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Spontaneous adsorption of cucurbit[n]uril CBIn] (n = 6, 7, and 8)
on the surface of naked upconversion nanoparticles (UCNPs), in
particular, NaYF4:Er’*(2%),Yb®*(18%) gave rise to UCNP@CBIn]
exclusion complexes. These complexes proved to be highly stable
as well as highly emissive under near-infrared excitation. By using
two tricyclic basic dyes (specifically, methylene blue and pyronin
Y) as a proof of concept, we demonstrate that the UCNP@CBI[n]
(n = 6, 7) nanohybrids can form exclusion complexes with this type
of dyes via the CB carbonyl free portal, i.e., UCNP@CB@dye
hybrids, thus making it possible to locate a high concentration of
the dyes close to the UCNP and, consequently, leading to efficient
energy transfer from the UCNP to the dye.

Upconversion nanoparticles (UCNPs), such as ytterbium and
erbium co-doped sodium yttrium fluoride nanoparticles
(NaYF,:Er**,Yb*"), emit in the visible after being excited in the
near infrared (NIR) due to their intra-configurational 4f" elec-
tron transitions.”” They display unique photoluminescence
properties, such as anti-Stokes luminescence, narrow emission
bands and good chemical stability. In addition, the absence of
autofluorescence, photobleaching and photoblinking together
with the deep tissue penetration of the NIR light make them
suitable for bioapplications.”™®

UCNPs are usually synthesised at high temperatures by
using organic capping ligands and non-coordinating solvents
(e.g. oleic acid and 1-octadecene).” " Their poor water-disper-
sibility is the main handicap for their bioapplication and their
derivatisation with polymers or silica shell is being extensively
studied."*® Another strategy to make them water dispersible
is by making them naked (i.e. free of ligand)'” or by encapsu-
lating the lipophilic ligands of the UCNPs inside the cavity of
macromolecules like cyclodextrins.”"®"?
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Cucurbit[n]uril-capped upconversion
nanoparticles as highly emissive scaffolds for
energy acceptorst
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Cucurbit[n]urils (CB[r], n = 5-10) are another kind of water-
soluble macrocyclic hosts with considerable molecular recog-
nition abilities.>**' They present a “pumpkin” shape with the
urea oxygen atoms at the edges and tilted inwards and have a
height of 0.91 nm.”* They form strong inclusion complexes
with many types of organic guests by making use of their
internal hydrophobic cavity.’® Interestingly, the carbonyl-
fringed portals of CB[n] can interact with metallic cations®* >
and bind to gold surfaces,”® as well as to the surface
of silver,””?® platinum,” palladium,®® and gold nano-
particles.”’* Furthermore, the interaction between CB[n] and
lanthanide cations has also been demonstrated.***

With regard to CB guests, the host-guest complexes
between CB[n] and tricyclic basic dyes have been studied pre-
viously and depending on the CB size, 1:1 or 1:2 complexes
can be formed.***° For example, CB[7] encapsulates a methyl-
ene blue (MB) monomer, while an MB dimer (MB,) is encapsu-
lated inside CB[8].>° Encapsulation of dyes inside the CB[n]
cavities can be advantageous: enhanced fluorescence emission
and lifetime, photostabilisation, increased solubility in water,
and de-aggregation.®® Tricyclic basic dyes have been extensively
studied as dye lasers and photosensitizers, among other
applications.!

Regarding the formation of CB exclusion complexes, we
have recently prepared CB[7]-capped AuNPs (Au@CB) by react-
ing naked AuNPs with CB[7] and we have demonstrated that
Na' and NH," ions block the entrance of O, to the CB cavity of
the Au@CB hybrids.>

Now, we have focused on the potential assembling of CBs
on the naked UCNPs to obtain UCNP@CB nanohybrids. The
CB units could be exploited as hosts for the functional mole-
cules (FM), thus placing them close to the UCNP surface. Alter-
natively, the CB cavity could host a moiety attached to the FM,
thus placing the FM at a certain distance from the UCNP
surface. In addition, the UCNP@CB could be used as a scaffold
for FM to build an UCNP@CB®@FM exclusion complex by
making use of a favourable interaction between the molecule
and the CB free carbonyl portal. In the last case, the UCNP@CB
nanohybrids would allow the increase of the local concentration

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Top: Structure of the dyes used in this study, methylene blue
(MB) and pyronin Y (PYY). Bottom: Proposed interaction between the
UCNP, cucurbit[7]uril (CB[7]), and MB. The outer diameter of CBI[7] is
1.6 nm,? while the MB long axis is 1.275 nm.*?

of a FM close to the UCNP surface while fixing their relative
orientation and it would be more accessible to other molecules
as if they were encapsulated inside the CB cavity.

In this report, we demonstrate that the naked UCNPs form
stable UCNP@CB exclusion complexes with different sized-
CBs and the UCNP@CB nanohybrids can be used as scaffolds
as well as energy donors for cationic dyes anchored to the CB
free carbonyl portal (a charge-dipole interaction). We have
used MB and pyronin Y (PYY) as a proof of concept (see
Fig. 1).

Preparation of UCNP@CB nanohybrids

Naked NaYF,:Yb**(18%), Er**(2%) UCNPs were synthesised in
two steps. First, oleate-capped nanoparticles (UCNP@OA) were
prepared by following a previously described protocol®® and
then, the oleate ligand was removed by acidification with
HCL." UCNP@CB nanohybrids were prepared by sonication of
a mixture of the corresponding CB[n] (n = 6, 7, 8) and the
naked UCNP in water for 15 min, followed by stirring the
mixture at room temperature for 24 h. Centrifugation made
the separation of the UCNP (white powder) from the CB[n]
excess possible (see experimental details in ESIT).

The nanoparticles were characterised by transmission elec-
tron microscopy (TEM and high resolution TEM, HRTEM). As
shown in Fig. 2 and S1,T the naked UCNPs were uniform hexa-
gonal prisms and their height and length were (32.7 + 1.7) and
(19.1 + 1.4) nm, respectively. The addition of CB[n] to the
naked UCNPs did not change their shape or size (Fig. 2).
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Fig. 2 Representative HRTEM image of the naked UCNPs (A),
UCNP@CBI6] (B), UCNP@CBI7] (C), and UCNP@CBI8] (D).

HRTEM images show the thin organic capping of the
UCNP®CB[n] nanohybrids. The thickness of this capping was
1.2 + 0.1 nm in the case of UCNP@CB[6], 1.5 + 0.3 nm in the
UCNP®CB[7], and 1.2 + 0.2 for the UCNP@CB[8]. These data
are consistent with the height of the CB[x] (9.1 A).**

The energy-dispersive X-ray (EDX) analysis and X-ray diffrac-
tion (XRD) spectrum of the UCNPs corroborated the hexagonal
phase of the NaYFg:Er*(2%),Yb*"(18%) nanoparticles; see
Fig. S2 and S3.1

Fourier transform infrared (FTIR) spectroscopy was carried
out to verify that the UCNPs were capped with the different
CB[n] via one of the carbonyl portals. The FTIR spectrum of
CB[6], CB[7], CB[8], and the respective CB-capped UCNPs are
shown in Fig. 3. The strong band assigned to the CB v,5(C=0)
stretching vibration shifted to higher values in the nanohybrid.
The shift was greater in the case of UCNP@CB[6] and
UCNP@CB[7] (15 em™" and 17 cm™, respectively) than in
UCNP@CB[8] (4 ecm™).

These changes corroborated the interaction of the CBs with
the UCNP surface through the carbonyl groups (Fig. 1). The
Va5(C=O0) stretching at higher values suggests a further devi-
ation from the planarity of the C=0 bond compared with the
N-C-N plane when the CB anchored to the nanoparticle
surface and this is significant for the smaller CBs. The smaller
shift (4 cm™) for the largest CB as compared to that for the
smaller ones (~15-17 c¢cm™') can be attributed to a less
effective interaction of the CB with the nanoparticle surface
(see below).

Emission spectra of the nanohybrids were compared with
that of the naked UCNPs (Fig. 4). These spectra were recorded
at a concentration of 1 mg (nanoparticle core) in a 1 ml solu-
tion, using front face excitation at 980 nm.

Nanoscale, 2015, 7, 5140-5146 | 5141
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Fig. 3 FTIR spectra of (A) CB[6], (B) UCNP@CBI6], (C) CB[7], (D)
UCNP@CBI7], (E) CB[8] and (F) UCNP@CBI8I.
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Fig. 4 Emission spectra (lex = 980 nm) of aqueous dispersions of
UCNP@CBI6] (black line), UCNP@CBI[7] (red line), UCNP@CBI8] (blue
line) and the naked UCNP (green line).

The emission intensity of the naked UCNP drastically
increased due to the CB-capping. The enhancement recorded
at 540 nm was 4.9, 6.9, and 5.4 times more than that of the
naked UCNP for UCNP@CB[6], UCNP@CBJ[7], and UCNP@CB-
[8], respectively. Comparatively, the emission of the UCNP@OA
nanoparticles in chloroform was only 3.5 times greater than
that of the naked UCNPs in water (Fig. S41).

Thermogravimetric analyses (TGA) of the UCNP@CB nano-
hybrids and CBs were performed to gain insight into the CB[#]
loading on the UCNP surface. The peak of the first derivative
indicates the point of the greatest rate of change in the weight
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Fig. 5 Thermogravimetric analysis (TGA) of the UCNP (—), UCNP@CB
[6] ( ), UCNP@CBI7] (——) and UCNP@CBI8] (----).

loss curve. No decomposition was observed up to 420 °C for
n = 6 and 8, although CB[7] starts decomposing at a lower
temperature (370 °C); this is in agreement with the differences
detected for the different sized CBs.** Fig. 5 compares the TGA
spectrum of the naked UCNPs with that of UCNP@CB|7]. The
weight loss before reaching 500 °C can mostly be attributed
to the loss of CB[n] which is 31%, 33%, and 14% for
UCNP®CB[6], UCNP@CBJ[7], and UCNP@CB][8], respectively.

UCNP@CB nanohybrids as scaffolds
and energy donors

As proof of concept, the versatility of the nanohybrids as
scaffolds and energy donors was tested with two cationic dyes,
in particular methylene blue (MB) and pyronin Y (PYY).

Increasing concentrations of MB were added to water solu-
tions of the UCNP@CB[n] nanohybrids (2 mL of a 0.018 mg
mL™" of UCNP@CB[n] in water). According to the TGA data,
the CB[n] molar concentration of the UCNP@CBJ[n] dispersions
was 5.5, 5.25, and 2.4 uM for UCNP@CB[6], UCNP@CB[7], and
UCNP®@CBJ[8], respectively. Aliquots of aqueous MB solutions
were added (up to 100 pL) until the MB and CB[n] molar con-
centrations were the same.

The emission spectra (dex at 980 nm) were recorded after
each addition. Fig. 6 shows the decrease of UCNP@CB[7] emis-
sion (see bands with Ay, ca. 650 nm and 540 nm) at the
highest MB concentration. A similar trend was found for
UCNP®CB][6], while MB led to insignificant quenching of the
UCNP®CB][8] emission (Fig. S51). The different trend in the
emission quenching for the nanohybrids should be related to
the type of interaction between the UCNP@CB[n] nanohybrid
and MB, ie., the formation of either an exclusion or inclusion
complex and the hosting of either MB or MB,.

The spectra of the UCNP@CB[8]/MB mixtures showed the
efficient formation of the MB, dimer>® with Amay at ca. 611 nm
and consequently the emission of these mixtures was practi-
cally non-existent (Fig. 7 and S67).

Remarkably, the absorption and emission spectra of the
UCNP®@CB[7]/MB mixtures (at Ay, at ca. 664 and 684 nm,

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Emission spectra (lex 980 nm) of UCNP@CB[7] before and after
the addition of MB (MB and CB were at the same concentration).
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Fig. 7 Top: (left) Absorption and (right) emission spectra at leyc =

640 nm of water solutions of UCNP@CBI[n]/MB containing MB and CB at
the same concentration: UCNP@CB[6]/MB (black line), UCNP@CBI7]/MB
(red line), and UCNP@CBI[8]/MB (blue line); the absorption spectra of
the UCNP@CBI[n]/MB mixture as well as the emission spectra of
UCNP@CBI[nl/MB (n = 6 and 7) have been normalized. Bottom: (left)
Absorption and (right) emission spectra at Aeyc = 640 nm of water solu-
tions of CB[6]/MB (green line), CB[7]/MB (brown line), and CB[8]/MB
(pink line); all of them at the same MB concentration. The spectra of
CBIn]/MB (n = 6 and 7) have been normalized.

respectively) were coincident with that of UCNP@CB[6]/MB
and free MB; see Fig. 7 left and S6.t

It has to be taken into account that CB[7] can encapsulate
MB and this results in a blue-shifted absorption and emission
(Fig. 7) due to the formation of the CB[7]@MB inclusion
complex,®" which is not possible for CB[6].

These results are consistent with the formation of exclusion
complexes between the UCNP@CB[n] (n = 6, 7) nanohybrids
and MB, i.e., the formation of UCNP@CB[n]@MB nanosystems
due to a more favourable interaction between the cationic dye
and the CB free carbonyl portal of the UCNP@CB[n] nano-
hybrid than between the CB cavity and the cationic dye (Fig. 1).

The '"H-NMR spectrum of the UCNP@CB([7]/MB (the same
concentration of CB and MB) was recorded to corroborate the
anchoring of MB to the UCNP@CB nanohybrid and to gain

This journal is © The Royal Society of Chemistry 2015
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insight into the orientation of MB in the nanosystem. As
expected, the signals of the CB and MB moieties were broader
in the UCNP@CB[7]/MB nanohybrid compared with those of
free MB and CB[7] (Fig. 8 and S7t). With the exception of the
protons of the dimethylamino groups which underwent a
slight low field shift, the other MB protons, mainly those close
to the sulphur atom as well as those of the CB moiety, shifted
to high field. Remarkably, the number of signals for the MB
moiety of UCNP@CB[7]/MB was the same as that for MB, thus
ruling out the coordination of MB through one of the di-
methylamino groups. Consequently, we propose that MB
stands symmetrically located on the CB[n] free carbonyl portal
and it is bound to the carbonyls via the MB central sulphur
cation (Fig. 2).

Similar experiments were carried out with pyronin Y (PYY).
The UCNP emission was considerably quenched while using
UCNP@CB[6] and UCNP®@CB[7], but no emission changes
were detected in the case of UCNP@CB][8] (Fig. 9).
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Fig. 8 Comparison between the *H-NMR spectrum of UCNP@CBI7I-
@MB (top) and that of MB (bottom).
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Fig. 9 Top: (left) Absorption and (right) emission spectra (1ex 540 nm)
of water dispersion of UCNP@CBIn]/PYY containing PYY and CB at the
same concentration: UCNP@CBI6]/PYY (black line), UCNP@CBI7]/PYY
(red line), and UCNP@CBI8]/PYY (blue line); the absorption spectra of
the UCNP@CBIn]/PYY mixtures as well as the emission spectra of
UCNP@CBIn]/PYY (n = 6, 7 and 8) have been normalized. Bottom: Emis-
sion spectra (lex 980 nm) of UCNP@CBI[n] (n = 6 and 7, at the left and
right hand, respectively) before (black line) and after (red line) the
addition of PYY; PYY and CB were at the same concentration.
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As observed for MB, the different trend in the nanohybrid
emission quenching was consistent with the formation of
UCNP®@CB[n]@PYY (7 = 6 and 7) nanohybrids. The absorption
spectra of the UCNP@CB[n]/PYY mixtures showed the typical
band of the monomer at A,,,, 545 nm for n = 6, 7, while the
PYY dimer (4ax 500 nm) was observed for n = 8 (Fig. 9, top;
Fig. S8f). In contrast to the MB emission, the PYY band
slightly overlaps with that of the UCNP (Fig. 9, top). Conse-
quently, the emission spectra at 1., 545 nm of UCNP@CB[n]-
@PYY (n = 6, 7) showed the PYY monomer emission (peak at
Amax 563 nm), thus evidencing the energy transfer from the
UCNP to PYY (Fig. 9, bottom; see the proposed interaction
between UCNP@CB[7] and PYY in Fig. S91).

Recovery of the UCNP@CB
nanohybrids

UCNP@CB[n]/MB solutions containing the same concen-
tration of CB and MB were centrifuged at 10000 rpm for
10 minutes at room temperature. The absorption spectrum of
the precipitate and the supernatant were compared with that
of the corresponding UCNP@CB[7n]/MB mixture (Fig. 10).
These spectra showed that in all cases, most of the MB
remained in the supernatant and the precipitate consisted of

UCNP@CB[n]. The supernatant of the UCNP®@CB[n]/MB
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Fig. 10 Absorption (left) and emission spectra (right) at e, = 980 nm of
the UCNP@CBI[n]/MB mixture (in black), the precipitate (in red) and the
supernatant (in blue) obtained after centrifugation. Top: n = 6; centre:
n = 7; bottom: n = 8. For comparative purposes the emission spectrum
of the corresponding UCNP@CBIn] is included (in green).
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mixture (n = 6, 7) contained only free MB, while that of the
UCNP®@CB[8]/MB contained the MB,@CB[8] inclusion
complex. It has to be taken into account that the concentration
of CB and MB in the UCNP@CB[8]/MB mixture was the same
and, since MB was encapsulated as a dimer within the CB
cavity, half of the CB units in UCNP@CB[8] remained empty.
Therefore, the precipitate from the UCNP@CB[8]/MB mixture
consisted of UCNPs partially capped with CB[8] units and, con-
sequently, exhibited lower emission. These data suggest that in
UCNP®@CB[n]@MB (n = 6 and 7), the binding between CB and
UCNP is stronger than that between CB and MB. In the case of
UCNP@CB[8]/MB, the binding of MB, to the CB cavity proved
to be stronger than the binding of MB,@CB[8] to the UCNP
surface.

UCNP@CB@MB in singlet oxygen
generation

Methylene blue has been used in a variety of photochemical
applications including photodynamic therapy.*>*® Therefore,
the UCNP@CB[n]/MB mixtures with the higher molar concen-
tration of MB were tested in the generation of singlet oxygen
under near-IR irradiation (in particular, at 980 nm). In prin-
ciple, one would expect the UCNP@CB[8]/MB mixture to be
the least efficient, since MB dimers are less efficient in the 'O,
generation than the MB monomer.*®

1,3-Diphenylisobenzofuran (DPBF) was used as a probe of
single oxygen generation. This probe seemed to be adequate
for these studies since it presents a broad absorption band in
the 350-450 nm range where MB and MB, exhibit negligible
absorbance. DPBF is a good energy acceptor because it reacts
rapidly with '0,. It does not react either with the ground state
molecular oxygen or with the superoxide anion, and its only
reaction with 'O, is chemical, leading to dibenzoylbenzene
(DBB), which does not absorb in the 350-450 nm wavelength
range.

Irradiation at 980 nm of UCNP@CB[n]@MB (n = 6 and 7)
nanohybrids in the presence of DPBF at different intervals of
time (up to 70 min) led to degradation of the probe, which was
monitored by the loss of absorbance at 422 nm (Ag,,). Fig. 11
(top) shows the absorption spectra of the UC@CB[7]@MB solu-
tion in the presence of DPBF, before and after each irradiation,
while Fig. 11 (bottom) shows the comparison between the
loss of absorbance at A,;, in the presence of UCNP@CB[6]
and of UCNP@CB([7]. This process involves several energy
transfer processes: upconversion emission after excitation of
UCNP@CB[n]@MB at 980 nm; energy transfer from the UCNP to
MB to lead eventually to the MB triplet excited state (*MB)
and energy transfer from *MB to molecular oxygen to form
singlet oxygen, which reacts with DPBF to produce DBB. The rate
of consumption of the substrate, calculated from the measure-
ments at shorter irradiation time periods (30 seconds) for the
first 15 min was ca. 80 min~" and 11 min~"' for UCNP@CB[7]
and UCNP@CBJ[6], respectively.

This journal is © The Royal Society of Chemistry 2015
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Fig. 11 (Top) Absorption spectrum of an aqueous dispersion of

UCNP@CBI[7]@MB and DPBF (thick line) and its evolution after pro-
longed irradiation at 980 nm (up to 70 min, —-). (Bottom) Plot showing
the degradation of DPBF (monitored at 422 nm) in the presence of its
corresponding UCNP@CB[n]/MB mixture: n = 6 (black), n = 7 (red).

The lower efficiency of the nanohybrid UCNP@CB[6]@MB
than that of the UCNP@CB[7]@MB in halving the DPBF con-
centration is consistent with the lower luminescence of
UCNP@CB[6]@MB (see Fig. 4) combined with the lower dye
load of this nanohybrid (see TGA data).

Conclusions

We have demonstrated that the spontaneous adsorption of
CB[n] (n = 6, 7, and 8) on NaYF,:Er’*(2%),Yb**(18%) nanoparti-
cle surface gives rise to UCNP@CB[n] nanohybrids, which have
been proved to be highly stable. Those with n = 6 and 7 lead to
exclusion complexes with MB, in which the interaction
between MB and the CB carbonyl portal is weaker than that
between the UCNP surface and CB. However, MB destabilised
the interaction between the UCNP and the CB in UCNP@CB]8]
due to the CB-encapsulation of the MB, dimer. Similarly, PYY
also led to spontaneous attachment to the CB free carbonyl
portals of the UCNP@CB|#] (n = 6, 7) systems and energy trans-
fer from the scaffold to PYY produced the emission of the dye
under NIR-irradiation.

In addition, the UCNP@CB[7]@MB nanohybrid has been
proved to be more efficient in the singlet oxygen generation
than the UCNP@CB|[6]@MB nanohybrid under NIR excitation.
Therefore, UCNP@CB[n] nanohybrids can act as scaffolds and

This journal is © The Royal Society of Chemistry 2015
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efficient energy donors for cationic dyes by matching the
nature of the UCNP with that of the dye. Taking into account
the interest of tricyclic basic dyes in photodynamic therapy,
these UCNP@CB[7]@dye supramolecular systems may be
highly advantageous for this type of treatment.
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