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Abstract: Although stimuli-responsive materials hold potential
for use as drug-delivery carriers for treating cancers, their
clinical translation has been limited. Ideally, materials used for
the purpose should be biocompatible and nontoxic, provide
“on-demand” drug release in response to internal or external
stimuli, allow large-scale manufacturing, and exhibit intrinsic
anticancer efficacy. We present multistimuli-responsive nano-
particles formed from bilirubin, a potent endogenous antiox-
idant that possesses intrinsic anticancer and anti-inflammatory
activity. Exposure of the bilirubin nanoparticles (BRNPs) to
either reactive oxygen species (ROS) or external laser light
causes rapid disruption of the BRNP nanostructure as a result
of a switch in bilirubin solubility, thereby releasing encapsu-
lated drugs. In a xenograft tumor model, BRNPs loaded with
the anticancer drug doxorubicin (DOX@BRNPs), when
combined with laser irradiation of 650 nm, significantly
inhibited tumor growth. This study suggests that BRNPs may
be used as a drug-delivery carrier as well as a companion
medicine for effectively treating cancers.

Since the first emergence and successful application of
thermosensitive liposomes in the 1970s,1"! stimulus-responsive
materials have attracted considerable attention” as drug-
delivery carriers capable of releasing therapeutic cargos at
sites of interest in an “on-demand” manner in response to
various endogenous (e.g., pH,” redox changes,!! enzymes')
or external (e.g., light,! magnetic field”" ultrasound®)
stimuli. However, critical issues must be overcome for such
stimulus-responsive nanocarriers to be translated into the
clinic,” including 1) the safety of the materials, since most are
made denovo from chemicals or polymers, 2)stimulus
sensitivity and response rate, which must be high enough to
ensure that sufficient drug is released in the target environ-
ment to achieve therapeutic efficacy, and 3) the complexity in
the manufacturing process of final nanomedicine with quality
control. These performance and manufacturing criteria set
a high bar for responsive materials to be considered for use in
clinical applications.

Bilirubin is a yellow bile pigment that occurs abundantly
in the blood plasma of mammals and acts as a potent
endogenous antioxidant that is capable of scavenging various
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reactive oxygen species (ROS), thereby playing an indispen-
sable role in protecting cells and tissues from oxidative
damage.” Indeed, numerous epidemiological and experimen-
tal studies have demonstrated that bilirubin has intrinsic anti-
inflammatory!"”! and anticancer™! activity. In addition to the
potential of bilirubin itself as a medicine, we were attracted its
unique properties of stimuli responsiveness. Abnormally high
levels of serum bilirubin in newborn babies with neonatal
jaundice cause brain damage as a result of accumulation of
the water-insoluble unconjugated form of bilirubin within
it.1?l This condition is treated with blue-light phototherapy in
the clinic. What happens during the phototherapy caught our
attention. Bilirubin is an extremely hydrophobic and water-
insoluble compound because the hydrophilic groups within it,
such as carboxylic acids and amide bonds, participate in
intramolecular hydrogen bonding interactions (Scheme 1a).
Interestingly, upon irradiation with a proper wavelength of
light, bilirubin undergoes photoisomerization (via the break-
ing of intramolecular hydrogen bonds) and is converted into
several photoisomers, all of which have much higher water
solubility and thus are easily processed and excreted by the
liver and kidneys.'” On the other hand, ROS exposure causes
the oxidation of bilirubin to biliverdin, which also exhibits
significantly increased water solubility.”™ This ability to
undergo a solubility switch from hydrophobic to hydrophilic
in response to two stimuli (intrinsic ROS and external light)
suggests that bilirubin could be utilized in a multistimulus-
responsive system (Scheme 1). Herein, we provide the first
report of bilirubin nanoparticles (BRNPs) as ROS/light-
responsive drug-delivery carriers. Our findings demonstrate
that BRNPs disassemble in response to both ROS and light,
thereby rapidly releasing drugs. Importantly, owing to the
intrinsic anticancer and anti-inflammatory effect of bilirubin,
BRNPs may be able to function not only as a drug carrier, but
also as a therapeutic agent to treat cancers. Very recently, we
reported the synthesis, characterization, and therapeutic
evaluation of BRNPs in an animal model of inflammatory
bowel disease. However, the multistimuli-responsiveness of
BRNPs and its potential as a smart drug-delivery carrier have
not been investigated in the report.

BRNPs of approximately 95 nm in air-dried form and with
a hydrodynamic radius of 105 nm were prepared through the
self-assembly of PEGylated bilirubin,™ a conjugate between
bilirubin and polyethylene glycol (M,,~2,000) via a stable
amide bond (Scheme 1b and Figure Slin the Supporting
Information). We next examined whether BRNPs could
exhibit stimulus-responsive disruption of the nanostructure.
First, the response of BRNPs to a ROS stimulus was tested.
The size of the BRNPs upon exposure to ROS generated in
aqueous solution by the peroxy radical generator 2,2'-azobis
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Scheme 1. A) The solubility switch of bilirubin. b) A schematic representation of disruption of the BRNPs

in response to light or ROS stimuli.

(2-amidinopropane) dihydrochloride (AAPH) was moni-
tored by dynamic light scattering as a function of time. As
shown in Figure 1a, the BRNPs decreased dramatically in size
with a 10 min exposure to the peroxy radicals and were
undetectable after a 60 min exposure. An accelerated
response of the BRNPs was observed with hypochlorite,
which led to complete particle disruption within just 1 min
(Figure 1a). These responses were also easily recognized by
the naked eye. As shown in the photographs in Figure 1a, the
aqueous solution of BRNPs, which was initially the yellowish
color typical of bilirubin, adopted the greenish blue color
characteristic of biliverdin. Eventually, the solution became
colorless, which suggests that the bilirubin was first oxidized
to biliverdin and then eventually broken down into small
oxidized fragments.”>*!¥l The responsiveness of BRNPs to
peroxy radicals was also evaluated by UV/Vis spectropho-
tometry (Figure S2). Next, we examined the behavior of light-
stimulated BRNPs. Exposure of the BRNPs to laser light of
either L =450 nm (10 mW cm ?) or A= 650 nm (90 mW cm ?)
for only 1 min rapidly disrupted the nanoparticles, as shown
by the dynamic light scattering measurements (Figure 1b).
This suggests that the bilirubin undergoes a photoisomeriza-
tion process and is converted into more water-soluble photo-
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0 isomers,'” thereby resulting in
disassembly of the BRNPs.
o Taken together, these results
indicate that BRNPs undergo
ROS- and light-responsive dis-
ruption and thus have potential
for use as stimulus-responsive
drug-delivery carriers.

Next, we examined the suit-
ability of BRNPs for use in
cancer therapy. We have shown
that the BRNPs are immedi-
ately disrupted upon exposure
to A=450 nm or 650 nm light as
a consequence of a solubility
switch from hydrophobic bilir-
ubin to its more hydrophilic
photoisomers (see Figure 1b).
The anticancer drug doxorubi-
cin (DOX), was readily loaded
into BRNPs through film for-
mation and subsequent rehy-
dration with nearly 100% effi-

N
Q H

ort =

Z-Lumirubin

::Water Soluble::

% 3 é¢ o ciency, yielding a maximum
<) .m..i' o loading capacity of approxi-
% ~ mately 23 wt% (Figure S3).

This exceptional loading effi-
ciency and capacity may be
attributed to the fact that both
bilirubin and DOX have aro-
matic, planar rings that facili-
tate packing through m—m inter-
actions and hydrogen bonds.™
The DOX-loaded BRNPs
(DOX@BRNPs) also
responded rapidly to irradiation
with A = 650 nm light (90 mW cm 2, 10 min), which resulted in
disruption of the nanoparticles and the simultaneous release
of more than 80 % of the drug within 5 min (Figure 2 a). Little
drug release was observed in phosphate-buffered saline (PBS,
pH 7.4) in the absence of light. Light-triggered drug release
by the BRNPs was next evaluated in cancer cells. As shown in
Figure 2b, light stimulation resulted in much greater cellular
uptake of DOX than was observed in the absence of
irradiation. Likewise, the cytotoxicity of the DOX@BRNPs
was much higher in the presence of light than in the absence
of light, reaching levels comparable to that of the same
amount of free DOX (Figure 2¢). Unlike the drug release
profile in a PBS at pH 7.4, it is likely that DOX could be
released from the DOX@BRNPs inside cancer cells as
a result of intracellular ROS, thereby contributing to the
cytotoxicity (Figure 2c¢).

We next performed a pharmacokinetic study of the
DOX@BRNPs in mice; free DOX was used as a control for
comparison. Measurement of DOX concentrations in the
bloodstream revealed that the DOX@BRNPs show a much
greater area under the curve (AUC), with a much smaller
volume of distribution (V) than free DOX (Figure 3a,b); the
AUC for the DOX@BRNPs was around 56-fold greater than
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Figure 1. Multistimulus-responsive BRNPs formed from PEG-BR. Changes in the size of the BRNPs
(in PBS) induced by ROS (a) or light (b) stimuli were determined by dynamic light scattering. The
BRNPs were exposed to the peroxy radical generator AAPH (100 mm) or sodium hypochloride

(200 pm), or were irradiated with a =450 nm (10 mWcm™?) or 650 nm (90 mWcm™?) laser for

T min.

that for free DOX. Pharmacokinetic data obtained through
direct measurement of BRNP concentrations in the blood-
stream followed a similar trend (Figure S4), thus suggesting
that most of the DOX@BRNPs circulate in the blood without
leaking the drug.

Encouraged by the invitro cytotoxicity and in vivo
pharmacokinetic data, we next assessed the anticancer
efficacy of the DOX@BRNPs, with and without laser
irradiation, in xenografted mice bearing human lung adeno-
carcinoma cell (A549) tumors. After the tumors reached
a size of approximately 90 mm?®, the mice were intravenously
administered with the DOX@BRNPs (2 mgkg™"), free DOX
(2 mgkg™"), or PBS (control) every 3 days for a total of five
injections, and tumor growth was assessed on day 19. As
shown in Figure 3¢, tumor growth in the mice treated with
free DOX was inhibited by 27.8 % relative to that observed in
the control group (PBS treatment), whereas tumor growth in
the DOX@BRNPs group was inhibited by 55.0 % . Notably,
laser irradiation (A=650 nm, 200 mWcm 2, 5 min) further
significantly enhanced the efficacy of the DOX@BRNPs,
leading to tumor growth inhibition of up to 71.9% (Fig-
ure 3¢). Interestingly, treatment with the BRNPs alone
inhibited tumor growth by 38.1%, thus indicating that the
BRNPs, like free bilirubin, also retain intrinsic anticancer
efficacy.'! It has been reported that some antioxidant

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

thereby exerting potent antitumor
efficacy. In addition, the anticancer
effect of the BRNPs themselves
may further enhance the therapeu-
tic efficacy of the DOX@BRNPs.
In conclusion, we have devel-
oped a multistimulus-responsive
nanomedicine that enables con-
trolled drug delivery and release, while simultaneously
exerting potent therapeutic activity in its own right against
cancer. These nanocarriers, formed from PEGylated biliru-
bin, exhibited rapid and highly sensitive stimulus-responsive
disruption upon exposure to either ROS or light with
wavelengths of A =450 or 650 nm. The BRNPs were capable
of loading anticancer drugs with high efficiency and capacity,
prolonged the residence time of the drug in the circulation,
exerted antiangiogenic effects, and significantly enhanced the
efficiency of tumor-growth inhibition, especially in combina-
tion with exposure to external . = 650 nm light. Moreover, the
BRNPs are composed entirely of PEGylated bilirubin, which
can be synthesized on a large scale as a pure chemical entity
after conventional column chromatography. Likewise, the
BRNP preparation process is quite simple and is applicable to
large-scale production, thus suggesting that it should be
possible to translate our BRNPs into the clinic. Altogether,
these BRNPs show great potential as a combined drug-
delivery carrier and medicine to treat a variety of cancers.

Acknowledgements

This work was supported by a Global Research Laboratory
grant (2015045887) and the KAIST Future Systems Health-

Angew. Chem. 2016, 128, 10834 -10838


http://www.angewandte.de

QDCh Zuschriften A

a
100
{ 80
[
g 60
o
[
i 40 (650 nm)
o —o— - Laser
2 20 —@— + Laser
0
0 2 4 6 8 10
Time (min)
b c
100 { =
DOX@BRNPs + _ *
DOX@BRNPs Laser (650 nm) £ 80 1
2
3 60 1
s
2 40
8
20 -
0= X
S ) D 0?2 A
L LSLELS
& & Ko
[ ) QL Q5
Q @
& &g
Q qu?

Figure 2. DOX@BRNPs as light-responsive nanoparticles that can be used in antitumor phototherapy. a) DOX release from the DOX@BRNPs in
the absence and presence of A= 650 nm laser irradiation (90 mWcm™2 10 min). Data are presented as the mean+SD (n=5). b) A confocal
fluorescence image of A549 cells treated with culture medium, free DOX (10 um), the BRNPs (10 um), the DOX@BRNPs (10 um DOX; 10 um
BRNPs), or the DOX@BRNPs for 4 h with =650 nm laser irradiation (90 mWcm™2, 5 min). DOX (red) and nuclei (blue) were visualized. c) Cell
viability of A549 cells incubated with culture medium (control), DOX (10 um), the BRNPs (10 um), the DOX@BRNPs (10 um DOX; 10 um
BRNPs), or the DOX@BRNPs for 4 h with A=650 nm laser irradiation (90 mWcm™2, 5 min). Data are presented as the mean +SEM. (n=6;

*p <0.001, one-way ANOVA).
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Figure 3. The DOX@BRNPs combined with laser irradiation show improved anticancer activity compared to the drug-loaded nanoparticles alone.
Serum concentration (a) and pharmacokinetic profile (b) of DOX from mice treated with free DOX (4 mgkg™"), or the DOX@BRNPs (40 mgkg™';
equivalent to 4 mg DOXk™) through intravenous injection. Data are presented as the mean+SD (n=35). ¢,d) Mice bearing tumors

(size > 90 mm?) were intravenously administered with PBS, free DOX (2 mgkg '), the BRNPs (20 mgkg '), the DOX@BRNPs (20 mgkg';
equivalent to 2 mg DOXkg™), or the DOX@BRNPs with a laser irradiation (A=650 nm, 90 mWcm2) for 5 min. Tumor volume (c) and body
weight (d) were measured on predetermined days. Data are presented as the mean+SEM. (n=>5; *P <0.05, **p <0.001, one-way ANOVA).
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