Enhancing the Imaging and Biosafety of
Upconversion Nanoparticles through
Phosphonate Coating

Ruibin Li,"* Zhaoxia Ji,* Juyao Dong, Chong Hyun Chang,* Xiang Wang,* Bingbing Sun,” Meiying Wang,"
Yu-Pei Liao," Jeffrey I. Zink,*S Andre E. Nel,*"* and Tian Xia*""*

"Division of NanoMedicine, Department of Medicine, University of California Los Angeles, 10833 Le Conte Avenue, Los Angeles, California 90095, United States,
*alifornia NanoSystems Institute, University of California Los Angeles, 570 Westwood Plaza, Los Angeles, California 90095, United States, and §’Department of
Chemistry & Biochemisty, University of California Los Angeles, 607 Charles E. Young Drive East, Los Angeles, California 90095, United States. R, Li and Z. Ji equally

contributed to this work.

ABSTRACT Upconversion nanoparticles (UCNPs), which are generated by
doping with rare earth (RE) metals, are increasingly used for bioimaging
because of the advantages they hold over conventional fluorophores. However,
because pristine RE nanoparticles (NPs) are unstable in acidic physiological
fluids (e.g., lysosomes), leading to intracellular phosphate complexation with
the possibility of lysosomal injury, it is important to ensure that UCNPs are
safely designed. In this study, we used commercially available NaYF,:Er/Yb
UCNPs to study their stability in lysosomes and simulated lysosomal fluid. We
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particle surfaces and morphological transformation. This leads to a decline in upconversion fluorescence efficiency as well as inducing pro-inflammatory

effects at the cellular level and in the intact lung. In order to preserve the imaging properties of the UCNPs as well as improve their safety, we experimented

with a series of phosphonate chemical moieties to passivate particle surfaces through the strong coordination of the organophosphates with RE atoms.

Particle screening and physicochemical characterization revealed that ethylenediamine tetra(methylenephosphonic acid) (EDTMP) surface coating provides

the most stable UCNPs, which maintain their imaging intensity and do not induce pro-inflammatory effects in vitro and in vivo. In summary, phosphonate

coating presents a safer design method that preserves and improves the bioimaging properties of UCNPs, thereby enhancing their biological use.
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are earth (RE) metals are commonly
Rused for the synthesis of upconver-

sion nanoparticles (UCNPs), which
can be used for biological applications.'
UCNPs are traditionally synthesized as
guest—host systems, in which trivalent
lanthanide ions (the guest) are dispersed
in an appropriate dielectric RE-based host
lattice.>” Sequential absorption of multiple
low-energy photons by the ladder-like
energy levels of the lanthanide dopants
leads to the production of higher energy
anti-Stokes luminescence.? This allows the
emission wavelength to be tuned from
near-infrared (NIR) to visible through to
the UV range, depending on the type of
lanthanide being used.”~"* The use of optical
properties together with the high resistance
to photobleaching and photochemical de-
gradation allows lanthanide-doped UCNPs
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to be considered as promising new bioimag-
ing agents for advanced accomplish-
ments, such as single-molecule tracking,
multiplexed labeling, and deep tissue
imaging.'2° While to date no serious
toxicity has been observed during the use
of UCNPs in organisms such as Caenorhab-
ditis elegans,**' zebra fish,*? and rodent
studies,'®**72> we are aware of the prob-
lems caused by Gd-based MRI agents in
renal failure patients, where these reagents
can lead to nephrogenic systemic fibrosis
(NSF).>5%” Moreover, there is documenta-
tion of the occurrence of an occupational
lung disease in RE miners or workers ex-
posed to RE materials (e.g., during polishing
activity).”® Against this background, it is
important to consider early stage safer
design strategies for the biological imple-
mentation of UCNPs as imaging agents.
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Scheme 1. Transformation of RE particles in an acidic
biological environment. RE nanoparticles taken up into
lysosomes undergo dissolution in the acidic lysosomal
environment and shed RE ions that bind to cellular phos-
phate residues, which precipitate on the particle surface to
form urchin-shaped REPO, structures.

Relevant background to this study is the recent
demonstration that rare earth oxide (REO) nanoparti-
cles are unstable in acidic cellular environments such
as lysosomes, where the release of RE ions leads to
complexation of critical phosphates that precipitate as
insoluble REPO, on the particle surfaces (Scheme 1).%°
This leads to morphological transformation into urchin-
shaped structures, which can deplete structurally
important lipids and proteins of their phosphate
groups, leading to lysosomal membrane damage, ca-
thepsin B release, and initiation of pro-inflammatory
effects.?®*® An example includes activation of the
NLRP3 inflammasome, which is responsible for IL-13
production, chronic pulmonary inflammation, and
fibrosis.?® This could result in RE-induced pneumoco-
niosis in polishers and miners,?® while Gd-based imag-
ing agents could induce NSF in people with chronic
renal failure, metabolic acidosis, and hyperphos-
phatemia.?”3'32 While there are no reports of similar
UCNP adverse effects to date, we have observed that
Er- and Yb-doped NaYF, as well as La(OH); UCNPs do
form mesh- or urchin-like structures in the lysosomes
of myeloid cells and macrophages. Moreover, there is a
reduction of the fluorescence intensity of UCNPs in
macrophages recovered from the liver.?>33 Thus, the
transformation of RE materials under specific biological
conditions could lead to the generation of a biological
hazard as well as a decline in their imaging qualities.

In this article, we set out to use our expertise of the
adverse impact of RE nanoparticles on household
cellular phosphates to attempt to design safer UCNPs,
with preserved imaging capabilities. Key to the accom-
plishment of safer design is the prior observation that
phosphate complexation to RE nanoparticle surfaces at
neutral or physiological pH can prevent subsequent
particle transformation under acidic conditions.?® This
led us to consider a series of phosphonate chemical
groups for a coating procedure that prevents biologi-
cal hazards while, at the same time, maintaining
imaging quality. We settled on ethylenediamine tetra-
(methylenephosphonic acid) (EDTMP) as the most
effective phosphonate coating agent to passivate
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Figure 1. Transformation and emission spectrum of NaYF,:
Er/Yb nanoparticles exposed to PSF. NPs were dispersed in
PSF for 24 h at a concentration of 100 ug/mL. Particle
suspensions were centrifuged at 100 000 rpm/min for 1 h
to collect the pellets. After washing three times with DI H,0,
the pellets were resuspended in DI H,0. Untreated and PSF-
treated particle suspensions were used to study the particle
morphology by TEM, as well as obtaining the emission
spectra at an excitation wavelength of 980 nm.

UCNP surfaces. This safer design procedure prevents
the transformation of UCNPs under biological condi-
tions, in addition to preventing their fluorescence
quenching. The phosphonate coating also reduced
the pro-inflammatory effects of UCNPs in vitro and
in vivo.

RESULTS

Chemical and Morphological Transformation of UCNPs Affects
the Imaging Quality of UCNPs. Since an acidic biological
environment affects the stability and chemical compo-
sition of RE nanoparticles, a NaYF,-based UCNP, coated
with oleic acid, was used to determine what effect an
acidic lysosomal environment may have on particle
composition and imaging qualities.>* NaYF,:Er/Yb par-
ticles with a primary size of 22 nm and a positive sur-
face charge (zeta potential of +16.4 mV in DI H,0) were
selected for abiotic and biotic experimentation (Table S1).
Because of the oleic acid coating, the particles ag-
glomerated in DI H,O to a hydrodynamic size of
212 nm but were dispersed to 39 nm in the presence
of proteins in the cell culture media. However, in the
presence of the acidic phagolysosomal simulated fluid
(PSF, pH 4.5) for 24 h, the spherical particles trans-
formed into mesh-like structures as determined by
TEM analysis (Figure 1). These transformed particles
showed a loss of crystallinity as determined by X-ray
diffraction (XRD) analysis (Figure S1 left panel), while
ICP-OES analysis demonstrated the mesh-like struc-
tures are composed of yttrium phosphate, with ap-
proximately equimolar amounts of phosphorus to
yttrium (P/Y) (Figure S1 right panel). Because particle
crystallinity plays an important role in the fluorescence
emissions of UCNPs,” the implication is that the trans-
formation could affect the imaging properties of NaYF,
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Figure 2. TEM and confocal microscopy to demonstrate particle transformation and quenching of fluorescence intensity of
NaYF, UCNPs in THP-1 cells. (a) Transformation of particles in THP-1 cells as determined by TEM. THP-1 cells were treated with
50 1g/mL UCNPs for 24 h, then fixed and stained to prepare TEM grids. (b) Confocal microscopy imaging of THP-1 cells. After
treatment with 25 «g/mL UCNPs for 4 h, THP-1 cells were transferred into UCNP-free media and cultured for 0 or 20 h. The cell
samples were collected, fixed, and stained with Alexa Fluor 594 labeled anti-LAMP1 to visualize lysosomes. The percentage of
the cells containing particles with red fluorescence was used as a quantitative index to evaluate fluorescence quenching of the

UCNPs, taken up into lysosomes.

UCNPs. Indeed, fluorescence spectroscopy showed
that PSF treatment was associated with a prominent
reduction of the fluorescent intensity of UCNPs, com-
pared to that of the untreated particles (Figure 1).

To determine whether particle transformation and
fluorescence quenching of NaYF4:Er/Yb also proceed
under biological conditions, a human myeloid cell line,
THP-1, was used to study the impact on particle
composition and function after uptake in phagolyso-
somes. As shown by TEM, particle entrance of this
acidifying compartment resulted in their transforma-
tion into mesh-like structures (Figure 2a). Energy dis-
persive X-ray spectroscopy (EDX) analysis confirmed
the presence of phosphorus in the transformed parti-
cles. Assessment of the impact on the imaging capa-
bilities of the UCNPs showed fluorescence quenching
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of particles taken up by the cells during confocal
microscopy (Figure 2b). Thus, while 74% of the cells
showed dot-like red fluorescent particles co-localizing
with LAMP-positive lysosomes by 4 h, the fraction of
cells with observable fluorescence decreased to 16%
by 24 h. These results demonstrate that the intralyso-
somal transformation of NaYF,; UCNP is accompanied
by a loss of imaging property.

Phosphonate Coating Stabilizes Particle Composition and
Imaging. We have previously demonstrated that prior
exposure to phosphate at a neutral or physiological pH
can suppress subsequent RE particle transformation in
an acidic environment.?° However, the same stabiliza-
tion could not be achieved when using phosphate
treatment of UCNPs under abiotic and biotic condi-
tions (data not shown). We therefore assessed a

\
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TABLE 1. Library of Coating Molecules
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number of phosphonates (PMIDA, BPPA, AMPA, and
EDTMP), which represent organophosphorus com-
pounds that contain one or more C-PO(OH), or C-PO-
(OR), groups that can bind to RE atoms on the UCNP
surface with high affinity (Table 1). As a control, we also
included particles coated with citrate and PVP, which
do not contain phosphonate moieties. The schematic
in Figure 3a shows the coating procedure. In order to
establish the optimal coating efficacy, we used a 0.2—5
weight ratio of phosphonates vs particles to determine
how this affects the morphological transformation in
an acidic PSF environment. This experimentation
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demonstrated that a weight ratio of 2 was sufficient
for effective surface chelation of UCNPs. Comparison of
the various coatings demonstrate that while PMIDA,
BPPA, PVP, and citrate had minimal protective effects
and AMPA provided only marginal improvement,
EDTMP was quite effective for comprehensive surface
stabilization of NaYF,-based particles (Figures 3b and
S2). Moreover, EDTMP also prevented the decay of
fluorescence intensity as demonstrated by abiotic
fluorescence spectrometry (Figure 3b).

EDTMP-coated particles were comprehensively
characterized. As shown in Table S1, the surface charge
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Figure 3. EDTMP coating prevents the transformation and change in emission spectrum of NaYF,: Er/Yb particles. (a)
Schematic to explain phosphonate coating. The UCNPs were dispersed in aqueous suspensions for 48 h to react with the
coating agents shown in Table 1. Phosphonates bind with high affinity to yttrium atoms on the particle surfaces to form a
coating that prevents access of protons to yttrium atoms. (b) TEM and fluorescence emission spectra to compare the altered
emission of UCNPs in the absence or presence of three coating agents during PSF exposure. The 200 «g/mL UCNPs were
reacted with 400 ug/mL PVP, PMIDA, or EDTMP in DI H,O for 48 h. The particle pellets were collected by centrifugation,
washed three times, and redispersed in DI H,0 at 50 ug/mL and 2 mg/mL, respectively, for TEM and emission spectroscopy.

Scale bars are 50 nm.

of these particles changed from +16.4mVto —11.3 mV
in H,O. There is a similar hydrodynamic size distribu-
tion of coated and noncoated particles, yielding values
of 28.9 &+ 1.0 and 39.2 + 0.3 nm, respectively (Figure S3
and Table S1). FTIR analysis confirmed the presence of
1095 and 1168 cm ™' bands, which are attributed to the
antisymmetric and symmetric phosphate stretching
vibrations of EDTMP (Figure 4a).3>3¢ Moreover, CH,
stretching bands of 2853 and 2922 cm™’, which are
consistent with the presence of oleic acid,®” were
removed during EDTMP coating. The resistance of
the EDTMP-coated particles to acidic transformation
was confirmed by XRD analysis, which showed that the
particles maintained high crystallinity after 24 h in PSF
(Figure 4b, left panel). This is confirmed by the main-
tenance of an identical phosphorus content in the
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EDTMP-coated particles before and after PSF exposure
(Figure 4b, right panel). The schematic in Figure 4c
shows the predicted ball-and-stick structure of the
EDTMP-RE conjugate, which, as a result of the strong
coordination of the phosphonate groups with RE ele-
ments, has a high level of resistance against acidic
transformation.

In order to determine the biological efficacy of the
EDTMP coating, we performed cellular and animal
studies. As shown in Figure 5a, the spherical morphol-
ogy of the internalized EDTMP-NaYF,:Er/Yb particles
was preserved in the lysosomes of THP-1 cells, while
uncoated particles transformed as described above
(Figure 5a). Comparison of the fluorescence imaging
intensity of uncoated and EDTMP-coated particles
during confocal microscopy showed that while only
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Figure 4. Characterization of NaYF4:Er/Yb particles following EDTMP coating. (a) FTIR spectra of uncoated and EDTMP-coated
UCNPs as well as EDTMP by itself. The presence of an EDTMP coating is demonstrated by characteristic P=0 peaks. (b) XRD and
ICP-OES analysis of uncoated and coated particles before and after PSF treatment. XRD analysis indicates that EDTMP coating
protected the crystalline structure and prevented the particle transformation. In contrast, uncoated particles were completely
transformed to amorphous YPO, during PSF treatment. Quantification of the ratio of yttrium vs phosphorus by ICP-OES confirmed
the protective effect of EDTMP. (c) Ball-and-stick structure of the EDTMP-RE conjugate. The EDTMP ligand coordinates with the
lanthanide atom in a hexadentate structure, which includes two nitrogen and four oxygen atoms linked to a central RE element.
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Figure 5. Protective effect of EDTMP coating on NaYF, UCNP transformation and fluorescence qualities in vitro and in vivo. (a)
TEM imaging to show the uptake and transformation of EDTMP-coated NaYF, nanoparticles in THP-1 cells. Cells were treated
with 50 «g/mL uncoated or EDTMP-coated particles for 24 h. The cells were fixed, stained, and placed on TEM grids.
Composition changes were detected by EDX. (b) Imaging of uncoated and coated UCNPs in THP-1 cells and primay alveolar
macrophages. THP-1 cells were treated with 25 ug/mL particles for 4 h, followed by 0 or 20 h incubation in UCNP-free media
before performance of confocal imaging. Primary alveolar macrophages were obtained from the BALF of mice exposed to
2 mg/kg of uncoated or coated particles for 40 h. Scale bars are 20 um.

18% of the cells treated with uncoated particles still
exhibited fluorescence intensity after 24 h, 92% of cells
treated with coated particles remained fluorescent
(Figure 5b). In addition, subcutaneous injection of
EDTMP-coated and uncoated particles in mice showed
that both particle types exhibited bright green fluo-
rescence upon laser excitation of the skin for up to
3 days after injection (Figure S4). However, prior use of
PSF exposure before subcutaneous injection demon-
strated that only the EDTMP-coated particles could
maintain their imaging intensity for the same observa-
tion period, while uncoated particles could not be
imaged (Figure S4). A similar finding was made when
examining pulmonary alveolar macrophages obtained
from the bronchoalveolar lavage fluid (BALF) of ani-
mals receiving oropharyngeal aspiration of coated and

LI ET AL.

uncoated particles 40 h prior to animal sacrifice. While
only 15% of macrophages showed fluorescent parti-
cles after mice were treated with uncoated UCNPs,
EDTMP-coated UCNPs could be visualized in ~70% of
alveolar macrophages, suggesting that coating also
maintains particle stability and imaging qualities in the
murine lung. These results indicate that EDTMP coating
effectively preserves the fluorescence imaging prop-
erties of UCNPs in vitro and in vivo.

EDTMP Coating Prevents the Transformation of Different
Types of UCNPs, Regardless of Composition and Shape. In
addition to coating of spherical NaYF4-based particles,
we also studied the effect of coating on rod-shaped
La(OH)s:Er/Yb nanoparticles. After PSF treatment, these
particles transformed into urchin-shaped structures,
as determined by TEM (Figure 6, left panel). These
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Figure 6. EDTMP coating prevents the transformation of La(OH);-based nanorods. La(OH)3:Er/Yb nanorods were synthesized
by a hydrothermal method as described in the experimental section. Subsequently, 200 «g/mL particles were dispersed in a
solution, containing 400 xg/mL EDTMP for 48 h. Coated and uncoated particles were washed and treated in PSF at 100 «.g/mL

before particle characterization by TEM and XRD.

needlelike structures on the surface were shown by
XRD to contain high-crystalline LaPO, (Figure 6, right
panel). However, prior EDTMP coating preserved the
rod-shaped structure and crystallinity of the La-based
particles. In addition to NaYF4;- and La(OH)s-based
UCNPs, EDTMP coating also protected a series of
Gd-, Eu-, Er-, Nd-, Sm-, Tb-, and Dy-based materials
(data not shown).

EDTMP Coating Improves the Biosafety of UCNPs. We have
previously shown that the biotransformation of RE
nanoparticles triggers lysosomal damage, which leads
to NLRP3 inflammasome activation in macrophages
and IL-173 release, culminating in pulmonary inflamma-
tion and fibrosis.?*>° In order to determine whether the
transformation of UCNPs could elicit similar pro-inflam-
matory effects, we first performed a confocal study to
determine if lysosomes can be damaged by UCNPs;
this is accomplished through the use of Magic Red to
determine the cellular localization of the lysosomal
enzyme cathepsin B>’ As shown in Figure 7a,
untreated cells exhibited a punctate cathepsin B dis-
tribution, indicating enzyme containment in intact
lysosomes. However, following treatment with un-
coated NaYF, and La(OH); UCNPs, damage to the
lysosomal membrane leads to the diffuse cytosolic
release of cathepsin B, similar to the effect of the
positive control, monosodium urate (MSU) crystals. In
contrast, THP-1 cells treated with EDTMP-coated parti-
cles showed no lysosomal damage (Figure 7a). Since
cathepsin B release contributes to the activation of
the NLRP3 inflammasome and release of cleaved IL-15,
IL-18 levels were determined by a murine ELISA
kit in the supernatant of UCNP-treated THP-1 cells
(Figure 7a). While uncoated NaYF, and La(OH); UCNPs
could induce dose-dependent cytokine release in the

LI ET AL.

lung, EDTMP-coated particles failed to exert the same
effect. EDTMP coating did not impact cell morphology,
cell viability (Figure S5), or the cellular uptake of the
particles in THP-1 cells (Figure S6).

We also determined whether EDTMP passivation
of the UCNP surfaces has an effect on their pro-
inflammatory effects in the mouse lung 40 h after
oropharyngeal instillation of 2 mg/kg particles. UCNP
instillation did not affect the feeding behavior, groom-
ing, or activity of the animals. BALF macrophages were
used for ex vivo Magic Red staining. Confocal micros-
copy demonstrated that while uncoated UCNPs could
induce cathepsin B release, EDTMP-coated particles
did not have the same effect in vivo (Figure 7b).
Measurement of IL-1f production in the BALF showed
that while uncoated particles could induce significant
IL-1/3 production in the lung, EDTMP-coated UCNPs did
not elicit a cytokine response (Figure 7b). Most of the
inflammatory cells induced by UCNPs are neutrophils
(Figure S7). Hematoxylin/eosin (H&E) staining further
confirmed that while uncoated particles could induce
focal inflammation around small airways, EDTMP-
coated UCNPs had no effect (Figure 7c). Both the
pristine and EDTMP-coated UCNPs failed to affect
PDGF-AA and TGF-f31 production. These data demon-
strate that UCNPs coated with EDTMP could serve as a
safer design procedure to prevent tissue damage and
inflammation.

DISCUSSION

In this study, we demonstrate that RE atoms in
UCNPs can lead to particle complexation to cellular
phosphate residues, with the possibility to generate a
biological hazard as well as interfere in the fluores-
cence efficiency of these materials. We demonstrate
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Figure 7. EDTMP coating prevents the pro-inflammatory effects of NaYF,- and La(OH)s-based UCNPs in vitro and in vivo. (a)
Confocal microscopy and ELISA to assess cathepsin B release and IL-1/3 production, respectively, in THP-1 cells. THP-1 cells were
exposed to 50 ug/mL coated or uncoated UCNPs for 6 h, followed by 1 h incubation with the cathepsin B substrate. Cell samples
were fixed and stained with Hoechst 33342 and Alexa Fluor 488 conjugated to WGA to observe nuclei and cell membranes,
respectively. Supernatants of THP-1 cells, exposed to coated or uncoated particles for 24 h, were collected to determine IL-13
release by ELISA. (b) Confocal microscopy and ELISA to assess cathepsin B release and IL-15 production in pulmonary alveolar
macrophages and BALF, respectively. Mice were exposed to 2 mg/kg UCNPs for 40 h. Alveolar macrophages were extracted from
BALF and stained with Hoechst 33342 and Alexa Fluor 488-conjugated WGA for confocal imaging. IL-13 production was
measured in BALF by ELISA. (c) H & E staining of lung sections from the UCNP-exposed mice.
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that UCNP uptake into an acidifying environment, such
as the lysosome, leads to the release of RE ions at the
particle surface. High-affinity binding to bystander
phosphates leads to precipitation of REPO, on the
particle surfaces, leading to transformation into
mesh-like or urchin-shaped structures. Moreover, it
was demonstrated that this transformation can induce
lysosomal damage with cathepsin B release to the
cytosol. Subsequent assembly of the NLRP3 inflamma-
some and IL-1/ production can trigger pro-inflamma-
tory effects in vitro and in vivo. In order to stabilize the
UCNP surfaces to prevent phosphate complexation
and adverse biological outcomes, we used a series of
phosphonates to attempt to achieve surface passiva-
tion by high-affinity binding of these organophos-
phorus groups to RE atoms. Among the phos-
phonates tested, EDTMP was the most effective in
preventing particle transformation under acidic bio-
logical conditions, leading to the synthesis of UCNPs
that retain their imaging qualities, as well as exhibiting
low inflammatory potential in macrophages and the
lung. These results demonstrate EDTMP coating could
be used as an effective safer design procedure to
improve the biological applications of UCNPs.

UCNPs represent a new class of biological lumines-
cence materials that hold several advantages over
organic fluorescence probes and semiconductive quan-
tum dots.?° These advantages include autofluorescence-
free signal detection, a high signal-to-noise ratio,
narrowband fluorescence emission, large anti-Stokes
shift, absence of blinking, long emission lifetimes, and
resistance to photobleaching.®®3° A major finding in
this study is that RE-based UCNPs could lose their
fluorescence efficiency as a result of intracellular phos-
phate complexation to particle surfaces. Although the
interaction of cellular phosphates with UCNPs has
been observed in Hela cells, no mention was made
about physical transformation or an effect on fluores-
cence efficiency.*® Although decreases in fluorescence
intensity for PEl-, PEG-, or PAA-coated UCNPs have
been described in the liver, spleen, lung, or kidney
after intravenous injection, these decreases were inter-
preted as clearance of the injected particles with-
out consideration of physicochemical transforma-
tion."®?333 While Cheng et al. postulated that de-
creased fluorescence of intravenous injected UCNPs
in the liver could represent particle damage or decom-
position, no change in physicochemical composition
was demonstrated to explain the findings.>*** We
demonstrate that UCNP uptake and bioprocessing in
the acidic environment of the lysosome leads to a
change in particle composition due to REPO, precipi-
tation on the particle surface, in parallel with altered
crystallinity, shape, and size. This leads to increased
interatomic spacing of dopants (such as Er and Yb) in
the matrix, disrupting their homogeneous distribution
and electron transfer and reducing fluorescence
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efficiency.”""! It is also worth noting that the physi-
cochemical properties of RE-containing nanomaterials,
including composition, size, and shape, could influ-
ence the transformation kinetics as well as the ultimate
structure of the transformed products. In general, light
RE (Sc, La, Ce, Pr, Nd, Pm, Sm, Eu, and Gd) and heavy RE
(Y, Tb, Dy, Ho, Er, Tm, Yb, and Lu) materials show
different dissolution rates. Gupta et al. showed that
light RE materials dissolve faster than heavy RE materi-
als in water.*” This is in agreement with the findings of
this study, showing that light RE-based La(OH); UCNPs
form urchin-shaped structures due to their higher
dissolution rates, while the slower dissolution and
transformation of heavy RE-based NaYF, UCNPs result
in amorphous, mesh-like structures. In addition, parti-
cle shape affects the transformation kinetics. For in-
stance, rod-shaped La(OH); is slower to transform than
spherical particles, resulting in the formation of large
urchin-shaped structures (data not shown).

In addition to the loss of theirimaging properties, we
found that transformation of UCNPs can lead to the
assembly of the NLRP3 inflammasome that has not
been demonstrated previously for these particles,
which are generally considered as safe for biological
use.>® However, it is known that RE-containing particles
can induce pneumoconiosis in miners and polishers,
while Gd-based MRI contrast agents can lead to NSF in
renal failure patients.’®~2° We recently also demon-
strated that the REOs could induce NLRP3 inflamma-
some activation in macrophages and lung fibrosis in
mice.?® Similar to UCNPs, the mechanism of REO-
induced inflammation involves phosphate-induced
transformation in the lysosome, leading to damage
of the organelle, cathepsin B release, and inflamma-
some assembly.?® The mechanism of lysosome dam-
age includes the stripping of structural phosphates
from the lipid bilayer, as well as from strategically
important phosphoproteins in the cell.?**° These pro-
cesses also control the removal of NLRP3 inflamma-
somes through autophagosome fusion with the
lysosome.*® The accompanying disruption of autopha-
gic flux and inflammasome accumulation can enhance
the pro-inflammatory effects of RE-based nano-
materials.3® Thus, the prolonged and exaggerated
release of IL-15 in the lung can lead to pulmonary
fibrosis.?® Since it is possible that for bioimaging
purposes UCNPs may be delivered by intravenous,
subcutaneous, peritoneal, or oral routes, additional cell
types, organs, and biological processes could be sub-
jected to the effects of UCNPs. Thus, the safer design
method that we developed could help to expedite the
development of UCNPs for imaging applications.

A variety of approaches may be used to passivate
NP surfaces, including coating,**** doping,** and
encapsulation in a shell structure.**~*° For the pur-
poses of this study, we chose surface coating, based
on the previous observation of suppressing the
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physicochemical transformation and pro-inflammatory
effects of REOs through prior phosphate interactions
under neutral pH conditions.?® However, this form of
coating provides only weak and temporary passivation
of REO surfaces, which constitutes the basis for experi-
menting with organophosphate chelating agents. This
led to the identification of EDTMP, which contains four
organophosphate groups, as the most effective coat-
ing agent to protect against UCNP transformation. The
high-affinity binding of EDTMP to the particle surface
can be attributed to the unique complexation of
lanthanide atoms on the surface. The organophos-
phate ligand coordinates to the lanthanide atoms in a
hexadentate fashion, involving two nitrogen and four
oxygen atoms.” The tetrahedral phosphonic groups in
this complex limit the free space around the central RE
atoms, which are shielded from interacting with li-
gands such as water molecules. As a result, the EDTMP
coating is very stable, even under acidic biological
conditions. Interestingly, EDTMP can also effectively
chelate divalent metal ions, including Co", Fe", Zn", and
Cu" 332 It is possible, therefore, that this phosphonate
moiety could also be used effectively to coat the

MATERIALS AND METHODS

Materials. N-(Phosphonomethyl)iminodiacetic acid hydrate
(PMIDA) was purchased from Santa Cruz Biotechnology Inc.
(Dallas, TX, USA). (Aminomethyl)phosphonic acid (AMPA),
(3-bromopropyl)phosphonic acid (BPPA), poly(vinylpyrrolidone)
(PVP, wt 360 000), citrate, erbium(lll) chloride (99.99%), lantha-
num chloride (99.99%), ytterbium(lll) chloride hexahydrate
(99.99%), yttrium(lll) chloride (99.99%), oleic acid, and PEG-
coated NaYF,:Er/Yb UCNPs were purchased from Sigma-Aldrich
(St. Louis, MO, USA). We also synthesized NaYF,:2%Er/18%Yb
particles in-house by a modified thermolysis method as
reported.>? Ethylenediamine tetra(methylenephosphonic acid)
(EDTMP) was purchased from Tokyo Chemical Industry Co.
(Chuo-ku, Tokyo, Japan); Magic Red cathepsin B assay kit was
purchased from Immunochemistry (Bloomington, MN, USA);
Hoechst 33342 and the Alexa Fluor 488 conjugate of wheat
germ agglutin (WGA) were purchased from Life Technologies
(Grand Island, NY, USA). ELISA kits for detection of murine
and human IL-15 were purchased from BD Biosciences (San
Jose, CA, USA).

In-House Synthesis of La(OH);:Er/Yb Nanoparticles. We used a
hydrothermal method with minor modification to what
was previously reported.>* In a typical synthesis method, we
dissolved 0.97 mmol of lanthanum nitrate hexahydrate
(La(NO3)3¢6H,0), 0.01 mM of erbium nitrate pentahydrate
(Er(NOs)3-5H,0), and 0.02 mM of ytterbium nitrate pentahy-
drate (Yb(NOs)3-5H,0) in 20 mL of deionized water in a 60 mL
high-density polyethylene (HDPE) bottle. In another HDPE
bottle, 10 mL of a 10 wt % potassium hydroxide (KOH, >85%,
Sigma-Aldrich) aqueous solution was prepared. The KOH solu-
tion was then rapidly added to the lanthanide solution, and the
resulting mixture was vigorously mixed for 5 min before
transferring into a Teflon-lined stainless steel autoclave. All
reactions were carried out in an electric oven at 200 °C for
16 h under autogenous pressure and static conditions. After the
crystallization was complete, the autoclave was immediately
cooled in a water bath. The fresh, white precipitate was
separated by centrifugation and washed three times with
deionized water to remove ionic remnants. The final product
was dried at 60 °C overnight under ambient conditions.
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surfaces of transition metal nanoparticles, including
highly soluble materials such as ZnO and CuO. In
summary, EDTMP could be used as an effective coating
agent for RE-containing NPs, providing protection
against hazardous interactions with the acidifying
intracellular compartments, as well as preventing loss
of the fluorescence qualities of UCNPs.

CONCLUSIONS

We demonstrate that UCNPs, irrespective of size,
shape, and composition, can transform in acidifying
cellular compartments, which leads to a decline in their
imaging capabilities as well as generation of pro-
inflammatory effects. EDTMP coating could prevent
complexation to cellular phosphates, which has the
effect of preserving the fluorescence qualities as well as
preventing injurious effects in macrophages and the
murine lung. The protective effect of EDTMP can be
attributed to the strong complexation between EDTMP
and lanthanide atoms on the particle surface. Thus,
EDTMP coating could be used as an effective safer
design method for UCNP biological applications, with
the advantage of also preserving imaging properties.

Surface Coating. A 4 mg amount of UCNPs was dispersed in
20 mL of DI H,0 containing the coating materials (citrate, PVP,
PMIDA, AMPA, BPPA, or EDTMP) at concentrations ranging from
40 to 1000 ug/mL. UCNPs were reacted with these coating
molecules for 24 h at room temperature with magnetic stirring.
The particle solutions were centrifuged at 100 000 rpm/min for
1 h to collect the particle pellets. After washing with DI H,O, the
coated UCNPs were stored at 4 °C for further characterization
and use.

Preparation of UCNP Suspensions in Media. Coated or uncoated
UCNPs were suspended in DIH,0 at a concentration of 2 mg/mL
as stock solutions. These stock solutions were sonicated for
15 min in a bath sonicator (Branson, Danbury, CT, USA, model
2510; 100 W output power; 42 kHz frequencey). An appropriate
amount of each UCNP stock solution was added to cell culture
media or PBS to achieve the desired final concentrations. The
diluted UCNP suspensions were dispersed using a sonication
probe (Sonics & Materials, USA) at 32 W for 15 s before
introduction to cultured cells.

Physicochemical Characterization of UCNPs. Transmission electron
microscopy (TEM) was carried out on a JEOL 1200 EX instrument
(accelerating voltage 80 kV). TEM samples were prepared by
placing a drop of the particle suspensions (50 xg/mL in DI H,0)
on the grids and leaving them to air-dry at room temperature.
High-resolution transmission electron microscopy (HRTEM)
coupled with energy dispersive X-ray spectroscopy (EDX)
was used to examine fixed cell samples on a Titan S/TEM (FEl,
300 kV). Powder X-ray diffraction (XRD) spectra were obtained
on a Philips X'Pert Pro diffractometer, equipped with Cu
Kr radiation. Fourier transform infrared (FTIR) spectra were
collected using a Bruker Vertex 70 instrument. Dynamic light
scattering and analysis of zeta potential (Brookhaven Instru-
ments Corporation, Holtsville, NY, USA) were performed to
determine the hydrodynamic diameter and surface charge in
water and cell culture media, as previously described.?>*> An |
ICP-OES (ICPE-9000, Shimadzu, Japan) was used to examine rare
earth and phosphorus elements.

Detection of Emission Spectra and Animal Imaging. A Technica
MLL-11I-980-2w (2 W at 980 nm) laser was utilized as the exciting
source for abiotic experiments as well as for animal imaging.>®
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A SAHR 320 spectrograph/monochromator, coupled with a
PI-MAX intensified CCD camera from Princeton Instruments,
was used to record the fluorescence spectra. Briefly, the UCNP
samples were dispersed in H,0 at 2 mg/mL and placed in front
of the monochromator and the CCD camera. A 980 nm infrared
laser was used for sample excitation and generation of emission
spectra. For animal imaging, Balb/c mice were anaesthetized by
intraperitoneal injection of 100 uL of 1—2% isoflurane. The hair
on the back was shaved by a clipper. Untreated or PSF-treated
NaYF4:Er/Yb and EDTMP-NaYF,Er/Yb particles were subcuta-
neously injected in the back of the animals at 4 mg/kg (2 mg/kg
solution, 50 uL). The animals were placed in the laser field for
excitation of the injected UCNPs at 980 nm, followed by
imaging.

Cell Culture and IL-13 Detection by ELISA. THP-1 cells obtained
from ATCC (Manassas, VA, USA) were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum at 5% CO,
and 37 °C. Before exposure to UCNPs, aliquots of 5 x 10* cells
were primed by seeding in 0.1 mL of medium with 1 xg/mL
phorbol 12-myristate acetate overnight in 96-well plates
(Corning, NY, USA). For cellular exposure, UCNPs were sus-
pended in complete RPMI 1640, supplemented with 10 ng/mL
lipopolysaccharide. After 24 h exposure, IL-15 in the super-
natants was detected using a human ELISA kit.

Confocal Microscopy Imaging. Leica confocal SP2MP-FLIM and
SP2 1P/FCS microscopes were used to visualize UCNP uptake
and cathepsin B release, respectively, in THP-1 cells and alveolar
macrophages. High-magnification images were obtained under
the 63 x objective. To visualize UCNPs in cells, THP-1 cells were
treated with 25 ug/mL NaYF4Er/Yb or EDTMP-NaYF,:Er/Yb
particles for 4 h, followed by additional incubation for 0—20 h
in UCNP-free media. Alveolar macrophages were extracted from
C57BL/6 mice receiving coated or uncoated NaYF, UCNP
exposure for 40 h and then seeded in eight-well chambers
overnight. Both THP-1 cells and alveolar macrophages were
fixed and stained with Hoechst 33342 or Alexa Fluor 594 labeled
anti-LAMP1 to visualize nuclei or lysosomes, respectively.
For cathepsin B imaging, alveolar macrophages exposed
in vivo to 2 mg/kg UCNPs for 40 h by oropharyngeal instillation,
or THP-1 cells incubated with 50 ug/mL particles for 6 h, were
stained with fluorogenic cathepsin B substrate, using a Magic
Red cathepsin B kit. Cells were fixed and stained with Hoechst
33342 and an Alexa Fluor 488 conjugate of WGA to observe
nuclei and cell membranes, respectively.

Murine Exposure to UCNPs for Safety Test. Male C57BI/6 mice
(8 weeks old) were purchased from Charles River Laboratories
(Hollister, CA, USA) to test the safety of UCNPs. Standard
laboratory conditions were used for animal housing as per
UCLA guidelines as well as the NIH Guide for the Care and
Use of Laboratory Animals (DHEW78-23).>> Animals were ex-
posed to UCNPs using an oropharyngeal aspiration procedure
as described by us® Briefly, animals were anesthetized
by intraperitoneal injection of ketamine (100 mg/kg)/xylazine
(10 mg/kg) in a total volume of 100 uL and held in a vertical
position. Aliquots of 50 uL of UCNP suspensions in PBS were
instilled at the back of the tongue to allow pulmonary aspiration
of a final dose of 2 mg/kg. Crystalline silica (Min-U-Sil), at a dose
of 5 mg/kg, was used as a positive control. Animals were
sacrificed after 40 h to collect BALF and lung tissues. IL-153
production was measured in the BALF by ELISA. Lung tissue was
stained with hematoxylin/eosin (H&E) for histological evidence
of inflammation.

Statistical Analysis. Results were expressed as mean + SD of
multiple determinations from at least three separate experi-
ments. Statistical analysis was performed by one-way ANOVA or
Student's t test. The difference is regarded statistically signifi-
cant with p < 0.05.
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