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A B S T R A C T

A photocleavable low-molecular-weight hydrogelator (LMWG) was synthesized based on coumarin
derivative. 1H NMR and UV spectroscopy study suggested that the gelator had good gelling ability, and the
driving force for the gelation were hydrogen bonding and p-p stacking. This molecular hydrogel
exhibited satisfied photocleavage at C-N bond in 7-amino coumarin with the light irradiation (365 nm,
77.5 mW/cm2). The promising photo-triggered drug release of antineoplastics cytarabine hydrochloride
has been obtained, due to the photocleavage motived gel-sol transition.
© 2018 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Light-responsive controlled drug delivery system has exhibited
more and more important in cancer diagnosis and treatment, since
light stimulus was a non-invasive trigger, which could effectively
penetrate the body's tissues and implement to control release in
fixed point at required time [1–4]. In recent years, a series of
researches have been carried out on light-sensitive drug carrier
materials [5]. According to the difference in response to light, the
light response chromophores can be divided into the photo-
isomerisable materials represented by azobenzene (Azo) and
stilbenes [6,7], photoinduced ring opening and closing materials
represented by dithienylethenes and spiropyrans [8,9], photo-
dimerisation and photopolymerisation represented by coumarin
and anthracenes [10,11], photocleavage represented by pyrene and
nitrobenzyl [12,13].

Light sensitive materials based on coumarin derivatives have
been reported mainly based on dimerisation of the coumarin
molecule upon irradiation with light >300 nm [14,15]. A small
number of photo-responsive low molecular weight hydrogels
(LMWGs) based on coumarin have been reported [16]. Parquette
and co-workers designed a coumarin dipeptide hydrogelator,
photodimerisation of the gelator was carried out exposing to 365
nm light with a dark yellow precipitate forming in the beginning,
and insoluble precipitate becoming after 7 days under the 365 nm
light [17]. Almutairi and co-workers designed a hydrogel based on
the photocage bromohydroxycoumarin which was efficiently
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cleaved upon ultraviolet [18]. There was also another type of light
response of coumarin derivative upon photoinduced bond
breaking, a few cases of 7-amino-4-hydroxymethyl coumarin
cleaved at the 4-methyl end were reported [19–22], such as Zhao
and coworkers reported a 7-amino-4-hydroxymethyl coumarin
grafted poly(glutamic acid) based nanoparticles, which could
release drug using light-responsive bond broken to destroy the
nanoparticles [23,24]. Zink and coworkers adopted 7-amino-4-
hydroxymethyl coumarin on the surface of mesoporous silicon
dioxide, and used photolysis of coumarin as a photocontrol switch
to control the drug release from mesoporous silica [25]. We also
reported an efficient nanocarrier by bonding 7-amino-4-hydrox-
ymethyl coumarin derivatives on the surface of the gold nano-
particles to realize photo-responsive fracture at the 4-methyl end
of coumarin [26].

In this study, we found another new photosensitive broken site
of 7-amino coumarin derivative, and fabricated a novel photo-
responsive molecular hydrogel based on this new photosensitive
site. This gel went through a photocleavage of C-N bond in 7-amino
coumarin upon the irradiation with UV light. The photo-controlled
drug release of this molecular hydrogel has been investigated.

The synthetic route of gelator was presented in Scheme 1, the
characterization of the gelator was showed in Figs. S1-S27
(Supporting information). The designed gelator had good gelation
by immobilizing the solvents in the three-dimensional network.
The critical gelation concentration (CGC) of the gelator was 2.7 mg/
mL in PEG200:H2O = 1:2. SEM image of the gel indicated that the
gel consisted of spiral-shaped fibers (30-60 nm wide), and these
nanofibers further assembled into three-dimensional network
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. The synthesis of gelator (compound 7).

Fig. 1. (a) gelator, (b) self-assembly of gelator, (c) photo and SEM images of gel, (d) photo and SEM images of gel, upon laser irradiation, (e, f) 1H NMR spectra of gel with
different concentration.
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(Fig. 1c). 1H NMR spectra showed the gradual high-field shift of
protons upon increasing the concentration of gelator (Figs. 1e and
f). The protons at 7.73 ppm, 7.61 ppm, 7.50 ppm, 7.41 ppm, 7.35 ppm
and 6.52 ppm attributed to benzene units shifted downfield to 7.77
ppm, 7.64 ppm, 7.53 ppm, 7.44 ppm, 7.38 ppm and 6.55 ppm,
Please cite this article in press as: Q. Liu, et al., A photocleavable low mol
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respectively, with increasing concentration from 1.0 mg/mL (sol)
to 14.7 mg/mL (gel), for the presence of p-p stacking. The p
conjugated moieties of the molecular structure containing
coumarin and phenylalanine, which strengthened intermolecular
p-p stacking to self-assemble into network to immobilize a large
ecular weight hydrogel for light-triggered drug delivery, Chin. Chem.
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volume of solvent in the gel [27]. The p-p stacking interaction
between gelators was also characterized by UV spectra (Fig. S28 in
Supporting information), the red-shift occurred as the concentra-
tion increasing [28]. Moreover, the cleavage peaks of hydrogen at
positions 3, 4, 22, 23, 24 on the aromatic ring disappeared, as the
sol-gel transition. The protons at 8.15 ppm and 8.40 ppm attributed
to amino in peptide bonds also shifted downfield with increasing
gelator concentration for the intermolecular hydrogen bond. The
formation of hydrogen bonds between these peptide bonds might
be responsible for the formation of spiral-shaped fibers in the gel
(Fig.1c). These results implied that the self-assembly of gelator was
driven by hydrogen bond as well as p-p interaction during the
gelation [29].

The photocleavable property of the gel was investigated as
shown in Fig. 2. The gelator was responsive to 365 nm irradiation,
but stable under 420 nm, 630 nm and natural light, as shown in
Fig. 2A(a). The gel gradually transformed into sol under UV
irradiation (365 nm, 77.5 mW/cm2), and the sol gradually turned
yellow (Fig. 2A(c)), the ultraviolet and fluorescence intensity
gradually weakened (Fig. 2B and C). The photosensitive material
based on coumarin has been reported to realize the light response
usually through photoinduced dimerization [30]. Dimerisation of
the gelator molecule often led to the molecules being less soluble
due to the molecule doubling in size and so becoming more
Fig. 2. (A) Images of gelator in solution and gel with or without exposure to laser irradia
with natural light; 3, with 630 nm irradiation; 4, with 420 nm irradiation; 5, with 365 nm
light for different time, (c) gel with laser irradiation for different time. (B) UV spectra and (
is the fluorescent intensity ration I/I0, I = fluorescent intensity of gelator with different ir
laser irradiation (365 nm, 77.5 mW/cm2) with different time. (E) the concentration of coum
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hydrophobic. This decrease in solubility can lead to destruction of
the gel or a decrease in the rheological properties due to the gel
network being disruption of the gel network [31]. Different from
traditional photodimerisation of coumarin gel, the light response
of this gel was mainly achieved by the photocleavage. After
exposing to light, this gel was photodegraded into sol. The sol was
tested by high performance liquid chromatography (HPLC). Two
peaks with the retention time Rt = 3.4 min and Rt = 8.3 min were
found (Fig. 2D). The corresponding compound with Rt = 3.4 min
was detected by 1H NMR as coumarin, as show in Fig. S29 in
Supporting information. The results demonstrated the gelator was
photocleaved gradually into the coumarin in the exposure to light.
It was also found that gelator in solution was more sensitive to light
than that in gel (Fig. 2E), more coumarin was cleaved from the
gelator in solution. The photocleavage speed of gel was much slow,
this might owe to the enhanced molecular interaction in gel state,
which weakened the degradation speed of gelator exposing to
light.

In order to evaluate the photo-sensitive controlled release,
cytarabine hydrochloride was selected as the model drug, a
chemotherapy medication used to treat acute myeloid leukemia,
acute lymphocytic leukemia, and chronic myelogenous leukemia
[32]. Since cytarabine hydrochloride is less sensitive to light, which
can avoid the effect of light on drug during evaluating the photo-
tion: (a) gelator in solution with exposure to different laser irradiation (1, in dark; 2,
 irradiation for 10 min; 6, with 365 nm irradiation for 20 min), (b) gel under natural
C) fluorescence spectra of gel during light-exposure with different time, insert image
radiation time, I0 = fluorescent intensity of gelator. (D) HPLC spectra of gel after the
arin photocleaved from the gelator in gel or in solution during exposing to the light.
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Fig. 3. (A) the released profile of cytarabine hydrochloride-loaded gel in PBS (7.4) with or without laser irradiation (365 nm, 77.5 mW/cm2). Means + SD (n = 3). (B) the release
profile of cytarabine hydrochloride-loaded gel in different media. All the drug-loaded gels were prepared by adding 5.0 mg gelator and 1.0 mg cytarabine hydrochloride in 3
mL PBS (pH 7.4).
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sensitive controlled release. The cytarabine hydrochloride was
often given by intravenous injection, but it quickly disappeared
and eliminated from the blood, and T1/2 was only 3-15 min. There
was a liposomal formulation for cytarabine reported to outcomes
the quick elimination [33]. In this study, the molecular hydrogel
was used to photo-triggered delivery for cytarabine. In vitro release
of cytarabine from drug-loaded hydrogel was carried out, as shown
in Fig. 3. With the comparison of cytarabine releasing with and
without laser irradiation (Fig. 3A), the concentration of cytarabine
increased from 39.41 mg/mL to 104.27 mg/mL with an increment of
64.86 mg/mL under 40 min laser irradiation at the time point of 60
min, and nearly no increase of cytarabine with no laser irradiation
at the same time. It was clear that laser could accelerate the
photocleavage of gelator, and the cleavage of the C-N bond could
further destroy the architecture of gel and accelerated the release
of cytarabine. The release of drug-loaded gel in phosphate buffer
with different pH values was also investigated, as shown in Fig. 3B.
The hydrogel exhibited promising controlled release behavior with
sustained release of cytarabine in buffer solutions. Few cytarabine
was released from the gel under natural light than that with laser
irradiation. Upon laser irradiation, few cytarabine was released
from the gel in physiological environment (pH 7.4), and the release
rate increased in PBS with acidic or alkaline environment (pH 8.5).
This drug-loaded hydrogels with stability and sustaining drug
release could be used intratumoral injection or other target
injection, which is a research focus in the tumor treatment now.

In this study, a new coumarin derivative based molecular
hydrogel has been fabiricated, which exhibited satisfied photo-
sensitivity. This gel went through a photocleavage of C-N bond in 7-
amino coumarin upon the UV light irradiation based on a new
photosensitive broken site of 7-amino coumarin derivative. The
designed gelator had good gelation by immobilizing the solvents in
the three-dimensional network. The critical gelation concentration
was 2.7 mg/mL in PEG200:H2O = 1:2. The cytarabine hydrochloride
was selected as the model drug to evaluate the photo-triggered
drug delivery. The hydrogel exhibited promising controlled release
behavior with laser to accelerate the photocleavage of C-N bond of
gelator, which could destroy the architecture of gel and accelerated
the release of cytarabine. This drug-loaded hydrogels could be used
intratumoral injection or other target injection with a non-invasive
light stimulus triggered release, which is a research focus in the
tumor treatment now.
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