/kg body) or Ce6-
BSA-BC-NP (equivalent Ce6 of 2.5mg/kg body) was injected into the
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mice via the tail vein. The biodistribution was visualized as the fluor-
escence signal of the Ce6 moiety in both samples using a luminescence/
fluorescence in vivo imaging system (SPECTRAL Lago X) at pre-
determined time points (1, 2, 4, 6, 8, and 24 h) post-injection.

2.11. Antitumor efficacy of Ce6-BSA-BC-NPs in 4T1-tumor-bearing mice

Mice were divided into four groups according to treatment: (i) PBS,
(ii) free-Ce6, (iii) BSA-BC-NP, and (iv) Ce6-BSA-BC-NP. Every mouse in
each group received intravenous injection of 100-ul aliquots of PBS or
drug samples (as a Ce6 equivalent of 2.5 mg/kg body). The treated mice
were irradiated twice with a laser (660 nm, 200 mW/cm?) for 10 min at
4h and 8h post-injection, respectively. The tumor volumes and body
weights of the treated mice were monitored every day for 2 weeks.

Separately, the histopathology of tumors was evaluated using a
previously described procedure [23]. Tumors in each group were ex-
cised 24 h after treatment. The specimens were fixed with formalin,
embedded in paraffin, sectioned, and stained with hematoxylin and
eosin (H&E). The histopathology of the tumors in each group was
compared under a light microscope.

2.12. Data analysis

Data are presented as the mean * standard deviation (SD).
Significant differences were determined using Student's t-tests. P va-
lues < 0.05 were considered statistically significant.

3. Results
3.1. Preparation and characterization of Ce6-BSA conjugate

Ce6-BSA conjugates were synthesized by conjugating activated
chlorin e6 (Ce6-NHS) with the primary amines of BSA. The apparent
molecular masses of Ce6-BSA conjugates (feed ratios of 20:1 or 60:1)
were 73,064 and 82,979 m/z, respectively (Fig. 2A). This result in-
dicated that approximately 11 and 28 Ce6 moieties were conjugated per
BSA molecule for feed ratios of 20:1 or 60:1, respectively (Fig. 2A),
based on the molecular weight of BSA (66.5 kDa). Increasing the degree
of Ce6 attachment to BSA obviously increased its hydrophobicity, as
evidenced by a delayed retention time and broader peak for Ce6-BSA
(20:1) versus naive BSA (Fig. 2B). However, Ce6-BSA (60:1) was even
more hydrophobic and was not eluted in the applied HPLC condition
due to high insolubility. Consequently, the Ce6-BSA (20:1) conjugate
was chosen for further experiments and is hereafter referred to as Ce6-
BSA.

3.2. Preparation and characterization of Ce6-BSA-BC-NPs and BSA-BC-
NPs

Ce6-BSA-BC-NPs and BSA-BC-NPs were prepared using a high-
pressure homogenizer based on nab” technology. The size of Ce6-BSA-
BC-NPs and BSA-BC-NPs was 121.1 * 18.4 and 131.7 = 17.5, re-
spectively (Fig. 2C). The zeta potential of Ce6-BSA-BC-NPs and BSA-BC-
NPs was -31 and —33 mV, respectively (Fig. 2D). Overall, there was
little difference in size and zeta potential between the two particles.
TEM results revealed that Ce6-BSA-BC-NPs were almost uniform and
spherical (Fig. 2E). The encapsulation efficiency of Ce6 and BC into
Ce6-BSA-BC-NPs was 96.8 = 2.7 and 84.4 + 3.8%, respectively. The
stability of Ce6-BSA-BC-NPs and BSA-BC-NPs based on maintenance of
particle size after fabrication was evaluated over 48 h. The particle size
of Ce6-BSA-BC-NPs and BSA-BC-NPs changed slightly (from 112 to
165nm and 135-180 nm, respectively) but was relatively well main-
tained (Fig. 3A). Ce6-BSA showed acceptable solubility and good dis-
persability in water (Fig. 3B), whereas Ce6, BC, and Ce6 plus BC
showed very low water solubility (almost insoluble). Colloidal disper-
sion forms of Ce6-BSA-BC-NPs and BSA-BC-NPs after reconstitution
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were almost the same as before lyophilization, indicating good nano-
particle stability (Fig. 3C).

3.3. UV spectroscopic and singlet oxygen generation profiles

The absorption profiles of free Ce6, Ce6-BSA, BSA-BC-NPs, and Ce6-
BSA-BC-NPs were investigated over the wavelength range between 300
and 900 nm. As shown in Fig. 4A, the sample groups including Ce6 (free
Ce6, Ce6-BSA, and Ce6-BSA-BC-NPs) displayed significant peaks
around 660 nm, which is a typical characteristic of chlorin e6. In con-
trast, BSA-BC-NPs had a very broad peak profile over 400-600 nm.

Separately, the fluorescence intensity caused by SOSG, which is a
crucial parameter for the ability of singlet oxygen generation, was
evaluated according to the sample group over 60 min. The SOSG
fluorescence was proportional to both irradiation time (Fig. 4B) and
Ceb6 dose (not shown). In particular, increasing the irradiation time led
to a significant increase in SOSG fluorescence in all groups containing
Ce6, and their capacity for singlet oxygen generation appeared to be
almost identical when adjusted for the equivalent amount of Ce6.
Therefore, the capability of Ce6 to generate singlet oxygen in albumin
nanoparticle groups was evidently retained after the nanoparticle fab-
rication process of organic phase exposure and high-pressure homo-
genization.

3.4. Uptake of Ce6-BSA-BC-NPs into 4T1 cell spheroids

Uptake of Ce6-BSA-BC-NPs into 4T1 cell spheroids was visualized by
CLSM. Spheroids are considered to be an in vitro model system of tu-
mors that mimics three-dimensional tumor tissues in vivo. 4T1 cell
spheroids were treated with Ce6-BSA-BC-NPs for 24 h. The confocal
spectroscopic images of 4T1 cell spheroids obtained from slices with a
20-um step size showed clear red and green fluorescence, indicating
that both BC and Ce6 were internalized into the spheroids (Fig. 5A).
These results imply that Ce6-BSA-BC-NPs would be able to permeate
into three-dimensional tumor tissues.

3.5. Cytotoxicity evaluations of Ce6-BSA-BC-NPs

As shown in Fig. 5B, Ce6-BSA-BC-NPs were cytotoxic to 4T1 cells
after 660-nm laser irradiation (30 min, 10 mW/cm?) over a wide Ce6
concentration range (62.5ng/ml to 12 ug/ml). Except for BSA-BC-NPs,
all groups (free Ce6, Ce6-BSA, and Ce6-BSA-BC-NPs) effectively killed
4T1 cells. The inhibitory concentrations (ICsq) values of free Ce6, Ce6-
BSA, and Ce6-BSA-NPs were similar at 1.3, 1.4, and 1.6 ug/ml, re-
spectively. As shown in Fig. 5B left, the groups including Ce6 moiety
were shown to have slight toxicity to 4T1 cells at high concentrations
(> 3pg/ml). In the Live/Dead assays, almost all cells were killed after
addition of free Ce6 and Ce6-BSA-BC-NPs followed by 660-nm laser
irradiation, as visualized by red staining. Importantly, the cytotoxic
effect of free Ce6 and Ce6-BSA-BC-NPs to 4T1 cells was only activated
by the laser irradiation (Fig. 5C). In contrast, 4T1 cells treated with PBS
or BSA-BC-NPs were evidently alive (visualized by green staining) re-
gardless of laser irradiation. The apoptosis of 4T1 cells was visualized
separately using TUNEL assay, and the fluorescence signals of BC and
Ceb6 in 4T1 cells were visualized by CLSM. As shown in Fig. 6, all 4T1
cells displayed signals of red and green fluorescence for BC and Ce6,
respectively, regardless of laser irradiation, indicating internalization of
Ce6-BSA-BC-NPs. In contrast, only 4T1 cells that were treated with Ce6-
containing sample (free Ce6 and Ce6-BSA-BC-NPs groups) and irra-
diated by a 660-nm laser showed strong yellow fluorescence signals,
indicating cell death caused by apoptosis due to singlet oxygen gen-
eration.
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Fig. 3. (A) Physical stability of BSA-BC-NPs
and Ce6-BSA-BC-NPs based on changes in size.
(B) Photographs showing poor solubility of free
BC, free Ce6, and free (BC + Ce6) in DW, and
high solubility of Ce6-BSA (20:1) at 0 and 3h
(from left to right, respectively). (C)
Photographs of solution (top), lyophilized
powder (middle), and reconstituted suspension
(bottom) of BSA-BC-NPs and Ce6-BSA-BC-NPs.
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Fig. 4. (A) UV-vis-NIR absorption spectra and (B) singlet oxygen generation profile of Ce6-BSA-BC-NPs, BSA-BC-NPs, free Ce6, and Ce6-BSA (20:1).

3.6. In vivo tumor localization of Ce6-BSA-BC-NPs in 4T1 tumor-bearing
mice

Free Ce6 did not appear to accumulate in specific tissue organs in-
cluding tumors in 4T1 xenografted BALB/c nude mice but was spread
over the whole body. In contrast, Ce6-BSA-BC-NPs were significantly
localized in tumors of the mice. The tumor signal peaked at 4 h, per-
sisted until ~8h, and then faded out 24h post-tail vein injection
(Fig. 7).

3.7. Antitumor efficacy of Ce6-BSA-BC-NPs in 4T1 tumor-bearing mice

The photodynamic antitumor effects of Ce6-BSA-BC-NPs and control
groups were evaluated in 4T1 tumor-bearing mice. The tumor volumes
for each group of mice were measured over 14 days after treatment
(Fig. 8A): the final tumor volumes for PBS, BSA-BC-NPs, free Ce6, and
Ce6-BSA-BC-NPs groups were 687 = 170, 607 = 95, 487 = 69, and
90 + 39 mm?, respectively. Remarkably, tumor growth in mice treated
with Ce6-BSA-BC-NPs and laser irradiation was significantly suppressed
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and tumor size was 7-fold and 5-fold smaller than that of PBS and free
Ce6 controls respectively (Fig. 8B and C). In terms of tumor mor-
phology, the tumor surface of Ce6-BSA-BC-NP-treated mice became
much darker than that of the other groups and transformed to almost
black scabs on day 2 (Fig. 8B arrow). This indicated a higher level and
faster manifestation of tumor cell death.

Tumor suppression based on cell density and color intensity was
examined in the mice treated with Ce6-BSA-BC-NPs and control groups
at 14 days after initiation of treatment. As shown in Fig. 8D, the pho-
tographic images of H&E-stained tumor sections from control groups
displayed typical tumor overgrowth patterns, whereas the H&E image
of sectioned tumor from mice of the Ce6-BSA-BC-NP group showed
much weaker staining, indicating significant removal of compact tumor
tissues due to cell death. The weight of mice in the four groups was
maintained without significant change over 14 days, indicating that all
mice were well cared for with no serious deleterious effects during the
entire therapy period (Fig. 8E).
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(660 nm, 10 mW/cm? for 30 min) as evaluated by MTT assay. (C) Live/Dead assay of 4T1 cells incubated with PBS, BSA-BC-NPs, free Ce6, or Ce6-BSA-BC-NPs with

and without irradiation with laser light (660 nm, 10 mW/cm? for 30 min).

4. Discussion

Photodynamic therapy (PDT) has attracted considerable attention as
one of the most important therapeutic options due to its versatile ap-
plicability to cancer treatment [34]. The formalized protocol of
PDT-local or systemic administration of photosensitizer (PS) followed
by light irradiation—provides a convenient and efficient platform for
cancer therapy. Despite many advantages over first-generation PSs
(pophyrins), such as a long wavelength absorption range, deeper tissue
penetration, fast tissue clearance, and higher extinction coefficients, the
use of second-generation PSs (chlorins) has been restricted. In parti-
cular, chlorins are highly hydrophobic and aggregate easily in aqueous
media, as observed in our study (Fig. 3B), which limits their practical
applications [26]. Furthermore, second-generation PSs show poor
tumor targetability with random body distribution (Fig. 7) [35]. Use of
Ce6-conjugated BSA for targeted delivery of Ce6 and fabrication of
albumin nanoparticles can overcome the problems of poor solubility
and targetability, as described in our previous studies [13,29,31,36,37].

In the present study, chlorin e6 was conjugated with BSA via car-
boxyl group activation of Ce6 followed by modification with BSA. Ce6-
BSA (feed ratio = 20:1) had 11 Ce6 moieties and was freely water-so-
luble, whereas Ce6-BSA (feed ratio = 60:1) had 28 Ce6 moieties and
was insoluble in water (Figs. 2A and 3B). The increased solubility of
Ce6-BSA (20:1) was essential for preparation of albumin nanoparticles
and improved the in vivo availability of Ce6 for photodynamic therapy.

Despite the excellent targetability of naive albumin, Ce6-modified
albumin might lose its inherent gp60 binding property due to the high
level of Ce6 modification on its surface. Thus, Ce6-BSA-BC-NPs were
formulated using the minimum amount of Ce6 required to maintain
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acceptable targetability to tumors. Moreover, the increased use of
modified albumin vs. naive albumin might result in a reduced ability
for albumin association during high-pressure homogenization [31]. For
these reasons, only 20% Ce6-BSA (20:1; 80% naive BSA) was used to
prepare the albumin nanoparticles (Ce6-BSA-BC-NPs).

When preparing albumin nanoparticles using nab”~ technology, hy-
drophobic compounds are inevitably required for cross-linking of al-
bumin molecules through physical attachment to the hydrophobic
pocket in albumin [11]. In general, hydrophobic chemotherapeutics
(soluble in chloroform) such as paclitaxel, docetaxel, or doxorubicin,
have performed dual functions as anticancer drugs and physical cross-
linkers. In our study we did not use highly toxic chemotherapeutics but
instead used the natural product beta-carotene as a physical cross-
linker. As shown in Fig. 3B, BC was sufficiently hydrophobic to bridge
albumin molecules via high-press homogenization, producing ~ 120-
nm spherical albumin nanoparticles. The resulting albumin nano-
particles (Ce6-BSA-BC-NPs) were stably maintained at ambient tem-
perature over 48 h without significant changes in particle size, which
was very similar to the size of commercially available Abraxane’
(~130nm). The Vis-UV-NIR spectrum displayed the typical peak
(~660nm) of Ce6. Moreover, Ce6-BSA-BC-NPs were highly dispersible,
well lyophilized, and easily reconstituted, crucial characteristics for
manufacture.

The singlet oxygen sensor green reagent is well-documented to
specifically react with 10, [38]. In the presence of singlet oxygen, this
indicator exhibits green fluorescence at excitation/emission maximal
wavelengths of ~504/525nm, respectively, and the intensity of the
produced fluorescence signal correlates well with 10, concentration
without interference from other reactive oxygen species [39]. Our Ce6-
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Fig. 6. Cytotoxicity evaluation based on TUNEL assay of 4T1 cells incubated with PBS, BSA-BC-NPs, free Ce6, or Ce6-BSA-BC-NPs with and without irradiation with

laser light (660 nm, 10 mW/cm? for 30 min).

BSA-BC-NPs were found to have almost same singlet oxygen-generating
activity as free Ce6 and Ce6-BSA at normalized concentrations of Ce6.
This indicated that the Ce6 activity of Ce6-BSA-BC-NPs was well pre-
served during the series of harsh manufacturing steps including con-
jugation, high-pressure homogenization, evaporation, free-drying, and
reconstitution. However, fractions of singlet oxygen that are close to the
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area of its production have limited use in destroying cancer cells be-
cause of their high sensitivity and short half-life when light irradiated
[40,41]. In this respect, albumin is considered a good nanomaterial for
carrying and localizing Ce6 at a high concentration in specific tumor
sites where laser light is focused via passive and active accumulation
(Fig. 7).
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Regarding in vitro cytotoxicity, cell viability Ce6-BSA-BC-NPs were
shown to penetrate 4T1 cells or spheroids (mimicking 3D solid tumors)
and exhibited almost equivalent cytotoxicity to that of free Ce6 or Ce6-
BSA when irradiated at 660 nm (Figs. 5C and 6). In addition, the on-off
pattern of Ce6-BSA-BC-NPs in response to 660-nm light irradiation was
clear in terms of cell-killing activity. The resulting phototoxicity de-
pended on the presence of both Ce6 and appropriate laser irradiation,
unlike slight or negligible dark toxicity (Fig. 5B). This suggests that
targeted Ce6-BSA-BC-NPs and localized laser would minimize the non-
specific toxicity to other normal tissue sites around tumors.

With regard to in vivo efficacy, the interval between administration
of PS and light exposure was a key factor for PDT efficacy [3]. Previous
studies have used widely different dosing intervals, for example, tens of
minutes to a few days [42,43], which are usually determined by the
formulation or tumor physiology. However, differences in the time in-
terval influence the mechanisms by which tumor cells are killed and
result in different consequences of therapy [44]. In our study, the
timing of light irradiation was determined as the time point when the
Ce6 signal reached a peak. To achieve dual efficacy, the light (660 nm)
was illuminated onto the tumor sites of 4T1 tumor-bearing mice at 4 h
and 8 h (200 mW/cm? for each 10 min) because the peak fluorescence
signal from Ce6-BSA-BC-NPs maintained for 4-8 h after the injection.
Under this optimized condition, Ce6-BSA-BC-NPs suppressed the 4T1
tumors much more effectively than free Ce6 (tumor volume 90 = 39
and 487 + 69 mm?, respectively; Fig. 8A).

In agreement with the previous results [1,45,46], apoptosis seemed
to be mainly responsible for tumor cell death caused by Ce6-BSA-BC-
NPs as shown in the TUNEL results (Fig. 6), among modes of cell death
(necrosis, apoptosis, or autophagy) induced by PDT. However, the
mechanism of cell death also depends on the concentration of activated
Ce6; a high level of activated Ce6 often triggers necrotic cell death
whereas a low level tends to induce apoptosis and autophagy [1,5,47].
Due to improved tumor targetability and long circulation, the activated
Ceb6 (from Ce6-BSA-BC-NP) seemed to accumulate highly in the tumors,
causing black scabs on the surface of these tumors two days after the
treatment. On the contrary, few black scabs were observed in mice
treated with free Ce6 (Fig. 8B). Additionally, it was observed that an-
other mice group treated with Ce6-BSA-BC-NPs and low laser intensity
(data not shown) did show few dark site (scab), showing moderate
tumor ablation, which strengthens the hypothesis of apoptotic pathway
in terms of cell death. After the initial period, the tumors appeared to be
gradually suppressed over two weeks through apoptosis induced by the
low level of activated Ce6 in both mice group treated with free Ce6 and
Ce6-BSA-BC-NPs.

To our best knowledge, other PDT-based albumin NP platforms in-
volve in the fabrication (e.g., self-assembly, desolvation or nano-pre-
cipitation) followed by a permanent covalent cross-linking step using
carbodiimide derivatives (EDC) or glutaraldehyde to stabilize the re-
sulting NP structures [32,33,48,49]. This cross-linking firmly maintains
the original size of the NPs even in plasma for long. In contrast, our
Ce6-BSA-BC-NPs are prepared using the Nab™ method that assembles
albumin molecules via physical cross-linking, not covalently. In this
respect, it is of great importance that Abraxane” quickly dissociate into
smaller albumin adducts (~10nm) in plasma, despite their original
sizes of ~130nm [50-53]. This common phenomenon of in vivo
breakdown of the Nab ™ -based albumin NPs (but still having antitumor
moieties) enhances both extravasation-based ‘passive’ targeting and
gp60 receptor-based ‘active’ targeting [11,13,54]. Many articles claim
that relatively large nanoparticles (~100-200 nm) do not practically
accumulate in the tumors much less than expected by the enhanced
permeability and retention (EPR) effect, despite large pores of tumor
vessels [52,55,56]. We believe this would be another practical ad-
vantage of our Ce6-BSA-BC-NPs for better clinical efficacy.
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5. Conclusion

A prototype of albumin nanoparticles consisting of BSA, Ce6-BSA,
and beta-carotene was developed using a modification of
nab“technology. These albumin nanoparticles (Ce6-BSA-BC-NPs) did
not include any toxic chemotherapeutics but instead contained natu-
rally safe beta-carotene and Ce6 that was activated only when irra-
diated with 660 nm laser light. The Ce6-BSA-BC-NPs were ~120 nm in
size and spherical, and showed good physicochemical stability as well
as significant cytotoxicity as evaluated by MTT, Live/Dead, and TUNEL
assays. Ce6-BSA-BC-NPs displayed a superior tumor suppression effect
when irradiated by 660 nm light compared with free Ce6. This im-
proved antitumor efficacy seemed to be due to the targetability of al-
bumin nanoparticles. Our findings demonstrate that Ce6-BSA-BC-NPs
might be a promising platform for cancer treatment in the near future.
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