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Introduction

The controlled self-assembly of molecules into ordered struc-
tures constitutes a powerful approach for the design of novel
and functional materials.* Supramolecular nanocarriers enable
the incorporation of multiple characteristics via reversible, yet
robust non-covalent interactions into one single system. For
example, these features may provide the carriers simultaneously
with units for targeting specific places and delivering drugs
while imaging these processes.” In this context cucurbit[8]uril
(CB[8]) is a particularly interesting candidate to consider as
a component of the non-covalent interaction to assemble the
nanocarriers, owing to its biocompatibility and its ability to
form ternary complexes by simultaneously including two guest
moieties with high overall binding affinities in physiological
milieu.** The possibility to form such CB[8]-mediated ternary
host-guest complexes provides great synthetic versatility to
achieve self-assembled nanocarrier systems, such as vesicles
and micelles.* These supramolecular nanocarriers can readily
incorporate cargo by host-guest interactions or simply by
encapsulation. Release of the cargo from the nanocarriers can
be achieved by reversing the formation of the ternary complex
through the use of thermo- and pH-responsive guest moieties,
by adding a competing guest or by disassembling the vesicles.?

Recently, two types of guests, lipidated trans-azobenzene and
methyl viologen, were reported to form vesicles in the presence
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were employed for loading and delivery of proteins into cells. Supramolecular amphiphile-derived vesicles
show great promise as nanocarriers of functional molecules to be transferred into cells.

of CB[8].® Upon irradiation using UV light, the azobenzene
switches to the cis-isomer, which is sterically unable to form the
ternary complex and hence the vesicles disassemble and can
form new vesicles upon ternary complexation with drug mole-
cules, yet this makes them challenging for use in vitro. These
types of CB[8]-mediated vesicles have neither been attempted to
be loaded with cargo nor decorated with targeting ligands for
cells. Such azobenzene switches have also been attached to
mesoporous silica nanoparticles.” In the trans-form a ternary
complex was formed with CB[8] and a 4,4’-dipyridyl-modified
peptide ligand. Doxorubicin was included as cargo molecules
inside the particles, and the carrier was able to interact with
macrophages.” Photo-irradiation caused the disassembly of the
ternary complexes, which in turn caused the release of the cargo
from the mesoporous particles.”

In this work, vesicular supramolecular nanocarriers were
formed by the formation of amphiphilic hetero-ternary
complexes between CB[8], a hydrophobic alkyl-substituted
methyl viologen (MV) and a hydrophilic oligo(ethylene glycol)-
substituted azobenzene (Azo), which also provides photo-
switchability to the nanocarriers (Fig. 1). We introduce frac-
tions of cell targeting ligands onto the nanocarriers by way of
supramolecular interactions and load them with fluorescent
proteins. We demonstrate that such nanocarriers are capable of
cell targeting and can furthermore be used for simultaneous
targeted cargo delivery and imaging purposes.

Experimental section

Materials, methods and synthetic procedures are reported in
the ESLt

Nanoparticle preparation and characterization

To form nanoparticles MV, Azo (or AzoRGD) and CB[8] (or CB
[7]) stock solutions were prepared in water at 50 pM and mixed
to obtain a 1:1:1 mixing ratio at final concentrations of
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Fig.1 (a) A supramolecular amphiphile is formed as a ternary complex
between CB[8], methyl viologen with a hydrophobic alkyl chain (MV)
and azobenzene with a hydrophilic oligo(ethylene glycol) chain (Azo).
(b) Cell targeting is provided by including AzoRGD peptide ligands,
while the vesicles can be loaded with teal, yellow and red fluorescent
proteins (TFP, YFP, TagRFP) as cargo (TFP is shown). (c) Molecular
structures of MV, Azo, AzoRGD and CBI[8].
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17 uM, each. After a sonication step (1 h, approx. 40 °C) the
samples were degassed in vacuo for 15 min and the particles
were then characterized by hrSEM, TEM and DLS. Fig. S2f
shows the TEM micrographs on negatively stained samples of
particles and the theoretical, fully extended, conformations of
two supramolecular ternary complexes. For UV switching
studies, freshly prepared particles were irradiated for 1 h with
UV light (104 mW, with a short pass filter <392 nm) and
immediately characterized using DLS or UV-vis spectroscopy.
Fluorescent proteins were loaded inside the nanoparticles by
adding the proteins to the MV, Azo and CB[8] mixture during
vesicle formation. No further purification was performed. A
FRET protein pair consisting of yellow and red fluorescent
proteins was used as cargo (Fig. S371). A teal fluorescent protein
was used for cell studies.

Cell experiments

C2C12 cells (murine myoblast cell line), (Thermo Fisher Scien-
tific) were cultured in DMEM medium with 10% fetal bovine
serum, L-glutamine and penicillin-streptomycin. Cells between
passages 15 and 25 were used and kept below 90% confluence.
For experiments, cells were seeded at densities between 8000-
10 000 cells per cm® and left for at least 2 h in the incubator
(37 °C with 5% CO,). Cells were then washed once with Live Cell
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Imaging Solution (LC-buffer, Thermo Fisher Scientific), coun-
terstained with Hoechst (1 ug mL ™", 5 min), then, rinsed twice
more with LC-buffer. Cells were then incubated with the
nanocarriers loaded with protein (0.5 uM) and functionalized
with AzoRGD (0.05-1% of the total content of Azo was replaced
by AzoRGD, e.g. resulting in 1.6 uM AzoRGD, 14.5 uM Azo and
16 uM CB[8] and MV for the 1% AzoRGD condition) for 10 min
in the incubator. Finally, cells were washed twice with LC-buffer
to remove unbound particles. Live cells were then directly
imaged using a fluorescence microscope. Fluorescence inten-
sities were quantified after background subtraction using the
Image] software package.

Results and discussion
Nanocarrier characterization

A supramolecular amphiphile was formed through the forma-
tion of a hetero-ternary complex between CB[8], a hydrophobic
alkyl-substituted methyl viologen (MV) and a hydrophilic oli-
go(ethylene glycol)-substituted azobenzene (Azo) (Fig. 1). These
three components were mixed in equimolar ratios resulting in
a final concentration of the ternary complex of 17 uM,
a concentration at which ternary complexes are formed.”*** The
supramolecular amphiphiles self-assemble in aqueous solution
into vesicular nanoparticles as was verified using high resolu-
tion scanning electron microscopy (hrSEM, Fig. 2a). Inspection
of these nanocarriers using transmission electron microscopy
(TEM) showed that the particles are hollow, suggesting that the
nanocarriers are vesicles (Fig. 2b and S2t). Considering the
amphiphilic nature of the building blocks of the nanocarriers,
a bilayer structure is hypothesized for the shell of the vesicles in
which two leaflets of supramolecular ternary amphiphiles form
a bilayer with the hydrophilic oligo(ethylene glycol) chains
facing the aqueous medium while shielding the hydrophobic
alkyl tails and CB[8] that reside inside this bilayer. From the
TEM images, the thickness of this bilayer was estimated to be 8
£ 3 nm and this value agrees well with the calculated width of
such a bilayer (Fig. S2t). The average overall diameter of the
nanocarriers was determined by hrSEM (128 + 39 nm averaging
300 particles) and the average hydrodynamic diameter was
determined by dynamic light scattering (DLS) (204 £+ 38 nm, 3
separate measurements). We note that the samples for hrSEM
where dried, which could account for the larger hydrodynamic
diameters measured in solution using DLS when compared to
those determined using hrSEM. In the case of all negative
controls, in absence of CB[8] or using its smaller homologue CB
[7], which is unable to complex both guests simultaneously, no
particles were observed (Fig. 2c).

Importantly, the formation of particles was found to be
dependent on the ratio of the three components. DLS was used
to monitor samples prepared by mixing a constant concentra-
tion of Azo (17 uM) with increasing concentrations of a pre-
formed binary complex of CB[8] and MV ranging from 0 to
17 uM. The closer the concentration of the binary complex
MV -CB[8] was to that of Azo, the higher the amount of particles
formed (Fig. 2d and e). This indicates that particles were formed
by the self-assembly of the amphiphilic hetero-ternary complex.

This journal is © The Royal Society of Chemistry 2017
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Fig.2 (a) Nanocarriers formed at equimolar ratios of MV, CBI[8] and Azo
(17 uM) imaged using hrSEM (scale bar 400 nm) and (b) TEM (negative
staining with 1% uranyl acetate, scale bar 40 nm). (c) DLS size distribu-
tions of the hydrodynamic diameters of nanocarriers formed at equi-
molar ratios of MV, CBI[8] and Azo (17 uM), or with CB[7] (AzoCB[7]IMV).
The data measured for water is given as a reference. (d) The formation of
nanocarriers is monitored using DLS for concentrations of MV-CBI8]
between 0 and 17 pM, while keeping the concentration of Azo constant
at 17 uM. The mixing ratios between (MV-CB[8]) and Azo are given. (e)
Areas under the size distribution curves obtained using DLS for each
mixing ratio. (f) UV-vis absorption spectra of nanocarriers after UV irra-
diation and time-dependent cis—trans interconversion in ambient light
(see legend). (g) Absorbance (at A = 342 nm) of the trans-azobenzene
monitored over two cycles of alternating exposure to UV and ambient
light (30 min each). (h) DLS size determination of nanocarriers (SNPs)
formed from a mixture of MV, CB[8] and Azo at equimolar ratios, after UV
irradiation (1 h, 104 mW, with a shortpass filter <392 nm), and after
subsequent irradiation with ambient light (15 min).

The light responsiveness of the Azo guest was investigated
when included in CB[8] to form the supramolecular amphiphile
that forms the nanocarriers. The kinetics of re-equilibration of
the photostationary state of azobenzene upon UV irradiation (4

This journal is © The Royal Society of Chemistry 2017
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<392 nm, 1 h, r.t.) and, subsequently, under ambient light were
monitored using UV-vis spectroscopy (Fig. 2f and g). Upon UV
irradiation the cis-isomer caused dissociation of the amphi-
philic ternary complexes thereby triggering partial disappear-
ance of the particles as was observed using DLS measurements.
Only about 20% of the particles remained after UV irradiation.
The exposure to ambient light for 15 min prompted the reas-
sembly of the particles as can be concluded from the observed
increase of the amount of nanocarriers, which indicates that the
amphiphilic ternary complexes were formed after back-
conversion of the azobenzene unit to the trans-isomer, which
is able to form the hetero-ternary complex (Fig. 2h).

Protein loading

Next, loading of the nanocarriers with cargo was explored. As
model cargo, fluorescent proteins were chosen for their ease of
detection using fluorescence spectroscopy. To this end,
a Forster resonance energy transfer (FRET) experiment was
performed. Nanocarriers were prepared as described in the
experimental section from solutions containing either a yellow
fluorescent protein (YFP, donor), or a red fluorescent protein
(TagRFP, acceptor) or both (all proteins at 18 pM as final
concentration). The same solutions, prepared in the absence of
the components that form the nanocarriers, were used as
reference. In Fig. 3a the normalized spectra of pure donor and
acceptor as well as their mixtures are shown, both in the pres-
ence and the absence of the nanocarriers. Although the proteins
were used at semi-diluted (uM) concentrations and have short
(ns) fluorescence lifetimes, considerable FRET occurred already
in the protein mixture of YFP and TagRFP without nanocarriers,
which was attributed to protein aggregation.®

To estimate the magnitude of FRET in solutions with
nanocarriers, we quantified the change in FRET when particles
were formed. The volume fraction actually encapsulated in
particles was estimated to be 0.005% of the total volume (see
calculation in the ESIt). The solution enclosed in the resulting
nanocarriers will have the same concentration as the solution
outside the particles as a result of the uniform protein distri-
bution throughout the solution. This means that the fraction of
enclosed proteins is equal to the enclosed volume fraction, i.e.
0.005%, which is neither expected to give rise to any observable
FRET effect nor any change in FRET. However, we find marked
changes in the spectra in solutions where the nanocarriers
could form (Fig. 3). To analyze whether the effects can be
attributed to FRET, first, the donor and acceptor components of
the emission spectra of the mixtures (Fig. 3, YFP and TagRFP
with and without nanocarriers, black lines) were deconvoluted
using Lorentzian fits (Fig. S41). Then, the contribution of each
acceptor component was corrected by subtracting the emission
that originates from direct excitation of the acceptor at the
excitation wavelength of the donor (Fig. 3, TagRFP without
nanocarrier, red lines). Finally, the intensity ratios (donor/
acceptor emission) of the resulting deconvoluted and cor-
rected spectra of the mixtures with and without particles were
evaluated to be 0.62 and 0.34, respectively. The fact that the
donor/acceptor intensity ratio doubles upon particle formation

RSC Adv., 2017, 7, 54341-54346 | 54343
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Fig. 3 (a) Normalized and (b) non-normalized fluorescence emission
spectra (Aex = 440 nm) of: YFP/TagRFP mixtures (YFP + TagRFP), pure
TagRFP or pure YFP. The sum of the normalized emission spectra of
the single proteins is also given (sum). Each condition was measured
for proteins (18 pM) mixed with MV, CBI[8] and Azo (+supramolecular
nanoparticle (SNP), solid lines) and only proteins (—SNP, dashed lines).

cannot be caused solely by the encapsulated fraction of 0.005%,
even if assuming a 100% FRET efficiency between these donors
and acceptors. This indicates that the interaction of the mixed
proteins caused by the presence of nanocarriers is much larger
than can be explained by the effects expected for purely statis-
tical inclusion. The observed spectral changes can be explained
by significant protein interaction (“loading”) of the nano-
carriers, which causes an enhanced local protein concentration
that in turn causes the observed FRET enhancement.'
However, there are other effects that could cause the FRET
enhancement upon formation of the nanocarriers. As shown in
Fig. 3b, the (non-normalized) emission spectra of the pure
proteins changed in the presence of nanocarriers, in particular
that of YFP. This indicates that the nanocarriers have an effect
on the individual proteins, which could be due to several
factors. Firstly, the refractive index of the surroundings of the
proteins (in proximity of the supramolecular amphiphiles) is
changed, which would in turn affect the lifetimes of the excited
state of the fluorophores.'* Secondly, aggregates of proteins may
rupture in the presence of the particles that would reduce self-
quenching and increase their emission. Thirdly, a combination
of both factors can also occur.

The effect of the nanocarriers on the emission of the pure
proteins means that the donor and acceptor emission and their

54344 | RSC Adv., 2017, 7, 54341-54346
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ratios could not be directly used to quantify the energy transfer.
In order to compare the FRET in absence and presence of
nanocarriers, the data were analyzed in more detail.

The emission spectra of the mixtures of proteins with and
without particles were corrected for the effects of the particles
on the pure proteins. To this end, the deconvoluted fitted Lor-
entzian curves to the TagRFP and YFP emission spectra of the
mixed proteins (Fig. S41) and the emission spectra of the pure
proteins were integrated. The integrals of the raw spectra of the
pure proteins and those of the Lorentzian fits for the proteins in
the mixtures should be linearly correlated to the number of
photons emitted per second (cps). These integrated emission
intensities were hereafter used to quantify the FRET with and
without supramolecular nanoparticles.

We determined a factor 1.32 for the increase of YFP emission
in the presence of particles. Assuming that the effects of the
particles on YFP are the same for the pure protein as for the
protein in the mixture, we applied this factor to the YFP
component of the emission of the mixture without particles
(7130 cps). This yields an expected emission of YFP in the
mixture with particles of 9410 (7130 x 1.32) cps. The emission
measured for YFP in the mixture with particles is 7540 cps, thus
1870 cps less than the maximum possible (expected) value. This
difference of 1870 cps represents the maximum possible
increase in FRET that is only due to the increase of donor
intensity, i.e. not a direct effect of the particles on the efficiency
of the energy transfer.

In addition, the TagRFP acceptor emission was corrected for
direct excitation (2300 cps with SNPs, 2140 cps without parti-
cles, Fig. 3 and S47 red lines). These values were subtracted
from the respective emission values of the TagRFP component
spectra, resulting in TagRFP emission solely due to FRET of
4700 cps with particles and 2450 cps without particles. The
difference between 4700 and 2450 cps of 2250 cps represents the
actual enhancement of FRET in the presence of particles. This
value is higher than the maximum possible contribution from
the increased donor emission in the presence of particles (1870
cps, see above). This indicates that the observed increase in
FRET is indeed related to the presence of particles.

Clearly, the encapsulation of 0.005% (see ESIf) of the
proteins in solution via statistical inclusion cannot lead to such
a significant increase in FRET. The results of our calculations,
therefore, indicate an interaction of proteins with the bilayer
structure of the particles. If this interaction indeed exists and
would lead to closely packed proteins, it would cause a strong
energy transfer between proteins. Considering an average
diameter of the B-barrel of the fluorescent proteins of 2.4 nm
and a Forster radius of 5.7 nm for YFP with TagRFP (see ESI{),
the FRET efficiencies could theoretically become close to 100%
if proteins were densely packed. Moreover, the close proximity
of the proteins on the surface of the supramolecular particles
would cause a change of the refractive index of the medium
surrounding the proteins, which in turn would cause changes in
lifetimes and consequently quantum yields." This in turn could
explain the increase in emission intensity of the pure proteins
in the presence of the nanocarriers. Taken together, all

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra10980f

Open Access Article. Published on 27 November 2017. Downloaded on 1/26/2026 11:21:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

observed spectral changes can be explained by assuming
protein binding to the membranes of the nanocarriers.

Cellular targeting and delivery of TFP

After having verified successful loading of our nanocarriers, we
set out to introduce cellular targeting groups on such protein-
loaded nanocarriers. For this purpose an Arg-Gly-Asp (RGD)
motif was grafted onto an azobenzene guest moiety (AzoRGD,
Fig. 1). RGD peptides bind to integrin receptors on the cell
membrane.”” Integrin receptors are overexpressed in tissues
where angiogenesis is stimulated as is common in tumor tissue,
making RGD ligands a promising tool in cancer therapies and
imaging.”* Supramolecular particles were prepared by mixing
teal fluorescent protein (TFP, 0.5 uM) with the components of
our photo-switchable hetero ternary complex: MV, CB[8] and
Azo, resulting in particles loaded with TFP. The targeting moiety
RGD was introduced by replacing 1% of Azo with AzoRGD
during initial mixing (Fig. 1 and Experimental section).
Myoblast C2C12 cells were seeded into standard tissue culture
plates and allowed to adhere for 2 h. Cells were then stained
with a nuclear dye and incubated for 10 min with the TFP-
loaded SNPs. After washing, the cells were directly imaged
using a fluorescence microscope (Fig. 4a). In the absence of the
nanocarriers, i.e. omitting the supramolecular building blocks
(MV, CB[8] and Azo), the green fluorescence intensity was
significantly reduced, independent of the presence of targeting
ligand AzoRGD (Fig. 4b). More notably, when the targeting
ligand AzoRGD was missing on the nanocarriers nearly no TFP

(b)

s o
*
*

Mean intensity (a.u.)
S = N W

Fig. 4 (a) Fluorescence image (left, (nuclear stain, blue)) overlaid with
bright field micrograph (right) of cells treated with nanocarriers loaded
with TFP (green) and functionalized with AzoRGD. (b) Fluorescence
images (DAPI, blue) of cells treated with AzoRGD and TFP, without
nanocarriers (top-left), TFP only (top-right), TFP-loaded nanocarriers,
without AzoRGD (bottom-left) and nanocarriers with AzoRGD, without
TFP (bottom-right). Scale bars 50 um. (c) Average green fluorescence
intensity (background corrected, 75 = n = 220 cells) for all conditions
plotted. Three independent experiments in duplicate. Error bars
represent standard deviations of the distributions and ** indicates
a significant difference with a 95% level of confidence.
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emission from the cells was observed (Fig. 4b). These controls
confirmed the specific roles of the particles and the RGD
ligands (Fig. 4b). The TFP green fluorescence intensity of the
cells after washing was quantified as averages of triplicate
experiments (75 =< n =< 220 cells), and the results are reported in
Fig. 4c. The specificity of the delivery of TFP by the nanocarriers
bearing RGD was confirmed by the observed trend in TFP
emission recorded when lowering the percentage of AZoRGD in
the particles. When the percentage of AzoRGD in the nano-
carriers was lowered to 0.05%, the green emission inside the
cells was significantly less intense when compared to cells
treated with nanocarriers bearing 1% AzoRGD. The emission
intensity when using nanocarriers with 0.05% AzoRGD was still
significantly larger than that of the negative controls (Fig. S71).
Interestingly, the overlap of the bright field micrographs of the
cells showed that the TFP emission is localized in the proximity
of the nuclei, rather than dispersed over the whole cell
membrane or in the cytosol (Fig. 4a). Multivalent RGD-
functionalized particles are known to induce the active endo-
cytosis of the RGD-integrin complex, and with it, the particles,
resulting in the observed accumulation in a perinuclear
compartment™ as it has previously been employed for imaging
and drug delivery.**” After careful consideration of the results
from FRET experiments, we propose that a significant fraction
of the fluorescent protein cargo, resides in close proximity to, or
contact with, the membranes of the nanocarriers (enhanced
fluorescence emission). Then, fusion to a targeted cell would
lead to initial endocytosis and later localization of the cargo
with nanocarrier close to the nucleus, rather than a classic
release, precluding standard studies of release kinetics. Poten-
tial use of photoswitching to enable release of cargo is chal-
lenging as the current wavelengths for azobenzene
isomerization are not necessarily biocompatible. Overall, the
results presented here confirm the specific interaction between
AzoRGD-functionalized and TFP-loaded nanocarriers with the
cells. This in turn confirms the interaction between TFP and the
nanocarriers as discussed above.

Conclusions

We achieved protein-loaded supramolecular nanoparticles for
targeted protein delivery into the cell interior. We employed CB
[8] hosts, mixed with equimolar amounts of alkylated methyl
viologen and oligo(ethylene glycol)-derivatized azobenzene
guests to form supramolecular amphiphiles that self-assemble
in aqueous media into vesicles of ca. 200 nm in diameter. By
loading the particles with fluorescent proteins and by incorpo-
rating targeting ligands into the nanoparticles, uptake of the
loaded particles was observed using fluorescence microscopy.
The strategy to make the supramolecular particles offers
a versatile, modular approach for introducing targeting and
imaging functionalities that are appealing to be further
explored for future biomedical applications.
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