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Water-dispersible upconversion nanoparticles (B-NaYF,: Er’',Yb®, UCNP) coated with a thin shell of a biocompatible
copolymer comprising 2-hydroxyethylmethacrylate (HEMA) and 2-acrylamido-2-methyl-1-propanesulphonsulphonic acid

(AMPS), which we will term COP, have been prepared by multidentate grafting. This capping is remarkably resistant to

www.rsc.org/

strong acidic conditions as low as pH 2. The additional functionality of the smart UCNP@COP nanosystem has been proved

by its association to a well-known photosensitizer (namely, methylene blue, MB). The green-to-red emission ratio of the

UC@COP@MB nanohybrid exhibits excellent linear dependence in the 7 to 2 pH range as a consequence of the release of

the dye as the pH decreases.

Introduction

Upconversion nanoparticles (UCNPs) with an inorganic matrix
doped with rare earths (e.g. NaYF,: Er3+,Yb3+) have unique
photophysical features, such as a large anti-Stokes shift
emission after near-infrared (NIR) excitation by using a low-
power continuous-wave diode laser. Their excitation at NIR
wavelengths considerably reduces background fluorescence,
which usually impairs the performance of fluorescence-based
assays.l’2 In addition, UCNPs do not undergo photobleaching
or photoblinking. %2 UCNPs with a hexagonal phase have been
extensively their superior upconversion
efficiem:y.1

UCNPs are usually coated with organic ligands, typically
t:arboxylates.3 However, they lose their coating in a medium

used due to

with a pH below 4, since the carboxylate (e.g., oleate ligand) is
protonated and eventually separates from the nanoparticle
surface. In fact, this is the strategy used by Capobianco et al. to
prepare “naked” UCNPs.? This capping removal does not only
apply to carboxylate ligands but also to ligands anchored via
other groups.“’s'7 It has to be taken into account that the role
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of the organic capping is not only to determine the
dispersibility of a nanoparticle in a specific medium, but also to
provide the nanosystem with additional functionality and/or
impede the UCNPs from causing any undesirable interference
in the environment (such as a cellular environment).8 This
protection is of particular relevance in biological applications.9
Organic-capped nanoparticles with the ligand remaining at the
nanoparticle surface in a broad range of pHs, and particularly
at low pHs (such as that of stomach acid which is close to 2),
require high acidic anchoring groups. Sulphonic acids are
dramatically more acidic (pK, ca. -3) than oleic acid and
therefore we envisaged that polymers with a high percentage
of sulphonate groups could be grafted to the UCNP surface,
thus providing a polymer-capped UCNP with high stability not
only in a wide range of pHs, but interestingly in highly acidic
media. Indeed, the sulphonic group is ionized in virtually the
entire range of pHs10 and the sulphonate group has three
potential coordination sites, which allow for more flexible
coordination modes and, as a consequence, can form highly
flexible frameworks'? and hydrogen bonding networks.’>
Thus, trivalent lanthanide sulphonates have been used to build
cIusters,15 organic extended frameworks,16 and complexes,”’ 18
as well as polymeric materials.”® Polystyrene
sulphonate/polyallylamine hydrochloride polymer capsules
can host lanthanide-doped inorganic nanoparticles (LaF3:Tb3+,
LaVO,:Eu®" and GdF5:Tb*") in their hollow cavity.”

In addition, the presence of some of the sulphonic groups at
the periphery of the polymer-capped UCNP would provide the
system with additional functionality, e.g. by covalently linking
a pH-probe to give rise to a pH-sensor or by ionic binding to a
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drug to generate a pH-responsive drug delivery and release
nanosystem.21 The pH is a key target parameter in a broad
range of applications, such as life sciences, food and beverage
processing, soil examination, and marine and pharmaceutical
research, among others.”?
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Figure 1. A) Structure of the HEMA and AMPS monomers and the synthesis of the
poly(HEMA-co-AMPS) co-polymer (COP). B) Scheme of the synthesis of the functional
UCNP@COP nanohybrid.

In particular, water-dispersible UCNPs have recently been
proved to be useful for pH measurement and sensing.zs'26
These UCNPs presented a pH-probe (fluorescent or not)
embedded in a silica shell or polymer matrix. The probe
underwent a spectral shift according to the pH and, as a
consequence, the degree of overlap between its absorption
and the UCNP emission wavelengths varied, thus resulting in a
change in the ratio between the UCNP emission bands.?* *°
The response to pH reported for these systems was practically
linear in the pH-range of 6-11*?*and 3.2-7.2.7

We report here the preparation of water-dispersible NaYF,:
Er3+,Yb3+ UCNPs capped with a thin shell of a biocompatible
copolymer via sulphonate-grafting (Figure 1). The polymer
remained firmly attached under strongly acidic conditions (pH
down to 2). As proof of the additional functionality of this
polymer-capped UCNP, it was electrostatically bound to a well-
known photosensitizer, namely methylene blue (MB). This
provided a pH-responsive MB release nanosystem with an
excellent linear correlation between the ratiometric
photoluminescence of the UCNP and the pH in the 2-7 range.

Results and discussion
Preparation and Characterisation of COP

2-hydroxyethylmethacrylate (HEMA) and 2-acrylamido-2-
methyl-1-propanesulphonsulphonic  acid (AMPS) have
previously been used to obtain highly cross-linked copolymers

2| J. Name., 2012, 00, 1-3

and hydrogels.27'30 However, it is possible to minimize the

cross-linking and therefore to obtain a water-soluble polymer
via free radical polymerization at a moderate temperature by
using a high percentage of azobisisobutyronitrile (AIBN) as the
initiator’ 2 (Figure 1). Thus, the synthesis of the poly(HEMA-
co-AMPS) co-polymer with an HEMA/AMPS 70:30 molar ratio,
here termed COP, was possible due to the difference in
reactivity between methacrylate and acrylamide (rygma=6.81,
rA,\,.ps=O.116)33 in the free-radical polymerization and by
performing a suitable purification protocol, as described by
other authors™ (see Experimental Section).
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Figure 2. A) "H-NMR spectra of COP and UCNP@COP in D,0. B) FTIR-ATR spectra of COP
and UCNP@COP. C) TGA analyses and first derivatives of UCNP@COP (Top) and COP
(Bottom). Black line: COP; red line: UCNP@COP.
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The copolymer was characterised by proton Nuclear Magnetic
Resonance (1H—NMR) and Attenuated Total Reflectance Fourier
Transform Infrared (FITR-ATR) spectroscopy, and Thermal
Gravimetric Analysis (TGA). Figure 2 shows the 'H-NMR and
the FTIR-ATR spectra of COP. For comparison, the data of the
monomers have been included in the ESI (see Figures S1-S2).
The 'H-NMR spectrum of COP matches the one previously
reported31 and illustrates the disappearance of the vinylic
signals of HEMA and AMPS monomers (5.6-6.2 ppm, see ESI).
The 70:30 HEMA/AMPS ratio in the poly(HEMA-co-AMPS) co-
polymer was confirmed by integrating the CH,SO3zH and O-
CH,CH,0 methylene protons corresponding to each monomer
(see Figure S1 in the ESI for detailed values).

The comparison between the FTIR-ATR spectra of HEMA and
AMPS monomers and that of COP also evidenced the
generation of the copolymer.32 Thus, the signals corresponding
to carbon double bonds at 1552 cm'l, and the out-of-plane
bending peaks that appear in the 1000-650 cm™ range for the
AMPS monomer disappear whereas the band between 2800-
3000 cm™ is modified due to the CH groups (sp3 stretch) and a
new band at 1452 cm™ can be observed due to the new
methylene groups (See Figure 1 and Figure S2 in ESI for
comparison with the monomers). Indeed, the two bands of the
carbonyl groups (amide and ester) can be observed at 1637
and 1708 cm'l, respectively.
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Figure 3. Representative (A) TEM image of UCNP@oleate. (B) Histograms of the of
particle size distribution of UCNP@oleate. (C) HRTEM image of UCNP@COP.
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Remarkably, the characteristic S=O asymmetric and symmetric
stretches of the COP sulphonic groups are observed at 1367
and 1069 cm'l, respectively, while the S-O stretch is found at
671 cm™. The copolymer had low polydispersity (1.09) and a
molecular weight of ~ 19763 g~mo|'1 (see Table S1 in ESI).

Preparation and Characterisation of the Copolymer-capped UCNP
(UCNP@COP)

First, oleate-capped NaYF,:Yb, Er nanoparticles
(UCNP@oleate), used as precursors of the copolymer-capped
UCNPs (UCNP@COP) were synthesised following a previously
reported protocol with some modifications (see ESI).34' =
Transmission electron microscopy (TEM) images of
UCNP@oleate the formation of monodisperse
hexagonal nanoprisms with a uniform height of 27.3+1.5 nm,
and a base length of 20.5+1.4 nm (Figure 3).

The X-Ray Diffraction (XRD) pattern of the UCNPs revealed the
formation of mainly the hexagonal phase structure as bulk 8-
NaYF, (Joint Committee on Powder Diffraction Standards, card
n2: JCPDS 16-0334), (See Figure S3 in the ESI). The atomic
ratios of lanthanides in the nanoparticles were obtained by
energy-dispersive X-Ray Experiments (EDX) and were
NaYF,(79%):Yb>*(18%),Er**(3%), see Figure S4.

Then, the UCNP@oleate nanoparticles were treated with COP
under basic conditions to perform the ligand exchange (See
Experimental part for further details). The resulting system
exhibited a high dispersibility in water, thus corroborating the
efficient ligand exchange as well as the presence of hydrophilic
groups at the nanohybrid periphery.36

High-Resolution TEM (HRTEM) images (e.g. Figure 3c) show the
UCNP@COP nanohybrid presents a thin polymer shell of a
thickness of ca. 1.7+0.3 nm, which is consistent with the
copolymer multigrafting to the UCNP surface.

Figure 2 shows the comparison between the 'H-NMR and FITR-
ATR spectra, as well as the TGA of UCNP@COP, and those of
COP. The *H-NMR of the UCNP@COP nanohybrid corroborated
the efficient exchange of the oleic acid with the copolymer,
since no olefinic signals were detected in the spectrum (see
Figure S5), and also there was a slight up-field shift of
characteristic signals of the copolymer, such as those of
CH,SO; and O-CH,CH,O. In addition, the FITR-ATR spectrum
revealed significant changes in the band intensity and
frequency in the most characteristic bands of COP, such as that
of the ester, amide, and sulphonate groups (e.g., see bands at
1723 cm'l, and 1396 cm'l).

These changes with
conformational changes in the polymer after grafting to the
UCNP surface as well as with the involvement of some of the
above-mentioned groups in the binding. The amount of COP in
the nanohybrid was determined by TGA. The weight
contribution of the copolymer in the UCNP@COP nanohybrid
was ca. 20 wt%. The main weight losses (at ca. 298°C and
352°C) occurred at similar temperatures to those of COP.
However, the typical weight loss at ca. 400°C observed for this
kind of copolymers32 occurred at ca. 430°C for UCNP@COP;
this suggests a higher thermal stability of the polymer when

showed

are consistent considerable
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attached to the UCNP surface. The emission spectrum of the
UCNP@COP nanohybrid at 980 nm excitation wavelength was
registered in water (Figure 4).
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Figure 4. Upconversion emission spectra UCNP@COP: THF (black), EtOH (red), H,O
(green) and D,0 (blue) under 980 nm laser excitation. The spectra were recorded
using the same nanoparticle core concentration.

As expected, the upconversion emission spectrum of
UCNP@COP showed the typical emissions of the NaYF,: Er3+,
Yb* ucNp® (the violet, green, and red upconversion
emissions which are characteristic of Er* and correspond to
the “Hop—>"lisjs, (CHia *S3p) —'hsp, and *Fop—'lis)
transitions, respectively). The emission was exactly the same
after 2h of irradiation, thus evidencing the photostability of
the nanohybrid.

The UCNP@COP nanohybrid was also dispersible in other
media, such as THF, ethanol, and D,0O (Figure 4). As previously
observed for other water-dispersible UCNPs, the upconversion
emission was considerably higher in D,O than in water, due to
differences in energy of the O-H and O-D stretch vibrations
that affect the efficiency of the non-radiative deactivation of
the lanthanide luminescence.*

The capping of the UCNP@COP nanohybrid proved to be
stable in a wide range of pHs (from 2 to ca. 10), which is
consistent with the involvement of the sulphonate groups in
the COP multigrafting. As an example, UCNP@COP
nanoparticles were dispersed in water solution at a pH of ca. 2
for 2h and then the nanoparticles were precipitated by
centrifugation. The solid was washed with water, centrifuged
and dried under vacuum. The FTIR spectrum of the solid
corroborated that COP remained anchored to the UCNP
surface (see Figure S6). Moreover, measurements of the
conductivity and zeta potential of their colloidal solution and
of the supernatants from the purification process were
consistent with the negligible loss of COP under the acid
treatment (see Table S2).

The unusual stability of the UCNP organic capping in strong
acid media makes UCNP@COP nanohybrids particularly
suitable for many applications where the maintenance of the
UCNP capping is crucial for their performance.

It was not expected that all the sulphonate groups would be
involved in the COP binding to the UCNP surface, but rather
that some would be at the nanohybrid periphery and,

4| J. Name., 2012, 00, 1-3

consequently, they would progressively protonate when the
pH of the medium decreased. Indeed, the zeta potential of
UCNP@COP changed from -33 mV at basic conditions (pH ca.
9.5) to -22 mV in the 8 to 3 pH range and became less negative
at pHs below 3 (-16 mV at pH ca. 2.5), see Figure 5. These
changes with reported for
poly(styrene sulphonate)-capped UCNPs*® and they are
consistent with the low pK, of the sulphonic groups.

The dynamic light scattering (DLS) analysis performed in the

are in accordance those

same pH range revealed an considerable change in the
hydrodynamic diameter (at ca. pH 5), which could be
attributed to nanoparticle aggregation at a certain pH/zeta

potential.
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Figure 5. (Top) Dependence of hydrodynamic diameter (D) or (Bottom) Zeta
Potential vs pH for UCNP@COP dispersed in water (1mg/mL).

In spite of the changes in the hydrodynamic diameter, the
emission spectra of UCNP@COP registered at different pHs
(from ca. 2 to 13) showed a negligible dependence on the pH
(see Figure S7 in ESI).

Building a pH-Responsive MB-Release Nanosystem

UCNP@COP could be electrostatically bound to a cationic
molecule by making use of the sulphonate groups at the
nanohybrid periphery. Assemblies based on electrostatic
attraction have previously been reported.41 Consequently, the

UCNP@COP nanohybrid could be useful to build NIR-
responsive nanosystems able to release progressively
functional molecules attached to their periphery via

competitive binding of H* at decreasing pHs, i.e via pH-
stimulus.

As a proof of concept we used methylene blue (MB), which is a
water-soluble, positively charged cationic dye commonly used
as model pollutant to evaluate photocatalytic efficiency 4243 o
as a photosensitizer for singlet oxygen generation (Figure 6).*

This journal is © The Royal Society of Chemistry 20xx
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The absorption spectrum of MB exhibits a maximum at 660 nm
with a shoulder at ca. 550 nm™*® (Figure 7). Its release from the
nanohybrid could be observed in a ratiometric fashion taking
into account the overlap of the MB absorption spectrum with
the red emission of the UCNP. The quenching of such emission
would be recovered as MB is released when the H*

concentration increases.

After several assays to estimate the binding capacity of the
UCNP@COP to MB, we eventually prepared the
UCNP@COP®@MB hybrid by reacting 1.5 nmol of MB per mg of
UCNP@COP in water. After stirring the mixture for 2h, the
nanoparticles were separated from the solution by
centrifugation, washed with water, and finally re-dispersed in
water.
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Figure 6. Electrostatic assembly of UCNP@COP and MB to lead to the UCNP@COP@MB
nanohybrid, which releases MB as the pH decreases.

Figure 7 compares the absorption of MB and the emission
spectra of UCNP@COP and UCNP@COP@MB nanohybrids.
Indeed, the absorption spectrum of UCNP@COP@MB showed
the typical band of the dye (see Figure S8 in ESI). Taking into
account the absorbance of MB in the UCNP@COP@MB and
the MB molar absorption coefficient (58,311.9 M'lcm'l), the
MB amount per 3 mg of UCNP@COP@MB was roughly
estimated as 1.8 nmol. In addition, considering that 20% of the
weight of UCNP@COP corresponds to COP and 30% of the
copolymer is AMPS, the amount of sulphonate in 3 mg of
UCNP@COP was estimated as ca. 9 nmol.

Therefore, at least 20% of the sulphonic groups of the
copolymer capping are coordinated to MB at a neutral pH and
the rest are probably involved in the copolymer grafting to the
UCNP surface.

The emission spectrum of UCNP@COP@MB evidenced a
decrease in the red-to-green (R/G) emission ratio compared to
that in UCNP@COP; this suggests energy transfer from the
UCNP to the dye.

This journal is © The Royal Society of Chemistry 20xx

The efficiency of the process (77) was calculated as 20% by
using a simple formula based on emission intensities (eq. 1)

77 = (Ip-lpa)/Ip (eq. 1)
where Ipp and Iy are the integrated red emission of
UCNP@COP@MB and UCNP@COP nanohybrids.

The spectral overlap integral (J), was calculated as 4.8x10"
nm*M*t.cm™ by using the following equation (eq. 2)

J=% op (A)op(A)A 6 (eq. 2)
where opis the normalised donor emission spectrum, A is the
light wavelength, and o, is the acceptor molar extinction

coefficient.
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Figure 7. Upconversion emission spectra of UCNP@COP (red line) and

UCNP@COP@MB (black line) solutions (1mg/mL) under 980 nm laser excitation in
water. MB absorption spectrum has been included for comparison (Blue line).

We next studied the dependence of the R/G emission ratio in
UCNP@COP®@MB on the pH. No changes were observed in the
basic range. Remarkably, a good correlation between this ratio
and the pH was observed in the 2-7 pH range (Figure 8). The
sample at the lowest pH was centrifuged to determine the
degree of MB release at this pH, thus evidencing practically the
complete release of MB at this pH.
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Figure 8. Plot of R/G emission (area under the curve) ratio vs pH for the water-
dispersible UCNP@COP@MB nanosystem.
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Experimental
Synthesis of COP Copolymer

Briefly, 2-hydroxyethyl methacrylate (HEMA) was purified by
column chromatography that contained GC20 grade alumina
(Polysciences).The purified monomers were stored in darkness
at 49C. 2-acrylamide-2-methilpropanesulphonsulphonic
(AMPS) used without previous purification. 2,2'-
azobisisobutyronitrile (AIBN) was purchased from Sigma-
Aldrich.

Co-polymerization was carried out in a deoxygenated mixture
of milli-Q water/n-propanol (50:50 v/v; total volume of 150
mL) containing HEMA (14 mL, 0.1154 mol), AMPS (6g, 0.0289
mol, and AIBN as initiator (600mg, 3.65mmol). So, the
HEMA/AMPS molar ratio in the feed was 80:30. The solution
was deoxygenated by nitrogen bubbling for 30 min and
continuously stirred at 65°C for 24 h. The reaction was stopped
by cooling (using an ice-bath), the supernatant was separated,
and the organic solvents were removed at reduced pressure.
Then, chloroform was added and the mixture was vigorously
stirred during 5h. Subsequently, in a separation funnel, the
supernatant wet chloroform emulsion was separated and
transferred to a centrifuge tube (10000 rpm, 10 min). Three
phases were observed, the first denser phase was discarded
and the second one was vacuum dried (14g) and characterised
as poly(HEMA-co-AMPS) (7:3). This copolymer was used for
the UCNP coating.

was

Synthesis of the Oleate-capped UCNP

NaYF,:Yb (18%), Er (3%) nanocrystals were synthesised
following a previously reported protocol with some
modifications (See supporting information).

Preparation of the Copolymer-capped UCNP

Firstly, poly(HEMA-co-AMPS) (50 mg) was dispersed in 100 mL
of a 70:30 mixture of dichloromethane:tetrahydrofuran
(DCM:THF) and constantly stirred for ca. 48h. Once the co-
polymer had dispersed, 1g of Na,CO; was slowly added and the
mixture was energetically stirred for 2 hours (bubble formation
was patent). Then, the co-polymeric solution was decanted in
order to eliminate Na,COs. The solid was washed with 10mL of
THF and decanted again. The final solution was concentrated
by rotary-evaporation. Finally, 10 mg of UCNP were added to a
dispersion of 50 mg of COP in 10 mL of THF (5/1 wt. %). The
dispersion was vigorously stirred for 24h, and the resulting
crude was centrifuged and washed with THF until no polymer
was detected by UV in the THF solution, usually 30-60 mL were
necessary.

Emission and Dynamic Light Scattering Measurement of the
Nanohybrid at Different pHs

The nanohybrid was dispersed in milliQ water (1 mg/mL) and
the pH of the colloidal solution was measured. Then, the pH
was changed by adding minimal amounts (5uL) of an aqueous
solution of sodium hydroxide or HCl solution as required. After
each addition, the pH and the emission (as well as, the
dynamic light scattering and zeta potential in the case of
UCNP@COP) were measured at room temperature. The pH

6| J. Name., 2012, 00, 1-3

was registered before and after each measurement. Each DLS
value was the average of 10-20 independent measurements
and an average of 10 rounds.

Conclusions

We report here the synthesis of a NIR-responsive nanohybrid
consisting of NaYF,: Er3+,Yb3+ UCNPs capped with a thin shell of
a biocompatible HEMA-AMPS copolymer, which remains firmly
anchored to the UCNP due to sulphonate-multigrafting to the
UCNP surface. This capping not only remains stable in highly
acidic media (as low as a pH of ca. 2), but also enables the
UCNP@COP nanohybrid to bind electrostatically to cationic
molecules, which can be progressively released when the pH
decreases. Therefore, these nanohybrids can be used as
functional molecule-release nanosystems. The process can be
tracked in a wide range of pHs (from neutral to a pH of ca. 2)
by monitoring the nanohybrid emission if the absorption
spectrum of the molecule overlaps with some of the emission
bands of the UCNP.
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