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ARTICLE INFO ABSTRACT

Simple fabrication and manipulation of multi-stimuli responsive supramolecular polymers based on multiple,
self-complementary, hydrogen bond interactions with the desired self-assembly behavior and desirable micellar
properties for effective drug delivery under physiological conditions remains a grand challenge. Herein, we
successfully developed a dual light- and temperature-responsive uracil-based polymer, BU-PPG, that sponta-
neously self-assembles to form micelle-shaped nanoparticles in phosphate-buffered saline (PBS) via supramo-
lecular interactions between uracil moieties. The resulting micelles exhibited controlled light-sensitive photo-
dimerization, a low critical micellization concentration, low cytotoxicity towards MCF-7 cells and tunable drug-
loading capacity, as well as extremely high drug-entrapment stability in media containing serum. These features
make BU-PPG micelles highly attractive as a potential candidate for safe, effective delivery of anticancer drugs.
Importantly, when irradiated with UV light at 254 nm, the drug-loaded irradiated BU-PPG micelles could be
easily tuned to obtain the desired phase transition temperature, remained highly stable under normal physio-
logical conditions for prolonged periods of time, and rapidly released the encapsulated drug when the tem-
perature was increased to 40 °C due to an efficient temperature-induced hydrophilic-hydrophobic phase tran-
sition. Collectively, these advantages suggest the newly developed BU-PPG supramolecular system may
represent a promising new strategy towards the development of controlled release drug delivery systems.
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controlled drug release [5]. Several studies have demonstrated poly-
meric micelles offer numerous advantages as drug delivery agents, in-

1. Introduction

Water-soluble micelles formed by self-assembly of amphiphilic
polymers have recently attracted much attention in drug delivery
system research, especially as nanocarriers for anticancer drugs [1-3].
The self-assembly of polymer micelles in an aqueous environment is
driven by amphiphilic and/or non-covalent interactions, such as hy-
drophobic-hydrophilic phase separation, hydrogen bonding, ionic in-
teractions, metal coordination and si— stacking; these interactions play
crucial roles in the construction and behavior of micellular drug de-
livery systems [4-9]. Compared to conventional covalently linked
polymers, polymeric micelles based on non-covalent interactions are
more sensitive to external stimuli, which offers a new strategy for the
design of drug nanocarriers that rapidly respond to stimuli to facilitate
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cluding the ease of modifying the functionality of the micelles, efficient
drug loading without the need to chemically modify the drugs, and the
ability of the micelles to enhance the solubility of hydrophobic drugs
[10]. Furthermore, the structure and morphology of polymer micelles
can be easily controlled by adjusting their structural composition to
tailor their functionality as nanoscale drug delivery systems.

The aim of nanoscale drug delivery systems is to reduce the toxicity
of the encapsulated drug and increase therapeutic efficacy via the en-
hanced permeability and retention effect [11]. Ideal nanoscale drug
carriers are characterized by prolonged circulation of the active ther-
apeutic agent in the blood, increased cellular uptake, and reduced
toxicity [12]. However, major challenges remain to be solved before
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most currently available polymeric micelles could be used as nanoscale
drug carriers, including a lack of stability — as existing micelles are
susceptible to infinite dilution during administration and delivery in
vivo — low drug-loading capacity, and the lack of well-controlled dru-
g-release under specific microenvironmental conditions [11,13,14].
These issues result in delivery of insufficient concentrations of the drug
to tumors and lead to systemic toxicity, and thus limit the effectiveness
of polymer micelles as nanocarriers for solid tumor chemotherapy.

Development of functional supramolecular polymers that readily
self-assemble in aqueous media into structurally stable nanosized mi-
celles with high drug loading capacity and controlled drug release
ability under different environmental conditions has recently attracted
considerable attention as a potentially efficient strategy for solving the
issues related to the use of polymer micelles as drug carriers [15].
Stimuli-triggered release of drugs by supramolecular micelles in the
tumor microenvironment may represent an efficient tool to prevent
premature drug leakage in normal tissues and improve drug accumu-
lation at the target sites [16]. A variety of supramolecular nanocarriers
that respond to different environmental stimuli — such as light, tem-
perature, redox potential and pH — have been developed for drug de-
livery [17-20]. Among the various environmental stimuli present under
physiological conditions, temperature represents a particularly pro-
mising stimuli to trigger rapid, accurate controlled drug release within
tumors, as cancer tissues have a slightly higher temperature than the
surrounding normal healthy tissues [21,22]. The difference in tem-
perature between normal tissues and tumors provides an opportunity to
design temperature-sensitive nanocarriers that selectively target and
rapidly release drugs at the tumor site due to a reversible hydrophilic-
hydrophobic transition triggered by thermal dissociation of non-
covalent bonds [17,23,24]. The transition temperature that induces to
this hydrophilic-hydrophobic transformation is often termed the lower
critical solution temperature (LCST). Thus, modulation of the LCST of
the nanocarrier to the higher temperature of the tumor microenviron-
ment is crucial to the success of a controlled drug delivery system for
cancer [25].

The design of nanocarriers capable of responding to light has also
attracted considerable attention, mainly as light can adjust and control
the LCST of thermoresponsive polymers in aqueous solution [26-28]. In
addition, since light is an environmentally-friendly stimulus that is easy
to control, light-controlled solubility changes in thermoresponsive
polymers have potentially highly desirable applications in medicine.
Nevertheless, dual responsive nanocarriers have been relatively un-
derexplored and in particular, no drug delivery nanocarriers have been
reported to exhibit both light and temperature responsiveness [25].
Thus, dual light- and temperature-responsive supramolecular micelles
with high structural stability urgently need to be developed to improve
the therapeutic efficacy of chemotherapy.

In our previous study, we developed a series of stimuli-responsive
supramolecular polymers made from nucleobases and oligomers
[29-36]. These polymers easily self-assemble into nano-sized supra-
molecular micelles in aqueous solution and possess a number of im-
portant, exclusive features, making these micelles highly attractive as
efficient multifunctional materials for various applications. For ex-
ample, we created cytosine-functionalized supramolecular micelles that
exhibit extremely high micellar stability and drug-loading capacity,
tunable phase transition temperature, and a rapid drug release profile
due to the presence of the highly efficient dynamic structures conferred
by cytosine [33,34]. These promising results encouraged us to design
multi-responsive nucleobase-functionalized supramolecular micelles
with tunable properties to encapsulate chemotherapeutic agents, in an
effort to improve the safety and efficacy of cancer chemotherapy.

Herein, we developed a novel supramolecular poly(propylene
glycol), hereafter termed PPG, that possesses photosensitive end groups
containing uracil (BU-PPG). After irradiation with 254-nm ultraviolet
(UV) light, the irradiated BU-PPG micelles showed excellent thermo-
responsive behavior and micellar stability, tunable drug loading
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capacity, and rapid drug release in phosphate buffered saline (PBS) at
temperatures above the LCST due to dissociation of the hydrogen-
bonded uracil moieties of BU-PPG. More importantly, the drug-loaded
irradiated micelles remained highly stable in serum-containing
medium, and also exhibited significantly enhanced, rapid drug release
in PBS at 40°C due to the sharp hydrophilic-to-hydrophobic phase
transition induced within the micelle structure at temperatures above
the LCST. To the best of our knowledge, the BU-PPG system reported in
this study is the first nanocarrier that can encapsulate anticancer drugs
and achieve controlled drug release in response to temperature- and
light- induced manipulation of micellar properties and drug release
behavior. BU-PPG offers a simple, efficient route towards the develop-
ment of highly sensitive dual-responsive nanocarriers for controlled
drug release, which may enable the design of safer, more efficacious
drug delivery systems.

2. Materials and methods
2.1. Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA) at analytical grade or the highest purity available. All solvents
were high performance liquid chromatography grade and purchased
from TEDIA (Fairfield, OH, USA). BU-PPG was synthesized and char-
acterized according to our previous report [36].

2.2. Characterization

2.2.1. UV photoreaction of BU-PPG in PBS

UV photoreaction of BU-PPG was carried out using an OPAS Xlite
500 handheld UV lamp (70 mW/cm?, A = 254 nm). Samples in Pyrex
vials were irradiated for different periods of time; the distance between
the lamp and vial was kept constant. The degree of photodimerization
was monitored by measuring absorbance at 265 nm using a Jasco V-730
UV-vis spectrophotometer (Hachioji, Tokyo, Japan) over the range from
200 to 350 nm.

2.2.2. Lower critical solution temperature (LCST) measurements

Supramolecular micelles were dissolved in PBS buffer (10 mM, pH
7.4). The LCST of the micelles as a function of temperature was de-
termined by measuring the optical transmittance of buffer solutions
containing different concentrations of BU-PPG (1.0-4.0 mg/mL) and
after different durations of irradiation. A concentration of 2.5 mg/mL
was chosen for cloud point determination after various durations of
irradiation. All samples were filtered through 0.45 um Millipore nylon
filters. The optical transmittance of the supramolecular micelle solu-
tions was monitored at 500 nm over the temperature range from 16 °C
to 70 °C using a temperature-controlled Jasco V-730 UV-vis spectro-
photometer. The heating rate was 0.5 °C/min and the sample cells were
equilibrated at each temperature for 4 min before the data were re-
corded. Square 1.0 cm X 1.0 cm quartz cells were used. The LCST was
determined as the temperature at which a 50% decrease in optical
transmittance occurred.

In order to further confirm the phase transition behavior of the
micelles, the change in particle size as a function of temperature was
measured using a Nano Brook 90 Plus PALS (Brookhaven Instruments
Corp., Holtsville, NY, USA) equipped with a 10 mW He-Ne laser
633 nm, a detector angle of 90° and thermoelectric Peltier temperature
controller. The sample measurements were carried out in quartz cuv-
ettes and the temperature was equilibrated at each step for 10 min. The
temperature was increased by 5 °C over the range between 20 °C and
50 °C, and this cycle was repeated at least ten times.

2.2.3. Determination of critical micelle concentration (CMC)
The CMC values of PPG, BU-PPG before irradiation and BU-PPG
after 30 min irradiation were measured by fluorescence spectroscopy
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(F-4500; Hitachi, Tokyo, Japan) using pyrene as a hydrophobic fluor-
escent probe [42]. Briefly, a stock solution of pyrene (2.5mM) was
prepared by dissolving 5 mg pyrene in 10 mL acetone; this solution was
used to prepare a 20-fold diluted solution (0.5mL in 10 mL acetone).
Then, 50 pL of the diluted pyrene solution (0.25 pug) was added to vials
containing aqueous PPG diacrylate, non-irradiated BU-PPG or irra-
diated BU-PPG solutions with concentrations ranging from 0.1 mg/mL
to 0.00001 mg/mL; the final concentration of pyrene in each vial was
0.6 uM, nearly equal to the solubility of pyrene in water at 22 °C. The
solutions were sonicated for 2h in an ultrasonic bath, then incubated
for 24h at 25°C to allow the nanoparticles and aqueous phase to
completely equilibrate. The emission spectra of the solutions were re-
corded from 350 nm to 450 nm at an excitation wavelength of 334 nm,
scanning speed of 1000 nm/min, integration time of 0.1s, and excita-
tion and emission width slits of 5nm. The curve of the fluorescence
intensity ratio (I3g2/I373) versus a function of the logarithmic con-
centration of the samples (Log C) was plotted. CMC values were de-
termined based on the intersection of straight line segments, drawn
through the points of the minimum polymer concentration (which lies
on a nearly horizontal line) and the points of the rapidly rising region of
the plot for PBS.

2.2.4. Particle size, polydispersity index (PDI) and zeta potential

Due to the amphiphilic properties of the polymer, we anticipated
non-irradiated and irradiated BU-PPG would spontaneously form mi-
celles when dissolved in PBS. Hence, we measured the mean particle
size, PDI and zeta potential of 2.5 mg/mL BU-PPG for all micelle sam-
ples at 25 °C by dynamic light scattering (DLS) using a Nano Brook 90
Plus PALS, equipped with a 632 nm He-Ne laser beam. Prior to mea-
surement, solutions were filtered through Millipore nylon filters (pore
size 0.45 pm). All results were expressed as the mean = SD of three
replicates.

2.2.5. Atomic force microscopy (AFM).

The morphology of pristine BU-PPG and drug-loaded micelles was
observed using a tapping-mode AFM (NX10, AFM Park Systems, Suwon,
South Korea) equipped with a standard commercial probe made of si-
licon (125nm). Samples were prepared by spin coating 20 uL of the
dilute pristine or drug-loaded micelles on the silicon substrate, followed
by vacuum drying at 25 °C.

2.3. Kinetic stability of blank and doxorubicin-loaded micelles

The kinetic stability of irradiated and non-irradiated BU-PPG before
and after loading with doxorubicin (DOX) was investigated by DLS in
the presence of 10% fetal bovine serum as a destabilizing agent.
Micelles in PBS (10 mM, pH 7.4) and serum were mixed in a 2:1 v/v
ratio. The changes in the hydrodynamic diameter and PDI of the mi-
celles were recorded over 24 h at 25 °C. All results were expressed as the
mean * SD of three replicates.

2.4. Preparation of DOX-loaded BU-PPG supramolecular micelles

The model chemotherapy drug DOX was loaded into BU-PPG mi-
celles via a dialysis method. Briefly, doxorubicin hydrochloride and BU-
PPG were mixed at weight ratios of 1, 0.5 or 0.1, dissolved in DMF, then
excess triethylamine was added. The mixtures were transferred into
dialysis tubing (molecular weight cut-off, 1000 Da) and dialyzed for
24 h at 15°C against PBS (pH 7.4, 10 mM) to remove DMF and free
DOX. The PBS was replaced every 1h for the first 4 h, then replaced
every 4 h. After 24 h dialysis, the solution in the dialysis bag was col-
lected and lyophilized. Subsequently, the samples were dissolved in
DMF and analyzed by UV-vis spectrophotometry at 483 nm (the ab-
sorbance intensity of DOX) using a standard calibration curve generated
using DOX/DMF solutions.

The drug loading content (DLC) and drug loading efficiency (DLE)
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were calculated as:

Drug loading content (DLC), \%
_ weight of drug loaded in polymeric micelles

= 100
weight of drug loaded polymeric micelles
Drug loading efficiency (DLE), \%
_ weight of drug loaded in polymeric micelles 100

weight of drug input

2.5. Invitro DOX release assay

In vitro drug release was determined using a dialysis method.
Experiments were performed in PBS (pH 7.4, 10 mM) to investigate the
thermal- and light-induced release behavior of uracil functionalized
PPG diacrylate. A BU-PPG:DOX mass ratio (1:1) was considered the
optimum drug-loading ratio and used for the drug release experiments.
Briefly, 1 mL of DOX-loaded non-irradiated or irradiated BU-PPG mi-
celles (2.5mg/mL) were placed in dialysis tubing (molecular mass
cutoff, 1000 Da) and dialyzed against 10 mL of PBS buffer (pH 7.4,
10 mM) at 25 °C or 40 °C. To measure the amount of DOX released at
different times, 3 mL of dialysis buffer was withdrawn at 1, 2, 5, 7, 12,
18, 24, 36, and 48 h and replaced with an equal volume of fresh PBS.
The absorbance values of the dialysates were measured at 483 nm and
the concentration of DOX was determined using a standard DOX cali-
bration curve established using 0.0006-0.08 mg/mL DOX in PBS (pH
7.4, 10 mM). The cumulative concentration of DOX released from the
micelles was expressed as a percentage of the cumulative DOX released
and plotted as a function of time, using:

Wt x 100

Cumulative drug release, \% = W

where Wt is the amount of DOX released at time t and W is the total
DOX loaded into BU-PPG micelles. The in vitro release kinetic studies
were carried out in three independent experiments for each sample; the
results are the mean = SD of three experiments.

2.6. In vitro cytotoxicity assay

The cytotoxicity of BU-PPG before and after 30 min UV irradiation
was assessed using MCF-7 cells. MCF-7 cells were seeded at 1 x 10*
cells per well in 100 pL of Dulbecco's modified Eagle's medium (DMEM)
in 96-well plates, incubated for 24 h, then exposed to various con-
centrations of (0-100 ng/mL) non-irradiated or irradiated BU-PPG mi-
celles, incubated for 24 h, the medium was replaced with fresh DMEM,
20 uL. of 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT) solution (5 mg/mL) was added to each well, incubated for 4 h,
the MTT solutions/media were removed carefully, and 100 pL of di-
methyl sulfoxide was added to dissolve the MTT formazan crystals.
Absorbance values were recorded at 570 nm using an ELISA microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA). Cytotoxicity was
expressed as mean * SD relative viability compared to control cells
exposed to polymer-free culture medium (100% viability); experiments
were repeated three times, with three replicates in each experiment.

3. Results and discussion

3.1. Photo-dimerization and phase transition behavior of uracil-
functionalized supramolecular micelles in aqueous PBS solution

The chemical structure of BU-PPG and its self-assembly behavior in
PBS due to the multiple, self-complementary, hydrogen-bonded uracil
moieties are illustrated in Scheme 1. BU-PPG was synthesized by Mi-
chael addition reaction from PPG diacrylate (molecular
weight = 800 g/mol, repeat units = 14) and uracil as described in our
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Photo-irradiated Micelles

Scheme 1. Schematic illustration of micelle formation and drug loading by the dual light- and temperature-responsive BU-PPG polymer in PBS.

previous study [36]. We found BU-PPG was readily soluble in PBS up to
a concentration of 25 mg/mL. Inspired by its high solubility in a phy-
siological environment, dynamic light scattering (DLS) and morpholo-
gical measurements were carried out at 25 °C on 2.5 mg/mL BU-PPG in
pH 7.4 PBS. According to the DLS data shown in Fig. 1a, BU-PPG mi-
celles had an average hydrodynamic diameter of 138 nm and displayed
a monomodal particle distribution (PDI = 0.119). In addition, visuali-
zation of the morphology of the micelles by atomic force microscopy
(AFM; Fig. 1b) showed the BU-PPG polymers self-aggregated into uni-
form spherical nanoparticles with a diameter ranging from 86 nm to
108 nm. The discrepancy in micelle size between the DLS and AFM
measurements can be attributed to the sample preparation techniques:
DLS measured the hydrodynamic diameter of micelles in PBS, whereas
AFM measured solid-state micelle morphology. Thus, DLS and AFM
proved BU-PPG polymers spontaneously self-assemble under physiolo-
gical conditions into well-defined, uniform spherical micelles with the
desired size and unique physical properties.

The chemical structure of BU-PPG, which consists of a PPG ther-
mosensitive segment and uracil photoreactive moieties, is given in
Scheme 1. These two units may result in formation of dual light- and
temperature-responsive polymeric micelles under physiological condi-
tions. We speculated BU-PPG would exhibit photoreactivity in PBS, and
thus have potential as a drug delivery system. In order to confirm this
hypothesis, BU-PPG micelles in PBS were exposed to UV light at a
wavelength of 254 nm (70 mW/cm?) using a UV spot curing system for
various periods of time, and the changes in the absorbance of the
samples were monitored using ultraviolet-visible (UV-vis) spectroscopy.
As shown in Fig. 2b, the absorbance peak of the uracil moieties at
265 nm reduced in a time-dependent manner after 5-30 min of irra-
diation, indicating the formation of uracil photodimers within the mi-
cellar structure. No further significant changes in the spectra occurred
after 30 min of irradiation, suggesting achievement of virtually max-
imal photodimerization. These results imply the uracil moieties within
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the BU-PPG supramolecular micelles undergo [2m + 2x] photo-
cycloaddition upon UV irradiation under physiological conditions
(Fig. 2a). Fig. 2c confirmed the rapid, controlled photoconversion ki-
netics: the degree of dimerization was up to 40% within 5min and
increased to 95% after 30 min of UV irradiation. In contrast, in aqueous
systems, only 88% of BU-PPG was photodimerized after 30 min of UV
irradiation [36]. One possible explanation for the increased photo-
dimerization of BU-PPG in PBS compared to aqueous solution is that the
self-complementary hydrogen bonding between uracil moieties is
weakened in the presence of the PBS salt ions, which would increase
polymer chain segment motion. Furthermore, since the cytotoxicity of
drug delivery nanocarriers is crucial to drug delivery applications, the
in vitro cytotoxicity of BU-PPG micelles before and after 30 min irra-
diation (i.e., up to 95% photodimerized) was investigated using the
methyl thiazolyl tetrazolium (MTT) assay. As shown in Fig. S1, non-
irradiated and irradiated micelles did not exhibit any obvious cytotoxic
effects toward MCF-7 breast cancer cells, even at concentrations as high
as 100 pg/mL, suggesting BU-PPG micelles have extremely low toxicity
against cancer cells. These observations also imply irradiation did not
affect the biocompatibility of the micelles towards cancer cells in vitro.
Collectively, these results indicate BU-PPG micelles may represent a
suitable nanocarrier for anticancer drug delivery.
Low-molecular-weight PPG, a water-soluble polymer with thermo-
responsive properties, undergoes a reversible phase transition from a
hydrophilic to hydrophobic state when the solution temperature is in-
creased above the LCST [37]. To further explore the influence of the
photosensitive uracil moieties on the LCST transition of PPG, the
thermoresponsive behavior of BU-PPG in PBS (10 mM, pH 7.4) was
examined by UV-vis spectroscopy and DLS. The LCST values of various
concentrations of BU-PPG micelles were explored by monitoring optical
transmission at 500 nm. As shown in Fig. S2, optical transmission de-
creased as temperature increased and a thermal-induced phase transi-
tion was clearly observed, indicating BU-PPG exhibits thermo-
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Fig. 1. DLS analyses of (a) BU-PPG and (c) DOX-loaded BU-PPG micelles in PBS at 25 °C. AFM images for (b) BU-PPG and (d) DOX-loaded BU-PPG micelles.

responsive phase transition behavior in PBS [16]. The LCST values of
the 1.0, 2.5, 3.0, and 4.0 mg/mL BU-PPG micelle solutions were around
60, 47, 42, and 37 °C, respectively. This suggests a higher concentration
of BU-PPG promotes aggregation of dehydrated polymer chains, which
was reflected by a lower cloud point. Interestingly, the LCST value of
3.0 mg/mL BU-PPG was close to 42 °C, slightly higher than normal body
temperature; this is a promising feature for development of potentially
clinically applicable drug nanocarriers for cancer chemotherapy [38].
Note that at the same concentration, the LCST of BU-PPG in PBS was
lower than the previously reported LCST of BU-PPG in an aqueous
system [36]. For example, the LCST of 1.0 mg/mL BU-PPG was 66 °C in
aqueous solution and 60 °C in PBS; this difference is probably due to the
destabilizing effect of the salt ions in PBS [39,40]. In addition to the
unique LCST behavior described above, BU-PPG also underwent a
stable thermoreversible phase transition; the transmittance value re-
verted back to the initial value when the temperature was decreased
from 70 °C to 15 °C (Figs. S3 and 4a(i)), further implying the critical role
of the uracil moieties in stabilization of the BU-PPG hydrophobic-hy-
drophilic transition under the physiological conditions of PBS.

After evaluating the concentration-dependence of the LCST values
of BU-PPG, we further investigated the effect of UV irradiation on the
LCST. We determined the cloud point of 2.5 mg/mL BU-PPG in PBS
after various durations of irradiation; this moderate concentration was
selected as its LCST could be adjusted to the higher temperature of
tumor tissues by controlling the duration of irradiation. As shown in
Fig. 2d, the hydrophobicity of the BU-PG micelles was increased by UV
irradiation, resulting in a decrease in the LCST from 47 °C to 38°C.
Thus, we reasonably speculated that photodimerization of the hydro-
philic uracil moieties within the polymeric micelles significantly affects
their amphiphilic properties and thus alters the hydro-
philic-hydrophobic balance of the micelles in PBS. This phenomena

further supports our finding that photodimerization of BU-PPG weakens
the self-complementary hydrogen bond interactions between uracil
moieties and accelerates dehydration of water molecules from the
polymer backbone [36]. As a result, the LCST of BU-PPG micelles could
be easily programmed by adjusting the duration of UV irradiation to
achieve a suitable LCST slightly higher than body temperature, making
these micelles a promising candidate for smart, temperature-responsive
drug nanocarriers [41].

To further verify the relationship between irradiation and the phase
transition behavior of BU-PPG micelles under physiological conditions,
2.5mg/mL BU-PPG in PBS were examined by DLS at different tem-
peratures before and after irradiation for 30 min. As shown in Figs. S4
and S5, when the solution temperature was increased close to the LCST,
the average hydrodynamic diameters of the micelles started to increase
significantly. Notably, the average hydrodynamic diameters of non-ir-
radiated micelles increased rapidly from 138 nm to 588 nm when the
solution was heated from 25 °C to 45 °C, whereas the particle diameters
of irradiated micelles increased from 146 nm to 768 nm under the same
conditions. This observation implies irradiated BU-PPG micelles be-
came more hydrophobic due to UV-induced formation of cyclobutane
uracil dimers, which led to a more significant change in particle dia-
meter at a temperature above the LCST. In agreement with the trans-
mittance results in Fig. 2d, the DLS also proved that the irradiated BU-
PPG micelles exhibited lower cloud points than non-irradiated micelles.
We confidently speculate this observation can be attributed to dis-
association of the self-complementary hydrogen bonding between ur-
acil moieties, the more hydrophobic nature of irradiated BU-PPG mi-
celles (compared to non-irradiated BU-PPG), and the formation of
cyclobutane linkages within the micellar interior that promote forma-
tion of more highly aggregated, dehydrated micelles upon an increase
in temperature. These observations further suggest that irradiated BU-
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Fig. 2. (a) Photoinduction of the [2% + 2x] cycloaddition reaction between the uracil moieties of BU-PPG. (b) UV-vis spectra and (c) kinetics of 0.1 mg/mL BU-PPG
in PBS upon exposure to UV light. (d) Plots of transmittance versus temperature for BU-PPG (2.5 mg/mL) in PBS after different durations of irradiation.

PPG represents a highly-sensitive dual light/temperature-responsive
micelle with tailorable LCST behavior, well-controlled photodimeriza-
tion and reversible thermo-responsive properties. These encouraging
results piqued our interest to further explore the critical micelle con-
centration (CMC) and micellar stability of BU-PPG in PBS.

3.2. Formation and stability of uracil-functionalized BU-PPG micelles in
PBS

The CMC is a key parameter that reflects micelle stability in vitro
and in vivo and safe use in drug delivery applications. Thus, we mea-
sured the CMC values of non-irradiated and irradiated BU-PPG micelles
in aqueous solution via a fluorescence technique using pyrene as a
hydrophobic-sensitive fluorescence probe [42,43]. Non-irradiated BU-
PPG micelles exhibited a low CMC value of 6 x 10~ % mg/mL (Fig. 3a),
whereas no CMC features were observed over a wide range of con-
centrations for PPG diacrylate, indicating the uracil moieties in BU-PPG
significantly increase the solubility and amphiphilic nature of the PPG
backbone. After 30 min of UV irradiation, the CMC value of BU-PPG
increased to 1.2 x 10~ % mg/mL, thus it can reasonably be inferred that
photodimerization affects the amphiphilic properties of the micelles
due to formation of longer polymer chains and partial dissociation of
the self-complementary hydrogen bonds between uracil moieties
[7,24,44]. Most importantly, although the CMC value of irradiated
micelles was twice that of non-irradiated micelles, the CMC values of
non-irradiated and irradiated BU-PPG micelles were both lower than
those of conventional low-molecular-weight surfactants (CMC: ~ 1073
M) [2,45]. On the basis of their lower CMC values, non-irradiated and
irradiated BU-PPG micelles could be expected to exhibit high structural
integrity, even at high dilution. Therefore, BU-PPG has the potential to
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remain stable when diluted in the bloodstream, which indicates the
micelles would exhibit good carrier stability and have prolonged cir-
culation times in vivo [42]. The micelles were further characterized by
measuring their zeta potential values in PBS at 25 °C. As shown in Table
S1, the zeta-potentials of non-irradiated and irradiated micelles were
1.4mV and 14.9 mV, respectively. Irradiation significantly increased
the zeta-potential, which may be attributed the strong electric repulsion
between irradiated micelles or increased ion-pair formation between
micelles and solute ions, which would significantly change the surface
charge of irradiated micelles [46].

Micelle stability is one crucial feature required to ensure the safety
and efficacy of an encapsulated drug. Much insight was gained from our
characterization of the properties of the photosensitive BU-PPG mi-
celles described above. In order to obtain more reliable information on
the stability of these micelles in aqueous biological environments, time-
dependent kinetic experiments were performed using DLS in the pre-
sence of serum proteins (33% v/v serum in PBS), which act as a strong
destabilizing agent under physiological conditions [47]. Non-irradiated
BU-PPG micelles did not exhibit a significant change in particle size or
polydispersity index after 24h in serum-containing media at 25°C
(Fig. 3b), suggesting serum did not induce aggregation or destabilize
non-irradiated micelles. In contrast, the particle size distribution of ir-
radiated micelles significantly increased when incubated with serum for
the same period of time, probably due to protein-induced disassembly
(or aggregation) of the micelles. In other words, the increase in mole-
cular weight upon photodimerization decreased the LCST of the irra-
diated micelles and altered their hydrophilic-hydrophobic balance,
leading to lower kinetic stability. Based on these experimental ob-
servations, the difference in the kinetic stability of non-irradiated and
irradiated micelles implies the multiple, self-complementary, hydrogen
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Fig. 3. (a) CMC determination for PPG diacrylate and non-irradiated and irradiated BU-PPG micelles. (b) Kinetic stability of non-irradiated and irradiated BU-PPG

micelles in PBS over time after addition of serum.

bond uracil-uracil interactions within the micelle interior play a crucial
role in formation of stable self-assembled nanostructures that are re-
sistant to long-term disassembly or aggregation of micelles in the pre-
sence of serum proteins [7-9]. These observations may have a possible
impact on the encapsulation of drug molecules for controlled drug de-
livery.

3.3. Photosensitive supramolecular micelles for controlled drug delivery and
release

In order to obtain more insight into the drug delivery and release
behavior of non-irradiated and irradiated BU-PPG micelles, we further
explored their drug encapsulation and long-term kinetic stability using
DOX as a model anticancer drug. First, we investigated the influence of
the DOX:BU-PPG weight ratio on drug encapsulation. When the
DOX:BU-PPG weight ratio was increased from 0.1 to 1, the drug loading
contents (DLC) of the non-irradiated and irradiated BU-PPG micelles
increased significantly from 7.2% to 23.5% and 6.1% to 18%, respec-
tively (Table S2). The drug loading efficiencies (DLE) remained at
maximum levels of over 78% for non-irradiated micelles and 65% for
irradiated micelles at an applied feeding weight ratio of 0.1. These
results indicate non-irradiated micelles exhibit higher DLC and DLE
values than irradiated micelles as the supramolecular self-com-
plementary hydrogen bond interactions between uracil moieties con-
tribute to micellar stability [9]. As shown in Table S2, when DOX was
loaded into non-irradiated and irradiated micelles, the average dia-
meters and zeta potential values of both micelles increased to ap-
proximately 200nm and 30eV, respectively, as the DOX:BU-PPG
weight ratio increased to 50%. DOX-loaded BU-PPG micelles generated
in PBS had more positive zeta potential values than pristine non-irra-
diated and irradiated micelles (Table S1) due to the strong electrostatic
attraction between the micelles and DOX, which significantly enhanced
the solubility and stability of DOX in PBS [46]. In addition, the average
hydrodynamic diameter gradually increased as the DOX:BU-PPG weight
ratio increased, suggesting particle size increased to accommodate a
high DOX content within the micellar interior. More importantly, the
DLC values of both non-irradiated and irradiated micelles could be
readily adjusted over the range of 6.1-23.5% by controlling the
DOX:BU-PPG weight ratio, indicating that modifying the DOX loading
content enables tailoring of desirable micelle physical properties.

Furthermore, AFM and DLS demonstrated the micellar diameter and
size distributions of BU-PPG micelles containing 26% DOX were sig-
nificantly higher than that of blank BU-PPG micelles (Fig. 1 and Table
S2), confirming DOX was successfully entrapped within the micelles
and implying the formation of intermolecular interactions between
DOX and the BU-PPG uracil moieties enhances the efficiency of DOX
entrapment. Based on these results, nano-sized DOX-loaded micelles
(with a diameter smaller than 200 nm) may represent candidate drug
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delivery agents for cancer therapy, as they could accumulate at tumor
sites and penetrate deep into the inner areas of tumors via the enhanced
permeability and retention effect [48,49]. To further explore the long-
term kinetic behavior of DOX-loaded micelles in vitro, the stability of
DOX-loaded non-irradiated and irradiated BU-PPG micelles in serum-
containing media were evaluated using DLS at 25°C. As shown in
Fig. 4b, the size and polydispersity index of both non-irradiated and
irradiated DOX-loaded micelles remained almost unchanged after 24 h,
indicating highly stable encapsulation of DOX within the micelles. It is
worth mentioning that, compared to pristine irradiated micelles
(Fig. 3b), encapsulation of DOX enhanced the overall stability of irra-
diated micelles, possibly due to the formation of intermolecular inter-
actions between DOX and the photo-dimerized uracil groups of the ir-
radiated micelles. Highly stable drug-loaded micelles are extremely
desirable within traditional polymer micelles and low molecular weight
nanocarrier systems [50]. These unique characteristics prompted us to
further evaluate the drug release behavior of the micelles under dif-
ferent environmental conditions in vitro [51-57].
Temperature-sensitive BU-PPG micelles can be viewed as a mole-
cular switch that can be used to accomplish controlled drug delivery
functionality in response to slight changes in temperature. First, we
compared the thermoresponsive behavior of DOX-loaded BU-PPG mi-
celles containing 23.5% DOX with blank micelles. As shown in Fig. 4a
(ii), DOX-loaded micelles in PBS had a clear pink color and excellent
transparency below the LCST at 25°C, further indicating the highly
stable encapsulation of DOX. Interestingly, the solution became opaque
when heated above the LCST at 40 °C, indicating the micelles main-
tained thermoresponsive behavior after encapsulating DOX. Next, we
further examined the effects of temperature on the in vitro drug release
behavior of non-irradiated and irradiated BU-PPG micelles in PBS
(Fig. 4d). At temperatures below the LCST (25 °C), only approximately
30% of the DOX was released during the initial 5h and approximately
35-39% after 48 h, suggesting the highly stable entrapment of DOX
inside non-irradiated and irradiated micelles at a temperature below
the LCST. When the solution temperature was increased to 40 °C, the
DOX release rates of non-irradiated micelles after the initial 5 h slightly
increased to 35%, followed by a subsequently slower release profile,
achieving 58% release after 48 h. This implies that the release of DOX
from non-irradiated micelles above the LCST (40 °C) induces a favor-
able, rapid phase transition from a hydrophilic to hydrophobic state,
resulting in a further increase in the drug release rate. Surprisingly,
when the temperature of the solution was increased to 40 °C, DOX was
released more rapidly from irradiated micelles than non-irradiated
micelles. Eventually, cumulative DOX release dramatically increased to
57% within the initial 5h and reached up to 87% after 48 h, implying
that the self-complementary hydrogen bond interactions formed be-
tween the cyclobutane uracil photo-dimers in irradiated micelles ra-
pidly dissociated at elevated temperatures. These observations
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different temperatures.

demonstrate that the controlled, temperature-triggered release of DOX
from irradiated BU-PPG micelles can mainly be attributed to a ther-
mally-induced hydrophilic-hydrophobic phase transition, followed by
rapid destruction of the hydrogen bond interactions within the micelles,
thus resulting in rapid release of a high concentration of DOX (Fig. 4c).
Based on these findings, the synergistic ability of UV light and tem-
perature to promote efficient release of DOX may enhance drug delivery
performance under physiological conditions, since combined UV light
and temperature stimulation could obliviate the need for harsh stimuli
such as long-term irradiation or high-temperature stimulation. The sy-
nergistic effects of light and temperature indicate the potential of ur-
acil-based supramolecular micelles as nanocarriers with high drug
loading capacity and controlled drug release under mild conditions.
Therefore, this research clearly confirms that dual light- and tempera-
ture-responsive BU-PPG micelles represent a suitable candidate nano-
carrier for controlled drug delivery, as their LCST values are readily
adjusted by a combination of temperature and UV irradiation [22,58].

4. Conclusions

We successfully synthesized a dual light- and temperature-re-
sponsive polymer, BU-PPG, for drug delivery and controlled release.
Due to the presence of multiple, self-complementary, hydrogen bond
uracil-uracil interactions, this newly-developed polymer can sponta-
neously self-assemble into uniform spherical micelles in aqueous PBS.
The micelles possess many fascinating features such as controlled
photodimerization, low CMC, low cytotoxicity and tunable DOX-
loading capacity, as well as extremely high DOX-entrapment stability in
the presence of serum-containing media. In addition, the DOX-loaded
micelles exhibit tunable LCST behavior in PBS that depends on the
micelle concentration as well as the degree of photodimerization. These
characteristics are highly relevant to controlled drug delivery
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applications, and allow the micelles to release the drug in a controlled
fashion in response to an increase in body temperature (in response to
faster metabolism or induced hyperthermia). More importantly, in vitro
drug release assays demonstrated the irradiated micelles remained
structurally stable and exhibited slow drug release behavior under
normal physiological conditions. Further increasing the temperature
above the LCST induced rapid release of encapsulated DOX from irra-
diated micelles in aqueous PBS by inducing a temperature-triggered
hydrophilic-hydrophobic phase transition and disrupting the self-
complementary hydrogen bond interactions between uracil moieties.
To best of our knowledge, this is the first report of a uracil-based
photosensitive supramolecular nanocarrier for highly efficient drug
delivery and controlled drug release in PBS that could possibly be ap-
plied to enhance the efficacy and safety of chemotherapy. The potential
of this promising supramolecular nanocarrier for cancer therapy is
currently under in vitro and in vivo investigations in our laboratory.
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