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A New Two-Photon-Sensitive Block Copolymer Nanocarrier**
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Much research effort has been, and continues to be, devoted
to block copolymer (BCP) micelles that respond to changes in
environmental conditions or stimuli such as pH!' and
temperature.*®! There has recently been growing interest in
light-responsive BCP micelles whose aggregation state in
solution can be disrupted by illumination."*! The use of an
optical stimulus is appealing because it could provide a
greater selectivity in terms of control over the moment and
the location of micellar disruption. In order to make BCP
micelles light-sensitive, the polymer should contain photo-
chromic groups whose photoreaction upon illumination
increases the polymer polarity and shifts the hydrophilic—
hydrophobic balance toward the micellar disruption. Rever-
sible photoisomerization and irreversible photocleavage
reactions of various chromophores have been exploited to
design reversible or irreversible light-dissociable BCP
micelles."*">) More recently, the reversible photodimerization
of coumarin has also been explored in order to design
photocontrollable BCP micelles.?®?!] Although a surfactant-
like amphiphile and a linear—dendritic copolymer sensitive to
near-infrared light (NIR) have been reported,”” the light-
responsive BCP micelles that have been reported to date are
mainly activated by UV and visible light. There is only one
reported example in which NIR light is used; in this case
could the photoreaction of a 2-nitrobenzyl-containing BCP
occur upon two-photon absorption at 700 nm, but the
sensitivity was low because of inefficient two-photon absorp-
tion." NIR light with wavelengths in the range of about 700—
1000 nm is more suitable for biomedical applications than UV
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or visible light. At these longer wavelengths, the irradiation is
less detrimental to healthy cells, and the absorption and
scattering by water and biological substances are reduced,
which results in a greater penetration depth for NIR light (in
the order of millimeters to centimeters).”>?- The develop-
ment of BCP micelles that are sensitive to NIR thus appears
to be an essential step toward biomedical applications.
Herein, we report a novel BCP whose micellar disruption
can effectively be triggered by two-photon NIR absorption at
794 nm. To achieve this NIR sensitivity, a coumarin chromo-
phore, namely, [7-(diethylamino)coumarin-4-yllmethyl
(DEACM) with a large two-photon absorption cross sec-
tion®*! was incorporated in the design of the BCP. This
achievement is a significant step toward polymer micelles that
can be controlled with infrared light.

The amphiphilic NIR-sensitive BCP 1 is composed of a
poly(ethylene oxide) (PEO) hydrophilic block and a poly-
([7-(diethylamino)coumarin-4-ylJmethyl methacrylate)
(PDEACMM) hydrophobic block (Scheme 1). Upon UV or
NIR absorption, the photosolvolysis of [7-(diethylamino)cou-
marin-4-yl|methyl esters results in the cleavage product 7-
diethylamino-4-(hydroxymethyl)coumarin 2; the photosol-
volysis reaction converts the ester groups to carboxylic acid
groups and the hydrophobic PDEACMM to hydrophilic
poly(methacrylic acid) (PMA). For the preparation of 1, the
monomer [7-(diethylamino)coumarin-4-yllmethyl methacry-
late was first synthesized by esterification of 7-diethylamino-
4-(hydroxymethyl)coumarin 2 with methacryloyl chloride, the
resulting product was subsequently polymerized by atom
transfer radical polymerization using a PEO,, macroinitiator.
A well-defined BCP (polydispersity index=1.25) was
obtained, which was shown by 'HNMR spectroscopy to
contain about eighteen chromophore side groups (see the
Supporting Information for synthesis and characterization
details). The hydrophobic dye nile red (NR) was used to
monitor the micelle formation and disruption under illumi-
nation, as its fluorescence emission is intense in a hydro-
phobic medium, but becomes less intense and is red-shifted in
an aqueous medium.'**) NR-loaded polymer micelles with

o [e]
(0]

/(O\/\):19 A . /( \/)1\19%3
H20 HO” ~O

O [¢] . OH +

f]@ b@

[oXNe) N(Et) 0~ o N(Et),
1 2

Scheme 1. Chemical structure and photolysis of the coumarin-contain-
ing amphiphilic block copolymer 1.
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an average hydrodynamic diameter of around 55 nm (deter-
mined by using dynamic light scattering) were obtained by the
slow addition of water into a solution of BCP 1 and NR in
THEF, and subsequent dialysis against water.

Prior to investigating the reaction of BCP micelles under
NIR irradiation, their photosensitivity under UV light
(365 nm) was first assessed, as the two chromophores
(coumarin and NR) in NR-loaded micelles of 1 can fluoresce
upon UV excitation. The fluorescence emission spectra of a
micellar solution, recorded upon excitation of the coumarin
side groups (4., =380 nm) as a function of UV exposure time
is shown in Figure 1a. Before UV irradiation, the emission of
coumarin at 480 nm is low, which is expected as the high
concentration of coumarin groups confined within the micelle
core leads to self-quenching. However, the fluorescence
emission of NR (centered at 622 nm) suggests the occurrence
of nonradiative energy transfer (NRET) from excited cou-
marin to NR, since NR has no absorption at the excitation
wavelength of 380 nm and there is a significant overlap of the
emission spectrum of coumarin with the absorption spectrum
of NR. This result indicates the close distance between the
two dyes, which is a result of the encapsulation of NR by the
core of PDEACMM. Under UV irradiation, the cleavage of 2
and the release of both 2 and NR were clearly confirmed by
changes in their fluorescence emission (Figure 1a). While the
emission signal of NR at 622 nm decreases, the emission
signal of 2 at 480 nm rises as the cleaved dye is solubilized in
water. This drastic change in the emission intensity of 2 (also
observed with micelles without NR) is caused mainly by a
strong reduction of the self-quenching of the coumarin dye.
The concomitant release of NR into the aqueous medium,
which occurs as a result of the photoinduced micellar
disruption, can be better observed by exciting NR (1., =
550 nm) without simultaneously exciting the coumarin dye.
The emission intensity of NR decreases with irradiation time
(spectra not shown). The plots of normalized fluorescence
intensity at 622 nm versus irradiation time for two irradiation
intensities are shown in Figure 1b. The fluorescence intensity
of NR was constant in the absence of irradiation; this result
indicates that no release of NR from the micelles occurred,
and thus denotes a good micellar stability that arises from the
resistance to spontaneous hydrolysis of [7-(diethylamino)-
coumarin-4-yl]methyl esters in the dark.?®! Upon UV irradi-
ation, NR release took place and the process accelerated as
the irradiation intensity increased, because high UV power
speeds up the photosolvolysis of [7-(diethylamino)coumarin-
4-yllmethyl esters and, consequently, the disruption of BCP
micelles. In all cases, the remaining fluorescence was about
35-40% of the initial level. At a UV intensity of
120 mWcm 2, the fluorescence intensity was reduced by
50% in about 20 min, while the same reduction took about
7 min at a UV intensity of 500 mW cm 2. For these measure-
ments, the emission spectra were recorded immediately after
irradiation. The change in the normalized emission intensity
after a short (10 to 60 s) irradiation period (120 mW cm ?2) are
shown in Figure 1c. The stepped curve clearly shows an
instantaneous drop of fluorescence of NR even after irradi-
ation for 10 s. The step height, which is related to the amount
of NR that is brought to in contact with water, seems to
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Figure 1. a) Fluorescence emission spectra (A, =380 nm) of a micel-
lar solution of 1 (1 mgmL™") loaded with nile red under UV irradiation
at 365 nm (500 mWcm2). b) Normalized fluorescence emission inten-
sity of nile red at 622 nm (A, =550 nm) in response to UV irradiation
at powers of 120 mWcm™2 and 500 mWcm ™. ¢) Change of the
normalized emission intensity at 622 nm (A, =550 nm) of nile red in
response to intermittent UV irradiation (120 mWcm™2).

correlate well with the irradiation time. However, there is a
partial recovery of the emission intensity after switching off
the irradiation. This recovery may be attributed to a balancing
process of NR molecules between hydrated and hydrophobic
parts of the disrupted micelles. These results, which were
obtained by irradiating at 365 nm, confirm the high photo-
sensitivity of BCP 1 and its use as a nanocarrier of hydro-
phobic molecules for photocontrollable release into an
aqueous solution. It should be noted that the NR release
kinetics do not necessarily reflect the kinetics of micelle
dissociation. Under UV irradiation, the photolysis of [7-
(diethylamino)coumarin-4-ylJmethyl esters starts quickly and
disrupts the micelles because of the changing hydrophilic—
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hydrophobic balance of 1. The exposure of entrapped NR
molecules to water, which quenches their fluorescence, may
occur once the micelle core becomes more hydrated. We have
recently shown that the disruption of a thermosensitive BCP
micelle proceeds through a process that involves swelling,
disintegration, and dissolution of the aggregates in aqueous
solution.”"!

Another interesting feature of the micelles of BCP 1
originates from the coumarin chromophore itself. As men-
tioned above, coumarin groups suffer from self-quenching
and have a low fluorescence emission when confined to the
micelle core. After photosolvolysis and release into water, the
fluorescence intensity of the coumarin is dramatically
increased. This behavior may create a fluorescence contrast
between irradiated and nonirradiated aggregates. Therefore,
monitoring of the photoinduced release of water-soluble 2
could be used to detect the micellar disruption and, indirectly,
the release of guest hydrophobic molecules both in vitro and
in vivo. The experiment outlined in Figure 2 a was designed to
validate this concept. A UV cell filled with pure water was
carefully closed with a dialysis cap whose membrane was
immersed in water. Then, a micellar solution of BCP 1 was
poured into the dialysis cap and irradiated to induce the
photoreaction. By sampling the solution underneath the
dialysis membrane, the fluorescence emission of coumarin 2
that is released from BCP 1 and diffuses into the cell through
the membrane could be measured (the diffusion of NR, being
insoluble in water, is negligible). The release kinetics of 2,
which were recorded following irradiation for certain time
periods, are shown in Figure 2b. In the absence of irradiation,
no fluorescence was detected from the cell, thus confirming
the good stability of the micelles in the dark. After irradiation
at 365 nm, the release of 2 takes place and the process
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Figure 2. a) Graphic showing the photoinduced release of coumarin
dye from the micellar solution placed in a dialysis cap and subjected
to irradiation. The cell is filled with pure water. b) Release kinetics of
coumarin dye shown by the increase in fluorescence emission intensity
at 475 nm (A =380 nm) from the solution outside the dialysis cap,
after irradiation (365 nm, 500 m\Wcm™2) over different time periods.
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becomes faster as the irradiation time increases. The use of
longer illumination times enhances the photoreaction and
thus increases the amount of released 2. This result shows that
micelles of 1 provide an interesting internal fluorescence
marker that could be used insitu to detect and track the
occurrence of the photodegradation process.

Similar experiments were performed by irradiating NR-
loaded micellar solutions at 794 nm; the results summarized
in Figure 3 clearly demonstrate the sensitivity of the micelles
of BCP 1 to the two-photon absorption of NIR light. For these
experiments, a Ti:sapphire laser, which generates 80 fs pulses
at 794 nm and at a repetition rate of 1 kHz, was used as the
irradiation source. The energy per pulse is about 300 pJ. The
NIR beam was focused onto a 0.3 mL micellar solution placed
in a microcuvette. With a beam spot size of approximately
1mm in diameter, the excitation density was about
38mJcm™? per pulse. The fluorescence emission spectra
were recorded as a function of the cumulative exposure
time. Under irradiation at 794 nm, the spectral changes are
the same as those observed under UV irradiation at 365 nm.
Upon excitation at 380 nm, the fluorescence emission of
coumarin groups increases as a result of the photoreaction,
which leads to the release of 2 into water (Figure 3a); upon
excitation at 550 nm, the decrease of fluorescence emission of
NR indicates its release as a result of micellar disruption
(Figure 3b). The normalized fluorescence emission intensity
of NR at 622 nm versus NIR irradiation time for two micellar
solutions with different BCP concentrations (0.2 and
1 mgmL~") show a similar kinetic process for the release of
NR (Figure 3¢). SEM images confirm the NIR light-induced
disruption of the polymer micelles (Figure 3e). Before
irradiation, spherical aggregates could clearly be observed;
while, after the NIR exposure (285 min), micelles appeared to
be highly degraded, though some aggregates were still visible.
Under the conditions of NIR exposure, BCP micelles were
not completely dissociated but their disruption was sufficient
to release loaded NR. As a control experiment, the same
procedure was performed with a NR-equilibrated micellar
solution of a block copolymer composed of PEO and
poly(methyl methacrylate), PEO,s-b-PMMA,,, which has
no photoresponsive properties and whose chemical structure
is similar to BCP 1. In that case, no change of the NR
fluorescence emission spectra was detected under irradiation
at 794 nm (Figure 3d). This result further confirms that the
release of NR that accompanies the disruption of the micelles
of BCP 1is caused by the photohydrolysis of the coumarin 2
under NIR irradiation.

In summary, this new BCP, which bears coumarin groups
on the hydrophobic block, shows potential as an NIR-
sensitive nanocarrier with interesting features. The disruption
of micelles under irradiation (one-photon UV or two-photon
NIR) leads to the release of both preloaded nile red and
photocleaved coumarin molecules 2 from the hydrophobic
micelle core into aqueous solution, with the two dyes
displaying opposing changes in their fluorescence emission
intensity.
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Figure 3. BCP micelles irradiated at 794 nm: fluorescence emission
spectra of micelles with a) 4.,. =380 and b) 4., =550 nm, respec-
tively); c) normalized fluorescence emission intensity of nile red at
622 nm (A, =560 nm), d) fluorescence emission spectra of a micellar
solution of PEOQ,s-b-PMMA, loaded with nile red under irradiation at
794 nm; and e) scanning electron microscopy images of micellar
solutions of 1 equilibrated with nile red cast on a silicon wafer, before
and after irradiation.
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