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Upon surface functionalization and stabilization of p-NaYF4:Yb/Er
upconversion nanoparticles (UCNPs) with phosphoryl pillar[5]arenes
(PP5) via a facile ligand exchange method, we constructed a new
hybrid material (PP5-UCNPs) with good water dispersibility especially
in a physiological environment and superior capability of controlled
cargo release and cell imaging.

Rare-earth upconversion nanoparticles (UCNPs) are lanthanide
ion-doped nanophosphors,' holding great promise in lots of
technological applications including photocatalysis,” bioimaging,’
and fluorescent bioprobes® by virtue of their excellent optical
properties. Compared with conventional organic fluorescent
dyes and semiconductor quantum dots, UCNPs have distinct
photochemical advantages, for instance, thermal and optical
stability, low toxicity, large anti-Stokes shifts, sharp emission
bands (<10 nm), long luminescence lifetime (micro- to milli-
second range), high quantum yields, deep light penetration
depths in tissues and minimal auto-fluorescence (background
noise).> More importantly, UCNPs can convert near-infrared
(NIR) light to visible light via sequential electronic excitation
and energy transfer processes.” And the utilization of NIR
excitation enables less damage and deeper penetration into
body tissues as compared with UV light, making UCNPs highly
suitable for applications in medical diagnosis and treatment,
such as in vivo imaging and photodynamic therapy.”® Prepara-
tion of a water-dispersible and colloidally stable suspension
of UCNPs while retaining their high upconversion efficiencies
for biological research is still very challenging.’ High quality
hexagonal-phase UCNPs are commonly prepared in a high-boiling
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non-aqueous organic solvent (e.g., 1-octadecene) containing oleic
acid (OA) as a coordinating ligand. Meanwhile, the highly lumi-
nescent nanoparticles that are coated with OA molecules on the
surfaces are incapable of being dispersed in water. Generally,
there are several strategies to render the UCNPs dispersible in
biological media in the literature.'® By comparison, the trans-
formation or encapsulation of these nanoparticles by replacing
the OA layer with hydrophilic ligands as surfactant-like surface
ligands is a better and easier approach.’

On the other hand, the design and synthesis of pillar[n]arenes
(pillarenes) and their derivatives have aroused much attention
due to their highly tunable functionality and versatile host-guest
properties.’” Since first reported in 2008,"® pillarenes have been
widely investigated and applied to the fields of drug delivery,"
molecular machinery,"” supramolecular polymers,*® hybrid
nanomaterials’” and so on.'® It is worth noting that the synthesis
of water-soluble pillarenes like phosphatepillar[5,6]arene’® and
other cationic/anionic pillar{5,6]arenes* extends the scope of the
applications in aqueous or biologically relevant environments.
Recently, some attempts on introducing macrocyclic compounds
into the system of UCNPs have been made and reported.”’
However, the strategy of combining the advantages of pillarenes
and UCNPs has been very rarely investigated,> especially, no
report is available in the literature to show that pillarenes could
be directly used as ligands to modify UCNPs for oral drug delivery
system (DDS) applications.

Herein, we report a new pH-responsive DDS based on
phosphoryl-functionalized pillar[5]arene (PP5) modified UCNPs
for controlled cargo release and cell imaging (Scheme 1). To
obtain nanoparticles that are colloidally stable, we firstly synthe-
sized two kinds of PP5 (2C-PP5/4C-PP5) with different lengths of
alkyl groups containing five phosphoryl groups on each rim of
the cavity with good water dispersibility (Schemes S1 and S2,
ESIt) and then decorated them, respectively, onto the surfaces of
B-NaYF,:Yb/Er nanoparticles (OA-UCNPs) via a ligand-exchange
method to get the PP5-stabilized UCNPs, namely, 2C-PP5-UCNPs
and 4C-PP5-UCNPs. Considering the similar properties of
2C-PP5-UCNPs and 4C-PP5-UCNPs, 4C-PP5 is easier to obtain
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Scheme 1 Schematic representation of the construction of 4C-PP5-
UCNPs@RhB nanosystem and its application for targeted drug delivery
and UCL cell imaging.

in relatively high yield than 2C-PP5, and we selected 4C-PP5-
UCNPs for the subsequent experiments. As a proof-of-concept,
rhodamine B (RhB) was employed as a kind of drug model
compound for loading into the nanomaterials via host-guest and
electrostatic interactions, leading to the formation of a special
pH-responsive controlled release nanosystem, ie., 4C-PP5-
UCNPs@RhB. Meanwhile, macrophages were chosen to explore
the biocompatibility and upconversion luminescence (UCL) cell
imaging under NIR irradiation of this nanosystem. To our
satisfaction, 4C-PP5-UCNPs were proven to be a promising
candidate for therapeutics combining controlled cargo release
and cell imaging.

To confirm the successful ligand-exchange of OA on the
UCNP surface by 4C-PP5, a series of investigations were per-
formed (Fig. 1 and 2). As shown in the TEM and SEM images
(Fig. 1a and c), the synthesized monodisperse OA-UCNPs show
a hexagonal phase. Compared to OA-UCNPs, 4C-PP5-UCNPs
have no obvious changes in the size and morphology. The TEM
and SEM images (Fig. 1b and d) of 4C-PP5-UCNPs show good
dispersibility in water and the average particle size is around
31.4 + 4.2 nm (Fig. S1, ESIf), which demonstrated that the
4C-PP5 ligands are capable of effectively stabilizing the UCNPs in
water. Elemental mapping of 4C-PP5-UCNPs further provided

Fig.1 TEM images of (a) OA-UCNPs and (b) 4C-PP5-UCNPs; SEM images
of (c) OA-UCNPs and (d) 4C-PP5-UCNPs; (e) elemental mapping of
4C-PP5-UCNPs.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) PXRD patterns and (b) FT-IR spectra of OA-UCNPs, 2C-PP5-
UCNPs, 4C-PP5-UCNPs, 2C-PP5, and 4C-PP5; (c) upconversion emission
spectra and (d) stability images of 4C-PP5-UCNPs in PBS.

convincing evidence that the UCNPs were coated with phosphor-
containing 4C-PP5 macrocycles (Fig. 1e).

The successful preparation of 2C-PP5-UCNPs and 4C-PP5-
UCNPs was further verified by powder X-ray diffraction (PXRD),
Fourier transform infrared (FT-IR) spectroscopy, and upconver-
sion emission spectroscopy (Fig. 2). The PXRD pattern (Fig. 2a)
of OA-UCNPs exhibits peak positions and intensities that
can be well indexed in accord with hexagonal-phase B-NaYF,
crystals, which is in good agreement with the data reported in
the JCPDS standard card (28-1192). After the ligand-exchange,
2C-PP5-UCNPs and 4C-PP5-UCNPs show almost the same peak
patterns as OA-UCNPs. In addition, PXRD results suggest the
high crystallinity of the resulting UCNPs from ligand exchange.
FT-IR characterization was employed to confirm the presence of
pillarene macrocycles on the surface of ligand-exchanged UCNPs
(Fig. 2b).>> The as-prepared OA-UCNPs exhibit the carboxylate
anion absorption peaks at 1565 and 1485 cm ™, and the peaks at
2858 and 2925 cm™ " could be assigned to the asymmetric and
symmetric stretching vibrations of CH, in the alkyl chains.”®
The FT-IR spectra of the two pillarene-exchanged UCNPs did
not show any carboxylate anion peaks coming from the octa-
decyl of oleic acid, but instead clearly showed peaks corres-
ponding to the phosphoryl coordination (vp.o = 1050 cm ™',
Up—o = 1216 cm™ ') and the vibration f,._p of the benzene
(1503 cm™"). The characteristic peak at 1503 cm ™" attributing to
the band vibration f,,_y of the benzene could also be found
in the pure 2C-PP5 and 4C-PP5 samples. Apparently, the OA
molecules have been replaced by the pillarene ligands. To
further verify the ligand-exchange method, the monomer
1,4-(phosphonic acid)butoxybenzene (M3) was used as a control
to prepare M3-stabilized UCNPs (M3-UCNPs). The results show
that M3-UCNPs with regular morphology are prepared success-
fully and dispersed well in water (Fig. S2 and S3, ESIT). Thus, we
can conclude that phosphoryl plays a crucial role in the ligand-
exchange process.
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Characteristic violet, green, and red upconversion emissions
of the Er**-based UCNPs, corresponding to the Hyvp = *Lis,
S35 = s, and *Fo;, — ‘L5, transitions, respectively, are
shown in Fig. 2c. Water solubility or dispersibility of UCNPs is a
very essential element for their bio-applications. We investi-
gated the degree of water stability of the 4C-PP5-UCNPs in
phosphate-buffered saline (PBS) at different pH values (Fig. 2d).
Aggregation and turbidity occur under more acidic conditions.
With the increase of the pH value, the aggregation gradually
becomes dispersible in aqueous media. At pH 7.4, the disper-
sion becomes a clear solution. This could be attributed to the
deprotonation of phosphoryl groups of the 4C-PP5 macrocycle,
leading to a better water-solubility of the final nanoparticles.

5-Aminosalicylic acid (5-ASA), one of the most commonly
used anti-inflammatory drugs, was loaded in the 4C-PP5-
UCNPs (4C-PP5-UCNPs@5-ASA) in its hydrochloride salt form
via a similar method to the loading of RhB. Dynamic light
scattering (DLS) study shows the hydrous particle diameters of
4C-PP5-UCNPs, 4C-PP5-UCNPs@RhB, and 4C-PP5-UCNPs@5-
ASA as 38, 44 and 43 nm in PBS (pH 7.4), respectively
(Fig. S4de and f, ESIt). The zeta potentials of 4C-PP5-UCNPs
before and after RhB/5-ASA loading changed from —48.5 to
—30.0 and —34.4 mV, respectively, indicating the successful
cargo loading (Fig. S5, ESIT). Thermogravimetric (TGA) analysis
of 4C-PP5-UCNPs shows a mass loss of 49.6% that is attributed
to the mass of 4C-PP5 on the UCNPs (Fig. S6, ESIT). The losses of
3.4% and 4.1% in 4C-PP5-UCNPs@RhB and 4C-PP5-UCNPs@5-
ASA, respectively, represent the masses of the RhB and 5-ASA
loaded in the systems.

The controlled release of RhB from 4C-PP5-UCNPs@RhB
was monitored by using UV-vis spectroscopy. We know that the
stomach (pH 1.9) is in acidic conditions and the pH environ-
ment of the small bowel, colon and rectum is relatively higher
(pH 5.5-7.4).>* To use an oral medicine for targeted treatment
of inflammatory bowel disease (IBD), the development and
utilization of an effective pH-responsive oral DDS is of great
importance.>® As a proof-of-concept-study, we simulated the
different pH environments of the gastrointestinal tract to study
the release process of a RhB cargo, which include pH 1.9
(stomach), 5.0 (small intestine) and 7.4 (colon), respectively
(Fig. 3). The amount of RhB released from 4C-PP5-UCNPs@RhB
reached 72% within 90 min at pH 7.4, while less than 17% and
2% within the same period of time at pH 5.0 and 1.9, respec-
tively (Fig. 3a). Then, we placed 4C-PP5-UCNPs@RhB in the
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Fig. 3 (a) Release profiles of RhB from 4C-PP5-UCNPs@RhB in PBS;
(b) release profiles of RhB from 4C-PP5-UCNPs@RhB under the simulated
variable pH conditions of transit through the gastrointestinal tract.
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solution of pH 1.9 for 2 h, pH 5.0 for 1 h, and pH 7.4 for 7 h in
turn (Fig. 3b), which clearly showed the good pH responsive-
ness of this DDS. All of these results indicated the RhB release
efficiency of the materials upon increasing the solution pH.
When the pH value is higher than the pK, of RhB (3.7), the
cationic form of the carboxyl group of RhB (RhB') is deproto-
nated and transformed into the zwitterionic form (RhB¥).?°
Phosphonic acids have two protons that can be dissociated under
different conditions (pKa; ~ 2.4; pKay ~ 8.0) (Fig. S7, ESIT).>” At
pH 1.9, the host-guest interaction plays a leading role between
PP5 and RhB. While at pH 5.0-7.4, the phosphonates of PP5
preferentially carried single negative charges. Upon increasing
the pH, the phosphate groups of PP5 were further deprotonated,
resulting in the strengthening of the electrostatic repulsion
between the negatively charged PP5 and the negatively charged
COO™ group of RhB. To quantitatively measure the binding of
RhB and 5-ASA with PP5, fluorescence titrations were performed
at 298 K in PBS (pH 5.0 and 7.4). At pH 5.0, the association
constants (K,) of 4C-PP5 with RhB and 5-ASA were calculated to
be (2.7 4+ 0.3) x 10° M ' and (4.2 + 0.7) x 10°> M, respectively
(Fig. S8 and S10, ESIt). Meanwhile, the K, values were calculated
to be (1.3 + 0.5) x 10° M~ ' and (1.3 & 0.1) x 10* M~ for RhB and
5-ASA at pH 7.4, respectively (Fig. S9 and S11, ESIf) and these
K, values were smaller than the K, values at pH 5.0.

To evaluate the biocompatibility of this nanosystem, in vitro
cell viability studies of 4C-PP5-UCNPs were carried out via the
3-(4',5'-dimethylthiazol-2’-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay on macrophages and L02 cells (Fig. 4a and b),
respectively. Compared with the control group, the cell viabilities
of 4C-PP5-UCNP groups were more than 85% both on macro-
phages and L02 cells even at a high concentration of 125 ug mL ™%,
indicating that 4C-PP5-UCNPs had good biocompatibility and
are promising for application in biological systems. It is always
a research hotspot to use UCNPs for cell imaging owing to their
excellent upconversion fluorescence properties. Thus, macro-
phages were chosen to investigate the UCL cell imaging of
4C-PP5-UCNPs, 4C-PP5-UCNPs@RhB and 4C-PP5-UCNPs@5-
ASA. As shown in Fig. 4c, all these three kinds of nanoparticles
can be taken up to the cytoplasm and emit bright green light
under the excitation of a 980 nm laser. Among them, more
4C-PP5-UCNPs@RhB and 4C-PP5-UCNPs@5-ASA nanoparticles
were taken up to the cells under the same conditions, which
was mainly on account of the zeta potential of 4C-PP5-UCNPs
after cargo loading increasing and becoming closer to the zeta
potential of cytomembrane. Above all, because of the good bio-
compatibility and upconversion fluorescence properties, 4C-PP5-
UCNPs could be a desirable candidate for high-contrast intracellular
fluorescence imaging.

In summary, an efficient and feasible strategy for the syn-
thesis of water-dispersible UCNPs, which can form stable and
transparent solutions in a physiological environment, has been
established via surface-ligand exchange of oleate with phos-
phoryl pillarenes. These nanoparticles were further used for the
successful preparation of a pH-responsive DDS via the host-
guest and electrostatic interactions between PP5 and cargoes.
The release efficiency of a drug or a model drug from this

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Cytotoxicity assay of (a) macrophages and (b) LO2 cells in the
presence of 4C-PP5-UCNPs; (c) the bright and fluorescence microscopy
images of macrophages incubated with 100 pg mL™* of 4C-PP5-UCNPs,
4C-PP5-UCNPs@RhB and 4C-PP5-UCNPs@5-ASA for 6 h, respectively.
4C-PP5-UCNPs inside cells were excited by a 980 nm wavelength laser as
the light source. Each series can be classified into the bright field image, the
nuclei of macrophages, the UCL image and the merging of the first three
images, respectively. Scale bar: 10 pm.

system increases with the increase of the environment pH
values. Interestingly, this nanosystem could also realize UCL cell
imaging under NIR irradiation. This research provides an insight
into the development of phosphorylpillarene-coated UCNPs for
improved treatment of IBD.
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