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ABSTRACT: Decyl and oligo(ethylene glycol) chains were
appended to the same poly(methacrylate) backbone to generate an
amphiphilic polymer with a ratio between hydrophobic and
hydrophilic segments of 2.5. At concentrations greater than 10 μg
mL−1 in neutral buffer, multiple copies of this particular macro-
molecule assemble into nanoparticles with a hydrodynamic diameter
of 15 nm. In the process of assembling, these nanoparticles can
capture anthracene donors and borondipyrromethene acceptors
within their hydrophobic interior and permit the transfer of
excitation energy with an efficiency of 95%. Energy transfer is
observed also if nanocarriers containing exclusively the donors are
mixed with nanoparticles preloaded separately with the acceptors in aqueous media. The two sets of supramolecular assemblies
exchange their guests with fast kinetics upon mixing to co-localize complementary chromophores within the same nanostructured
container and enable energy transfer. After guest exchange, the nanoparticles can cross the membrane of cervical cancer cells and
bring the co-entrapped donors and acceptors within the intracellular environment. Alternatively, intracellular energy transfer is
also established after sequential cell incubation with nanoparticles containing the donors first and then with nanocarriers
preloaded with the acceptors or vice versa. Under these conditions, the nanoparticles exchange their cargo only after
internalization and allow energy transfer exclusively within the cell interior. Thus, the dynamic character of such supramolecular
containers offers the opportunity to transport independently complementary species inside cells and permit their interaction only
within the intracellular space.

■ INTRODUCTION

Supramolecular constructs assemble spontaneously from
complementary building blocks under the influence of
noncovalent bonds.1 A subtle balance of steric and electronic
factors dictates the interaction mode and number of their
constituent components to define ultimately the overall
dimensions and shapes of the final assemblies. In addition,
the moderate enthalpic contributions of noncovalent contacts,
relative to their covalent counterparts, ensure reversibility and
impose dynamic character on supramolecular systems. Indeed,
the association and disassociation of noncovalent synthons can
occur continuously on relatively short time scales, under
appropriate experimental conditions, to exchange rapidly the
building blocks of independent supramolecular assemblies.
Thus, the reversibility of noncovalent interactions offers the
attractive opportunity to engineer the controlled scrambling of
simple molecular components within complex chemical
ensembles that is difficult to replicate with the sole assistance
of covalent bonds.2−6

Nanoparticles of amphiphilic polymers are a remarkable
example of self-assembling supramolecular systems.7−13 The
hydrophilic and hydrophobic segments, integrated covalently

within their macromolecular components, are responsible for
their spontaneous assembly in aqueous environments. Specif-
ically, noncovalent contacts bring the hydrophobic domains of
distinct amphiphilic macromolecules together in order to
minimize their direct exposure to water. In turn, the hydrophilic
counterparts within the same macromolecular building blocks
protrude into bulk solution and ensure optimal solvation of the
overall supramolecular constructs. In the process of assembling,
these polymer nanoparticles can also capture multiple hydro-
phobic molecules and retain them in their hydrophobic
interiors. In fact, the encapsulation of molecular guests within
these supramolecular hosts ensures, once again, minimal
exposure of the entrapped species to water. As a result, such
polymer nanoparticles can be valuable vehicles to transfer
molecules, which would otherwise be insoluble in water, across
aqueous media. Indeed, these particular supramolecular nano-
carriers can transport drugs through the bloodstream as well as
penetrate the membrane of living cells and deliver their cargo
intracellularly.14−23
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The ability of self-assembling nanoparticles of amphiphilic
polymers to capture hydrophobic compounds can be exploited
to entrap multiple chromophores within the same supra-
molecular container and impose photoresponsive character on
the resulting construct.24 In particular, this supramolecular
strategy offers the opportunity to constrain complementary
donors and acceptors in close proximity and promote the
transfer of excitation energy from the former components to
the latter. Such operating principles are especially valuable to
engineer fluorescent materials with emissive behavior that
would otherwise be impossible to achieve with their separate
chromophoric components.25−29 In addition, they also make it
possible to assess the stability of the polymer nanocarriers
under a broad range of experimental conditions.30−41 Indeed,
only if the supramolecular containers retain their integrity can
the complementary donors and acceptors remain sufficiently
close to each other and transfer energy efficiently upon
excitation. Furthermore, the occurrence of energy transfer can
also signal the exchange of molecular guests between
independent nanostructured hosts.30,33,34a,c,37 In fact, these
dynamic supramolecular assemblies can barter their macro-
molecular components and trade their entrapped cargo on
relatively short time scales, under appropriate experimental
conditions.
The unique properties of self-assembling nanoparticles of

amphiphilic polymers suggest that strategies to bring
complementary molecules in close proximity exclusively within
the intracellular environment, and only then enforce their
mutual interaction, can be implemented with the aid of such
dynamic supramolecular containers. In principle, distinct
hydrophobic guests can be transported sequentially across the
membrane of the very same cell with independent nanoparticle
hosts. Once internalized, the nanocarriers can exchange their
components and, only then, permit the chemical reaction or
photophysical interaction of their complementary cargos. For
example, the intracellular conversion of a pro-drug into a drug,
under the influence of an appropriate activator, can be
envisaged on the basis of this general mechanism. This article
demonstrates with a representative example of intracellular
energy transfer that such operating principles to enforce
interactions between complementary species exclusively inside
living cells can, indeed, be implemented experimentally.

■ RESULTS AND DISCUSSION
Energy Transfer between Guests Entrapped within

Dynamic Supramolecular Hosts. The pronounced hydro-
phobic character of 1 and 2 (Figure 1) translates into negligible
aqueous solubility. In the presence of 3, however, both
molecules dissolve readily in neutral phosphate buffered saline
(PBS). Indeed, the hydrophilic oligo(ethylene glycol) and
hydrophobic decyl chains of this particular amphiphilic polymer
ensure the spontaneous assembly of nanocarriers capable of
capturing either 1 or 2 in their interiors.42 Consistently,
dynamic light scattering measurements confirm the formation
of particles with nanoscaled dimensions in both instances.
Specifically, these analyses indicate that the hydrodynamic
diameter of the nanocarriers is ca. 15 nm and that this value
does not change significantly with the nature of the
encapsulated guest and its amount relative to the polymer
host (a and b in Supplementary Figure S1).43

The absorption spectra (a and b in Figure 1) of nanoparticles
of 3, loaded with either 1 or 2, in PBS reveal the characteristic
bands of the anthracene or borondipyrromethene (BODIPY)

chromophores, respectively. These bands closely resemble
those (a−d in Supplementary Figure S2) observed for 1 and 2
in tetrahydrofuran (THF) but cannot be detected when these
molecules are treated with PBS in the absence of 3. Thus, the
self-assembling nanocarriers are responsible for transferring
significant amounts of 1 and 2 in the aqueous medium, and in
doing so, these supramolecular containers provide an environ-
ment to the encapsulated chromophores similar to that
experienced by both in THF. Furthermore, the absorption
bands of the entrapped guests remain unchanged for hours,
upon storage of the PBS dispersions in the dark at ambient
temperature, indicating that the nanoparticles retain their
integrity under these experimental conditions.
The corresponding emission spectra (c and d in Figure 1)

also show the characteristic bands of the anthracene and
BODIPY chromophores, enclosed within the nanocarriers, and
do not change even after several hours of storage in the dark.
Once again, these bands closely resemble those (e−h in
Supplementary Figure S2) observed for 1 and 2 in THF. The
fluorescence quantum yield, however, decreases by ca. 30% in
both instances with the encapsulation of the emissive guests in
the nanostructured hosts. Specifically, this parameter changes
from 0.85 to 0.58 for 1 and from 0.72 to 0.51 for 2 with the
transition from THF solution to the interior of the nanocarriers
dispersed in PBS. Thus, the entrapment of these fluorophores
within the nanocarriers has negligible influence on the emission
wavelengths but a moderate depressive effect on the efficiency
of their radiative deactivation. Furthermore, the negligible
solubility of 1 and 2 in aqueous media prevents the detection of

Figure 1. Absorption (a and b) and emission (c and d) spectra of
nanoparticles of 3 (500 μg mL−1), loaded with either 1 (a and c, 2 μg
mL−1, λEx = 440 nm) or 2 (b and d, 2 μg mL−1, λEx = 470 nm), in PBS
at 25 °C.
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their emission in the absence of 3. Specifically, plots (a and b in
Supplementary Figure S3) of their emission intensities,
measured in PBS dispersions containing increasing amounts
of 3, indicate that the polymer concentration must be greater
than 10 μg mL−1 to encourage the transfer of significant
amounts of either one of the two fluorophores in aqueous
environments.43

The emission band (c in Figure 1) of 1 is positioned within
the same spectral window of the absorption band (b in Figure
1) of 2. Their overlap integral is 9.1 × 10−14 M−1 cm3, and the
corresponding Förster distance is 47 Å.44 These values suggest
that the co-entrapment of both chromophores within the same
nanocarrier can result in the efficient transfer of energy from 1
to 2 upon excitation of the former. Indeed, a comparison of the
emission spectra (a and b in Figure 2) of nanoparticles

containing exclusively either 1 or 2 to that (c in Figure 2) of
nanocarriers loaded with both clearly confirms the occurrence
of energy transfer. Specifically, the emission intensity of the
anthracene donors decreases significantly and that of the
BODIPY acceptors increases dramatically when both species
are co-encapsulated in the same supramolecular container. The
ratio between the emission intensity of the anthracene donors
in the presence of the BODIPY acceptors and that in their
absence indicates the efficiency of energy transfer to be 95%.
The nanoparticles doped with both chromophores were

prepared by co-dissolving 1, 2, and 3 in chloroform and, after
the evaporation of the organic solvent, dispersing the residue in
PBS. This experimental protocol ensures the entrapment of
both guests in the same supramolecular container and enables
energy transfer. However, the very same result is also achieved
if a PBS dispersion of nanoparticles loaded exclusively with 1 is
mixed with one of nanocarriers doped independently with 2.
Upon mixing, these dynamic supramolecular assemblies
exchange their components, and eventually, nanostructured
containers with the two distinct chromophores in their interior
are produced. Indeed, the emission spectrum (a in Figure 3)
recorded immediately after mixing closely resembles that (c in
Figure 2) of nanoparticle preloaded with both guests. Once
again, the emission of the anthracene donors is almost
completely suppressed with a concomitant enhancement in
the fluorescence of the BODIPY acceptors. Furthermore, the
spectrum of the mixture does not change with time, indicating
that the components of these supramolecular assemblies

exchange with fast kinetics to establish thermodynamic
equilibrium essentially upon mixing, under the experimental
conditions employed. In principle, two possible pathways can
be envisaged for the rapid exchange of the chromophoric guests
between independent nanoparticles. Specifically, a fraction of
the encapsulated molecules can escape from one nano-
structured container into bulk solution and then be captured
by another. Alternatively, the collision of independent nano-
particles might result in the exchange of their macromolecular
components together with part of their cargo. The former
mechanism requires the hydrophobic guests to leak out into the
aqueous environment, while the latter can occur with minimal
exposure of the guests to water. The lack of any significant
aqueous solubility for both 1 and 2 (Supplementary Figure S3)
suggests that, presumably, the second pathway is mostly
responsible for guest exchange.
For the nanoparticles preloaded with both donors and

acceptors as well as for those obtained after guest exchange, the
energy-transfer efficiency remains unaltered even after a 10-fold
dilution with PBS. In fact, the resulting emission spectra (e.g., b
in Figure 3) scale linearly with dilution. Instead, the transfer of
energy is completely suppressed if the nanoparticles are diluted
10-fold with THF. This organic solvent dismembers the
supramolecular containers, separates the donors from the
acceptors, and prevents energy transfer. Consistently, the
corresponding emission spectra (e.g., c in Figure 3) show
predominantly the donor emission. Thus, these observations
demonstrate that the co-encapsulation of the complementary
donors and acceptors within the same nanoparticles is essential
for efficient energy transfer to occur and that independent
nanocarriers exchange rapidly their cargo.

Intracellular Cargo Exchange between Dynamic
Nanocarriers. The incubation of cervical cancer (HeLa)
cells with nanoparticles of 3, loaded with either 1 or 2, results in
the internalization of the supramolecular containers and their
cargo. Fluorescence measurements (a−d in Supplementary

Figure 2. Emission spectra (λEx = 430 nm) of nanoparticles of 3 (500
μg mL−1), loaded with 1 (a, 5 μg mL−1), 2 (b, 5 μg mL−1), or both
(c), in PBS at 25 °C.

Figure 3. Emission spectra (λEx = 430 nm) recorded at 25 °C after
mixing identical volumes of two PBS dispersions of nanoparticles of 3
(500 μg mL−1), loaded with 1 (5 μg mL−1) or 2 (5 μg mL−1),
respectively, before (a) and after 10-fold dilution with either PBS (b)
or THF (c).
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Figure S4), performed with a plate reader after washing the
incubated cells, reveal the characteristic emission of the
internalized fluorophores in both instances. Consistently, the
acquisition of fluorescence images (a and b in Figure 4) of cells
treated with nanocarriers containing either 1 or 2 show
emission predominantly in the intracellular space. Both images
were recorded by exciting the fluorophores at 458 nm, where
the absorbance of 1 is significant and that of 2 is negligible (a
and b in Figure 1), and collecting their fluorescence between
540 and 640 nm, where the emission of 1 is negligible and that
of 2 is significant (c and d in Figure 1). As a result of this choice
of wavelengths, the detected intracellular fluorescence is
relatively weak in both instances. By contrast, an image (c
and d in Figure 4) of cells incubated with a mixture of two sets
of nanoparticles loaded separately with 1 and 2 clearly reveals
intense fluorescence within the intracellular space, under
otherwise identical experimental conditions.45 The obvious
increase in emission intensity indicates that energy is
transferred between the internalized chromophores. Indeed,
the predominant excitation of the anthracene donors at 458 nm
is followed by the transfer of energy to the BODIPY acceptors
with concomitant emission between 540 and 640 nm (cf., a in
Figure 3). Consistently, the emission intensities (bars in Figure
4) measured along lines drawn across cells in the three images
indicate 5- or 7-fold fluorescence enhancements for the cells
incubated with both chromophores, relative to those treated
with only 1 or 2 respectively.46 In addition, the localization of
the nanocarriers within the intracellular space is further
confirmed by the fluorescence evolution in the vertical
direction evident in a stack of images (a−e in Supplementary
Figure S9) recorded by displacing stepwise the focal plane
along the optic axis. Moreover, the intracellular localization of
the supramolecular assemblies is in full agreement with

published data on similar polymer nanoparticles.47,48 These
literature precedents suggest that the cellular uptake of the
nanocarriers is mostly a consequence of clathrin- and caveolae-
mediated endocytosis and, ultimately, results in their
predominant localization within endosomes and lysosomes. In
order to support this hypothesis, cells were incubated with two
sets of nanoparticles, loaded separately with 1 and 2, and either
chlorpromazine or genistein. These two compounds are known
to inhibit clathrin- or caveolae-mediated endocytosis, respec-
tively.49 Indeed, their presence reduced the intracellular
fluorescence to 59% or 90%, respectively (a−c Supplementary
Figure S10). These observations indicate that clathrin-mediated
endocytosis is predominantly responsible for the cellular
internalization of the nanoparticles.
The intracellular transfer of energy, evident in the

corresponding fluorescence image (c and d in Figure 4), is
achieved by allowing the nanocarriers to exchange their guests
in the extracellular space and then transport mixtures of co-
encapsulated donors and acceptor to the cytosol. Alternatively,
the complementary chromophoric species can be delivered
sequentially to the cytosol by incubating the very same cells
with nanoparticles containing the acceptors first and then
nanocarriers loaded with the donors or vice versa. Under these
conditions, the two sets of internalized supramolecular hosts
can exchange their guests and enable energy transfer. In
particular, comparison of the emission intensities recorded at
540 nm, where the fluorescence of the BODIPY chromophores
is centered (d in Figure 1), for cells before (a in Figure 5) and
after incubation with nanoparticles containing 2 (b in Figure 5)
confirms the intracellular loading of the fluorescent species.
These measurements were performed with a plate reader
operating at an excitation wavelength of 430 nm, where the
absorbance of the BODIPY acceptors is negligible (b in Figure

Figure 4. Fluorescence images (λEx = 458 nm, λEm = 540−640 nm) of HeLa cells recorded after incubation with PBS dispersions of nanoparticles of
3 (125 μg mL−1), loaded with either 1 (a, 1.25 μg mL−1) or 2 (b, 1.25 μg mL−1) or after incubation with a mixture (1:1, v/v) of both dispersions (c
and d) for 3 h and washing together with the corresponding emission intensities measured along lines drawn across individual cells and reported
relative to that of an indocyanine green standard (50 μM, λEx = 628 nm, λEm = 780−800 nm) added 30 min prior to termination of incubation.
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1) but that of the anthracene donors is significant (a in Figure
1). As a result, the further incubation of the very same cells with
nanoparticles containing 1 translates into a dramatic
fluorescence enhancement (c in Figure 5). Thus, the sequential
treatment of the cells with the two sets of nanocarriers
ultimately positions donors and acceptors in close proximity
within the intracellular space and permits the efficient transfer
of energy between them. In agreement with this interpretation,
the emission intensity (d in Figure 5) measured for cells
incubated only with nanoparticles containing 1, under
otherwise identical conditions, is approximately one-third of
that detected after sequential incubation. Therefore, the
presence of both chromophores is essential for a pronounced
fluorescence increase to be observed. Furthermore, intracellular
energy transfer is established also if the order of the two
incubation steps is inverted. In fact, images (a and b in Figure
6) of cells treated with one set of nanoparticles first and then
the other or vice versa reveal essentially the same emission
intensity. In both instances, the dynamic character of the

supramolecular hosts permits the co-localization of the
complementary guests and enables energy transfer in the
intracellular space.

■ CONCLUSIONS

Self-assembling nanoparticles of amphiphilic polymers can
capture mixtures of complementary energy donors and
acceptors in their hydrophobic interiors. The spectral overlap
of the encapsulated chromophores and their close proximity
within the supramolecular containers ensure energy transfer
with essentially unitary efficiency. Furthermore, the dynamic
character of these self-assembling nanocarriers translates into
the rapid equilibration of their constituent components at
ambient temperature in neutral buffer. As a result, pairs of
nanoparticles, loaded independently with donors and acceptors,
respectively, can exchange their cargo upon mixing and enable
energy transfer. In addition, the nanocarriers can cross the
membrane of living cells and transport their fluorescent cargo
to the intracellular space. In fact, intracellular energy transfer is
clearly detected when the cells are incubated with two sets of
self-assembling nanoparticles preloaded independently with
acceptors and donors. Under these conditions, the dynamic
supramolecular hosts exchange their guests and then shuttle co-
encapsulated donors and acceptors to the intracellular space.
Alternatively, two consecutive incubation steps can be exploited
to transport the complementary chromophoric components to
the cytosol in sequence. After the second step, the internalized
nanoparticles exchange their complementary guests in the
cytosol to bring them in close proximity and allow energy
transfer. Thus, the dynamic character of such self-assembling
nanocarriers, coupled to their ability to cross the cell
membrane, translates into an attractive supramolecular strategy
to transport complementary species inside cells and allow their
mutual interactions exclusively within the intracellular space.

■ EXPERIMENTAL PROCEDURES
Materials and Methods. Chemicals were purchased from

commercial sources and used as received with the exception of
THF, which was distilled over sodium and benzophenone.
Compounds 2 and 3 were prepared according to literature
procedures.28,50 Dynamic light scattering measurements were
performed with a Malvern ZEN1600 apparatus, and 1H nuclear
magnetic resonance spectra were recorded with a Bruker Avance 400
spectrometer. Absorption spectra were recorded with a Varian Cary
100 Bio spectrometer, using quartz cells with a path length of 1.0 cm.
Emission spectra were recorded with a Varian Cary Eclipse
spectrometer in aerated solutions. Fluorescence quantum yields were
measured with a fluorescein standard, following a literature protocol.51

Plate readings were performed with a Flex station at 540 nm, using an
excitation wavelength of either 430 or 458 nm. The emission
intensities of the bars in Supplementary Figures S4 and S10 are
absolute values. Those in Figure 5 are reported relative to that of an
indocyanine green standard. The fluorescence of the standard was
recorded at 780 nm with an excitation at 730 nm. Fluorescence images
were recorded with a Leica SP5 confocal laser-scanning multiphoton
microscope, equipped with an incubator maintained at 37 °C in O2/
CO2/air (20:5:75, v/v/v). The emission intensity was recorded
between 540 and 640 nm, using an excitation wavelength of 458 nm,
and is reported relative to that of an indocyanine green standard in the
corresponding bar charts. Specifically, the emission intensities of
fluorescent guests and standard were measured along four lines drawn
across cells and the ratio between the two is quoted. The fluorescence
of the standard was recorded between 780 and 800 nm with an
excitation wavelength of 628 nm. The fluorescence of Hoechst 33342

Figure 5. Emission intensities (λEx = 430 nm, λEm = 540 nm), reported
relative to that of an indocyanine green standard (50 μM, λEx = 730
nm, λEm = 780 nm) added 30 min prior to termination of incubation,
recorded with a plate reader before (a) and after incubation of HeLa
cells with a PBS dispersion of nanoparticles of 3 (125 μg mL−1),
containing 2 (1.25 μg mL−1), for 3 h and washing (b) and subsequent
incubation with a PBS dispersion of nanocarriers of 3 (125 μg mL−1),
containing 1 (1.25 μg mL−1), for a further 3 h and washing (c) or after
incubation with the same dispersion of nanoparticles, containing 1, for
3 h and washing (d).

Figure 6. Fluorescence images (λEx = 458 nm, λEm = 540−640 nm) of
HeLa cells recorded after incubation with a PBS dispersion of
nanoparticles of 3 (125 μg mL−1), containing 2 (1.25 μg mL−1), for 3
h, washing and subsequent incubation with a PBS dispersion of
nanocarriers of 3 (125 μg mL−1), containing 1 (1.25 μg mL−1), and
washing (a) or after the same treatment but inverting the order of
addition of the two components (b).
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was recorded between 420 and 450 nm with two-photon excitation at
720 nm.
Polymer Nanoparticles. A CHCl3 solution of 3 (2.5 mg mL−1,

200 μL) was added to various aliquots (0−50 μL) of stock solutions of
1, 2, or both compounds in CHCl3. The concentration of each guest in
the stock solutions was 0.1 mg mL−1. The resulting mixtures were
heated at 40 °C in open vials. After the evaporation of the solvent, the
residues were purged with air and dispersed in PBS (1.0 mL, pH =
7.0). After vigorous shaking, the dispersions were filtered, and the
filtrates were used for spectroscopic and imaging experiments without
further purification.
Cells. HeLa cells were cultured in Dulbecco’s modified Eagle’s

media supplemented with fetal bovine serum (10%, v/v), penicillin
(200 U mL−1), streptomycin (200 μg mL−1), and nonessential amino
acids (0.1 mM) and incubated at 37 °C in O2/CO2/air (20:5:75, v/v/
v). The cells were seeded in 384-well glass-bottom plates at a density
of 5 × 104 cells mL−1 and incubated overnight at 37 °C in O2/CO2/air
(20:5:75, v/v/v). The cultured cells were incubated further with PBS
dispersions (25%, v/v) of nanoparticles of 3 (125 μg mL−1) loaded
with either 1 (1.25 μg mL−1) or 2 (1.25 μg mL−1) or with a mixture
(1:1, v/v) of both dispersions for 3 h and then washed three times
with PBS (80 μL). Alternatively, they were incubated with
nanoparticles containing either one of the two guests for 3 h, washed
three times, incubated with nanoparticles loaded with the other for a
further 3 h, and washed three more times. Internal standard
indocyanine green (50 μM) was added to all wells 30 min prior to
termination of incubation with nanoparticles. Inhibition experiments
were performed by adding either chlorpromazine (30 μM) or genistein
(150 μM) to the cells 30 min prior to incubation with nanoparticles
preloaded with a mixture of 1 and 2. Nuclear staining experiments
were performed by adding Hoechst 33342 (25 μM) to the cells 30 min
prior to termination of incubation with nanoparticles.
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