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We present a one-photon visible light-responsive micellar system
for efficient, on-demand delivery of small molecules. Release is
mediated by a novel class of photochromic material — donor—
acceptor Stenhouse adducts (DASAs). We demonstrate controlled
delivery of small molecules such as the chemotherapeutic agent
(paclitaxel) to human breast cancer cells triggered by micellar
switching with low intensity, visible light.

Polymeric nanocarrier systems such as micelles and vesicles
offer many advantages for delivery of therapeutic agents as they
increase bioavailability, extend circulation times and minimize
side effects.” In particular, light-activated drug release systems
have garnered recent interest> driven by the non-invasive nature
of light and the ability to offer temporal and spatial control. For
successful light-mediated systems, drug release can be achieved
at particular locations and at specific times leading to a reduction
of side effects for potent toxic drugs (e.g., chemotherapeutic
agents such as paclitaxel).®

Previously, light-mediated drug delivery systems have been
based on photoresponsive groups, such as o-nitrobenzyl and
coumarin-based groups,’ azobenzene® or spiropyran.® A non-
reversible hydrophobic to hydrophilic switch has also been
reported involving the Wolff rearrangement of 2-diazo-1,2-
naphthoquinone (DNQ) units.” However, an inherent drawback
of these traditional systems arises from their reliance on ultraviolet
(UV) light, which not only has the potential to harm healthy cells
but also suffers from poor tissue penetration.® Alternative strategies
that enable the use of wavelengths that penetrate deeper through
tissue while simultaneously offering low phototoxicity would there-
fore be a major advance.’
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To date, a number of controlled drug release systems have been
reported using longer wavelength light. They include systems
using upconverted UV light,'® noble metal-based nanocarriers'*
or two-photon excitation.'” Although these systems have demon-
strated photocontrol with NIR, the process is less efficient than the
direct excitation systems based on UV light."** As a consequence,
extended irradiation with high laser powers are required to trigger
the disassembly of the photoresponsive nanocarriers, resulting in
harmful heating effects that lead to unwanted cell death.'®
Furthermore, challenges associated with biocompatibility, surface
functionalization and unintentional particle accumulation remains
a concern for metal-based nanocarriers."* Photochromic material
that can be controlled with low intensity, one-photon absorption
of visible or NIR light may overcome many of these challenges
and improve photo-controlled targeted drug delivery systems.
A challenge in implementing this strategy, however, is the lack
of synthetically versatile, photo-responsive materials capable of
activation with one-photon long-wavelength light.****

To address this need for new classes of photochromic
materials, we recently developed the donor-acceptor Stenhouse
adducts (DASA), that undergo a hydrophobic-to-hydrophilic
polarity change triggered by visible light between 530 and
570 nm.'® In addition to the more desirable wavelengths,
one-photon absorption tend to be more efficient than two-
photon processes with the photoisomerization of DASA systems
being triggered by low intensities of light (~ 1 mW cm™?) which
opens an attractive avenue for biomedical applications.'” In
this work, DASA building blocks are used as photochromic
units in the construction of polymer micelles for the controlled
release of small molecules to cells by the triggered structural
disassembly of micelles using one-photon visible light.

Donor-acceptor Stenhouse adducts are readily prepared by a
two-step process: an “on-water”’ Knoevenagel condensation of a
Meldrum’s acid or a barbituric acid derivative with furfural to
produce an activated furan, which is then treated with a
secondary amine to provide highly colored DASA derivatives
in excellent yield (70-90%)."® Importantly, both the barbituric
acid and the secondary amine can bear tailored functionalities
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that can be used to construct photochromic materials, as well
as tune properties of the material. Preliminary work has shown
that conjugation of a N,N-di-n-octyl-substituted DASA derivative
with poly(ethylene glycol) (PEG, M,, = 3 kDa, PDI = 1.1) through
copper-mediated azide alkyne cycloaddition (CuAAC) reaction
leads to a visible light-responsive amphiphilic system.'® Although
this material served as an excellent proof-of-principle, we sought to
increase the stability of the light-responsive amphiphilic system for
our studies with living cells that require a buffered solution.

It is well-known that increasing hydrophobicity of an amphi-
phile leads to lower critical micelle concentration (CMC) and
enhanced stability." Thus, we leveraged the facile DASA synthesis
to increase the hydrophobicity through a one-pot synthesis from
commercially available starting materials to obtain a barbituric
acid derivative 2 with two n-didodecyl groups. Reaction with
furfural and a functionalized secondary amine leads to 3 with
an azide functionality, which was subsequently conjugated to an
alkyne-terminated PEG to prepare the desired amphiphilic DASA-
PEG conjugate (DASA-amphiphile) 4 (Scheme 1a). We note that
the CMC of DASA-amphiphile 4 prepared with n-didodecyl groups
was approximately 5 times lower (9 uM) than that of DASA-
amphiphile with n-dioctyl groups (49 uM).'® Triggered by visible
light, the colored hydrophobic triene form of the DASA moiety
photoisomerizes into its colorless hydrophilic zwitterionic form.
This significant change in polarity and solubility of the DASA
moiety leads to 5, which is doubly hydrophilic (Scheme 1b, right).
Of note, this reaction is not reversible because the aqueous
medium plays a significant role in solvating the closed zwitter-
ionic isomer."®

Based on this functional DASA-amphiphile, we prepared a visible
light-responsive micellar system that can release hydrophobic

(a) N, o al (\
) NH M%NMW Y oL)ju o

10 2 Clmcl o

View Article Online

ChemComm

cargo (Scheme 1c).'"® In an aqueous medium, self-assembly
of DASA-amphiphile into micelles occurs where hydrophilic
PEG (blue) comprises the corona and hydrophobic DASAs (red)
constitute the core. Visible light irradiation of aqueous samples
of DASA-amphiphile induces isomerization of the DASA to its
hydrophilic form, which leads to disassembly of the micelles.
This process can be readily observed by the naked eye; red
solution of DASA-amphiphile indicates the hydrophobic form
of DASA whereas a tan solution indicates photoisomerization
to the zwitterionic form. We used UV-Vis, fluorescent spectro-
scopy and dynamic light scattering to verify that the micellar
disassembly is triggered by the photoisomerization of the DASA
moieties from 4 to 5 (see ESIt). Of note, no special precautions
are required for handling because ambient light does not trigger
micelle disassembly without extended exposure (>3 hours).
Hydrophobic dye Nile Red was first used to demonstrate that
the cargo stays encapsulated within the micelle until visible
light is irradiated to trigger micelle disassembly (Fig. 1). Initially,
we incubated 0.5 mg mL ™' of DASA-amphiphile 4 containing
6 ng mL ™" Nile Red with MCF-7 human breast cancer epithelial cells
for 1 hour in the presence and absence of visible light. Nile Red
readily penetrates cell membranes and subsequently stains intra-
cellular lipids, emitting strong fluorescence at 530 nm.”° To monitor
the delivery of Nile Red into the cells, we performed live-cell imaging
via fluorescence microscopy immediately after cell washing (see
ESIt). In the absence of irradiation, the Nile Red remained in the
micelles, and we observed minimal delivery, as evidenced by the
negligible levels of fluorescence in the cells (Fig. 1a, left). In contrast,
irradiation by visible light induced the disruption of micelles and
allowed efficient cargo delivery into the cells, as evidenced by the
strong fluorescence of Nile Red observed in the cells (Fig. 1a, right).
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Scheme 1

: DASA-amphiphile

: DASA-non-amphiphile

(a) Synthetic route to prepare DASA-PEG conjugate 4 (DASA-amphiphile). (b) Hydrophobic DASA segment of 4 (DASA-amphiphile)

photoisomerizes and becomes 5 (DASA-non-amphiphile) once irradiated with visible light, portrayed by the highly colored micelle solution (left) and
tan solution (right). (c) DASA-amphiphile self-assembles into micelles in an agueous medium to encapsulate hydrophobic cargo molecules (left). Visible
light triggers the disruption of micelles and release of cargo molecules (right).

10526 | Chem. Commun., 2016, 52, 10525-10528

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6cc04127b

Published on 01 August 2016. Downloaded by University of California- Santa Barbara on 20/09/2016 14:50:52.

ChemComm
Above CMC
(a) 3 Y
Visible o
® » light

() 50000 —
- 3
> 3o
340000 St
< 220k}
8 $
2 30000 1 £
2 ES
3 e 0 2 4 6 8 10
g 20000 | 16 Red Concentration (M)
2
W 10000
0

4only 4+NR 4+NR yNpgony
(no light) (light)
Below CMC

Visible

© light =

«d

-

40000

30000

20000

10000

Fluorescence (a.u.)

4 +NR 4 +NR
(no light) (light)

4 only NR only

Fig. 1 Visible light-mediated cargo delivery of Nile Red (NR) into MCF-7
cells above (a and b) and below (c and d) CMC. (a) Schematic of cells
incubated with DASA-amphiphile 4 above CMC before (top left) and after
(top right) visible light irradiation. Corresponding fluorescence microscopy
images of MCF-7 cells (bottom). Scale bar = 100 um. (b) Linear relationship
of cell fluorescence intensity to Nile Red concentration (inset). Fluores-
cence measurement of Nile Red in MCF-7 cells. (c) Schematic of cells
incubated with DASA-amphiphile 4 below CMC before (top left) and after
(top right) visible light irradiation. Corresponding fluorescence microscopy
images of MCF-7 cells (bottom). Scale bar = 100 um. (d) Fluorescence
measurement of Nile Red in MCF-7 cells.

To further demonstrate the efficiency of the cargo delivery
process and verify temporal control with visible light irradia-
tion, we measured the amount of delivered cargo through the
fluorescence of cell-internalized Nile Red. The fluorescence of
DASA was negligible at the measured wavelength (Fig. 1b, black)
and the cell fluorescence after incubation with free Nile Red and
subsequent washing was proportional to the concentration of Nile
Red (0.06 ug mL~" to 6 ug mL™ ") as shown in the inset of Fig. 1b.

This journal is © The Royal Society of Chemistry 2016
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These results show that the observed fluorescence is primarily
from Nile Red molecules that are released from the micelles and
therefore fluorescence intensity is directly proportional to Nile
Red concentration. We found that visible light irradiation (Fig. 1b,
green) induced an approximately 300% increase in intensity
compared to the absence of visible light (Fig. 1b, grey), confirming
light-mediated cargo delivery to the cells.

We note that the zwitterionic DASA-amphiphile 5 does not
interfere with intracellular diffusion of the unloaded cargo,
which is important for achieving efficient delivery. The intensity
of cells incubated with free Nile Red (Fig. 1b, blue) was compar-
able to that of the cells incubated with Nile Red encapsulating
DASA-amphiphile 4 after visible light irradiation (Fig. 1b, green).
Below the CMC (5 pg mL™") of the DASA-amphiphile 4, we
observed delivery of Nile Red into both the visible-light irradiated
and the non-irradiated cells (Fig. 1c), implying no evidence of
light-induced cargo delivery. Compared to the cells incubated
with Nile Red only (Fig. 1d, blue), irradiation with light (Fig. 1d,
green) and in the absence of light (Fig. 1d, grey) showed negligible
difference in Nile Red fluorescence intensity in the cells, support-
ing that visible light-mediated cargo delivery requires encapsulat-
ing Nile Red into micelles.

To demonstrate controlled delivery of chemotherapeutic
agents with DASA-based micelles, paclitaxel which is widely
used for the treatment of many different types of tumor was
used (Fig. 2).>' We prepared 0.5 mg mL™" solutions of DASA-
amphiphile 4 containing 1 uM of paclitaxel (see Fig. S11, ESIT)
and incubated MCF-7 cells with this solution for an hour with and
without visible light irradiation (2 = 350-800 nm, maximum
0.9 mW cm™>, 1 hour). Following thorough washing, the cells
were incubated at 37 °C for 4 days with cell viability being
measured every 24 hours (live/dead assay - see ESIT).*?

Next, we performed a series of control experiments to estab-
lish biocompatibility and viability of the DASA-amphiphile 4 for
drug delivery. First we show that cells incubated with DASA-
amphiphile 4 alone do not show any notable decrease of cell
viability over 4 days regardless of light irradiation (Fig. 2, black
and red). In addition, the viability of the cells directly exposed to
DASA-amphiphile 4 for 24 hours without washing do not change
significantly (Fig. S10, ESIt). The viability of the cells incubated
with paclitaxel-loaded DASA-amphiphiles exposed to visible
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Fig. 2 Monitoring cell viability of MCF-7 breast cancer cells incubated at
37 °C for 4 d.
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light (Fig. 2, green) is comparable (<3% difference) to that of
the cells treated with paclitaxel alone (Fig. 2, blue), indicating
the efficient drug release mediated by visible light. Importantly,
cells incubated with paclitaxel-loaded DASA-amphiphiles, but
not irradiated with light (Fig. 2, orange) display a significantly
lower cell death over 4 days. Within 48 hours, the viability of
cells irradiated with visible light decreased by 46%, approxi-
mately 3 times more than non-irradiated cells. While preparing
micelles with a higher loading of paclitaxel (10 uM) led to a
slightly better performance (60% decrease in cell viability), the
degree of cytotoxicity when compared to the system we used
(1 uM of paclitaxel led to 40% decrease in cell viability) became
smaller (Fig. S12, ESIt), which presumably is due to the effective
concentration of paclitaxel inhibiting the cell growth.>?

In conclusion, we report a one-photon, visible light-responsive
photochromic micellar system for efficient, on-demand drug
delivery. This system uses a new class of photochromic material
(DASA) which overcomes challenges associated with traditional
UV light activation and multi-photon processes. The effectiveness
of these light-responsive micellar materials in an i vitro setting
was demonstrated by light controlled delivery of the chemo-
therapeutic agent paclitaxel to tumor cells.
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