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We studied the dissolution behavior of B NaYF,:Yb(20%), Er(2%) UCNP of two different sizes in
biologically relevant mediai.e., water (neutral pH), phosphate buffered saline (PBS), and Dulbecco’s
modified Eagle medium (DMEM) at different temperatures and particle concentrations. Special
emphasis was dedicated to assess the influence of different surface functionalizations, particularly the
potential of mesoporous and microporous silica shells of different thicknesses for UCNP stabilization
and protection. Dissolution was quantified electrochemically using a fluoride ion selective electrode
(ISE) and by inductively coupled plasma optical emission spectrometry (ICP OES). In addition,
dissolution was monitored fluorometrically. These experiments revealed that a thick microporous
silica shell drastically decreased dissolution. Our results also underline the critical influence of the
chemical composition of the aqueous environment on UCNP dissolution. In DMEM, we observed

the formation of a layer of adsorbed molecules on the UCNP surface that protected the UCNP from
dissolution and enhanced their fluorescence. Examination of this layer by X-ray photoelectron
spectroscopy (XPS) and mass spectrometry (MS) suggested that mainly phenylalanine, lysine, and
glucose are adsorbed from DMEM. These findings should be considered in the future for cellular
toxicity studies with UCNP and other nanoparticles and the design of new biocompatible surface
coatings.

Lanthanide-doped upconversion nanoparticles (UCNP) such as NaYF,:Yb,Er and NaYF,:Yb,Tm have been in the
focus of many studies in the last two decades due to their unique optical properties. This includes multiphotonic
excitation in the near-infrared (NIR) region'-%, emission of a multitude of characteristic narrow emission bands
at shorter (upconversion luminescence, UCL) and longer (downshifted luminescence, DSL) wavelengths than the
exciting photons’, long luminescence lifetimes®, and a high photostability’. These properties make them attrac-
tive fluorescent reporters for life sciences applications such as bioimaging®'?, in-vitro and in-vivo detection of
biomolecules'' ™", drug delivery'?, photodynamic therapy>*'*'¢, and biosensing®*. Utilization in bioimaging and
cellular studies requires, however, biocompatible particles that are sufficiently stable in diluted dispersions and
have no acute or chronic toxicity under application-relevant conditions'’~?. In the case of UCNP, this implies
they should not release potentially toxic constituents such as fluoride and lanthanide ions.

UCNP are commonly synthesized in apolar solvents using hydrophobic oleic acid as a capping agen
which makes them dispersible only in apolar solvents. To render them water dispersible for applications in bio-
logical systems, they must undergo surface modification either by ligand exchange or addition of a new coating
(ligand addition or encapsulation) on top of the initially present surface ligands?*-%. Several ligand exchange pro-
cedures have been reported so far***>?71, such as the exchange of the oleate ligands for polyacrylic acid (PAA)S,
polyethylene glycol (PEG)’, phosphonate ligands™, citrate®, or removal of the oleate ligand with NOBF,/DMF
yielding “naked” UCNP stabilized with electrostatically adsorbed BF, °. Alternatively, silica coatings have been
used that also enable further surface functionalization®, such as the covalent attachment of targeted biomolecules
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and sensor molecules*!’. UCNP surface chemistry is of considerable importance not only for shielding the
lanthanide ions of the UCNP from luminescence quenching molecules that contain moieties with high energy
vibrations such as ~-OH**-%, but also for UCNP dispersibility and colloidal stability in aqueous environments
and the prevention of UCNP dissolution upon dilution, thereby minimizing toxicity concerns*"*’. For years,
UCNP were assumed to be chemically inert, due to the very low solubility products of lanthanide fluorides in
water (e. g., K, =3.26x 1072 for LaF;)*®. The influence of size, surface-to-volume ratio, and surface curvature on
solubility products that are usually determined for larger size powders or bulk materials was neglected. However,
there appeared an increasing number of reports recently on the dissolution of UCNP like NaYF, -based materials
in aqueous environments under high dilution conditions '*~*%, leading to the release of fluoride and lanthanide
ions®**-%3. This raised concerns of UCNP biocompatibility and triggered toxicity studies'’.

In this work, we studied the stability of 20 nm and 30 nm-sized f-NaYF,:Yb(20%), Er(2%) UCNP from
one batch each with different surface chemistries such as polyacrylic acid (PAA) and citrate ligands as well as
mesoporous and microporous silica shells in different aqueous environments. Parameters addressed besides size
and surface chemistry include UCNP concentration (5 mg/L, 50 mg/L), temperature (room temperature and
body temperature), and the chemical composition of typically used aqueous environments like water (neutral
pH), PBS, and cell culture medium (DMEM). The release of fluoride and lanthanide ions was quantified with a
fluoride ion-selective electrode (ISE) and by inductively coupled plasma optical emission spectrometry (ICP-
OES), respectively. Size- and environment-sensitive upconversion luminescence (UCL) spectra and lumines-
cence lifetimes were utilized for UCNP stability monitoring. The investigation of organic molecules adsorbed
on the surface of UCNP aged in DMEM was conducted by X-ray photoelectron spectroscopy (XPS) and mass
spectrometry (MS).

Experimental

Materials. Lanthanide chlorides with high purity (99.99%) were used for the synthesis of the UCNP. Sodium
oleate (82%), oleic acid (90%, technical grade), octadecene (90%, technical grade), hexadecyltrimethylammo-
nium bromide (CTAB, 98%), citric acid (99.5%), diethylene glycol (DEG, 99%), N,N-dimethyl formamide (DMFE,
99.5%), nitrosyl tetrafluoroborate (95%), polyacrylic acid (MW =1800 Da), trisodium citrate dihydrate (95%),
tetraethyl orthosilicate for synthesis (98%), and ammonia solution (25% wt% in water) were obtained from
Sigma Aldrich (Germany) and used without further purification. ICP standard solutions (1000 mg/L in nitric
acid) used for calibration of the measurements quantifying fluoride and lanthanide ions were purchased from
Sigma Aldrich. Dulbecco’s Modified Eagle Medium (DMEM) (product number: D5546) was purchased from
Sigma Aldrich. The detailed composition of DMEM can be found in the supplementary information (Table S2,
SI). All solvents employed for the optical measurements were purchased from Sigma Aldrich in spectroscopic
grade. Water refers here to Milli-Q water.

Synthesis and surface modifications of the UCNP. NaYF,:20%Yb**,2%Er** UCNP were synthesized
according to a previously reported procedure?*?® with some modifications®*. Surface modifications and sil-
ica coating experiments followed published procedures**~*. The detailed synthesis and characterization of the
UCNP are provided in the supplementary information (SI).

Surface modified UCNP were stored in absolute ethanol, except for bare UCNP that were stored in dimethyl
formamide (DMF). Stock solutions of the different UCNP (5 mg/mL) were stored in the fridge (at 4 °C) after
surface modification and prior to their use in aging studies.

Structural analysis. Electron microscopy. Transmission scanning electron microscopy (TSEM) images
were recorded with a Hitachi SU 8030 scanning electron microscope in TSEM mode with an electron accelera-
tion voltage of 30 kV and a current of 20 pA. A droplet of a dilute dispersion of the particles was dried on a
carbon-coated copper grid (Cu 400 mesh, Quantifoil).

Zeta potential measurements. Zeta potential measurements of the surface-modified UCNP were performed
with a DLS Zeta Potential Analyzer, Zetasizer Nano ZS90 (Malvern). Measurements were carried out for UCNP
dispersions in MilliQ water at room temperature, the samples were placed in Zetasizer Nano ZS in capillary zeta
cells DTS 1070 from Malvern Instruments.

X-ray diffraction measurements. X-ray diffraction measurements were performed with a STOE STADI P pow-
der diffractometer with a Cu tube, a scan speed of 0.2-degree step/120 s, a tube voltage of 40 kV and a tube cur-
rent of 30 mA in transmission geometry.

Absorption and fluorescence measurements.  Absorption spectra were measured with a CARY 5000 absorption
spectrometer (Varian) and fluorescence spectra were obtained with a calibrated FSP920 fluorescence spectrom-
eter (Edinburgh Instruments) equipped with a xenon lamp and a 2 W 980 nm laser diode. Emission decay
kinetics and lifetimes were obtained with FLS980 and FLS920 fluorescence lifetime spectrometers (Edinburgh
Instruments). All measurements were carried out at room temperature in 1 cm quartz cells (Hellma) using an
excitation wavelength of 976 nm and identical measurement conditions (i.e., excitation power density etc.). The
lifetimes of the Yb*" and Er** emission bands were obtained from the decay profiles recorded at 1010 nm and
545 nm using a tail fit with a biexponential decay. For the time-resolved UCL studies, all samples were dispersed
in water and the measurements were carried out at the same excitation power density (75 W/cm?) to enable a
direct comparison of the excitation power density-dependent UCL behavior.
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Quantification of the components released from the UCNP.  Quantification of the released lanthanide ions was
carried out by ICP-OES using a Model: FHX, 76004553 spectrometer from SPECTRO Arcos-EOP. The amount
of released fluoride ions was determined with a fluoride ion-selective electrode (ISE) from Metrohm AG, Swit-
zerland.

XPS measurements. The XPS spectra of UCNP were measured with an AXIS Ultra DLD photoelectron spec-
trometer (Kratos Analytical, Manchester, UK) with monochromatic Al Ka radiation (E=1486.6 eV) at a pres-
sure below 1x107® mbar. The electron emission angle was 0° and the source-to-analyzer angle was 60°. The
binding energy scale of the instrument was calibrated following a procedure from Kratos which uses ISO 15472
binding energy data®. XPS spectra were recorded by setting the instrument to the hybrid lens mode and the
slot mode with a 300x 700 um? analysis area. Furthermore, the charge neutralizer was used. All spectra were
recorded in the fixed analyzer transmission (FAT) mode. The binding energies were referenced to the Cls peak
of aliphatic carbon at 285.0 eV. Before determining the peak area and fitting, the background was subtracted
using a modified Toogaard background®'. For the quantification, the survey spectra obtained with a pass energy
of 80 eV were used. The peak intensities were corrected for the appropriate Scofield factors, the inelastic mean
free path, and the intensity response function of the instrument. The maximum relative uncertainty for the
composition was+20%. The chemical species were determined with fits of the peaks measured at high resolu-
tion (pass energy of 20 eV). For the fits, a combination of Gaussian-Lorentzian peak profiles was used®'. The
uncertainty of the binding energy was around+0.4 eV. For sample preparation, 1 mg of UCNP-Bare-20 nm
was redispersed in 1 mL of DMEM for one hour at room temperature under vortex shaking, the sample was
centrifuged, and the supernatant was removed. The pellet was redispersed in 10pL of water and the solution was
drop-casted on a silicon wafer (cut in about 1x 1 cm? shaped pieces).

MS measurements. A unit-resolution 3D ion trap mass spectrometer (Thermo LCQ Deca XP) was used to
record all mass spectra. The mass range was set to m/z 50 to 450. The automatic gain control (AGC) was disabled
to maintain a consistent mass-spectral acquisition rate at~3 spectra/s. The injection time was set to 45 ms at
1 micro scan (without hardware averaging). The ionization method used has been previously described®?. An
in-house built device similar to a surface acoustic wave nebulizer (SAWN) was used to introduce the sample in
a pulsed fashion. The sample was first mixed with methanol (HPLC grade) in a volumetric ratio of 1:2. In each
sample analysis, 10 pL of the sample solution was applied on the surface of the nebulizer. The nebulizer was
activated for 10 s each time. This pulsed sample introduction allowed the application of cross correlation for
data processing™. Analyte-related ions appeared only during this period, because the samples were introduced
in a defined time window. The background ions were automatically flagged and removed from the mass spectra.

For sample preparation, 1 mg of UCNP-bare-20 was incubated in 1 mL of DMEM for 1 h at room temperature
under vortex shaking (same conditions as for XPS). The sample was centrifuged, the supernatant was removed,
redispersed in 100uL of Phosphate Buffer (100 mM; pH 7.4) and incubated for 6 h at 60 °C to dissolve the particles
and release the adsorbed molecules from the particle surface. Afterwards, the sample was centrifuged for 15 min
at 16.1 k rcf to remove insoluble components, and the supernatant was analyzed by MS.

Aging experiments. The desired amount of UCNP (0.005 mg for starting concentration of 5 mg/L or
0.05 mg for starting concentration 50 mg/L) was re-dispersed in 10 mL of the aqueous medium of interest in a
15 mL centrifuge tube, and then kept on a vortex shaker for six hours. Afterwards, the solution was centrifuged,
the supernatant was collected with a pipette, the residual UCNP were re-dispersed in 10 mL of the same aqueous
medium and allowed to shake on the vortex shaker for another nine hours. The supernatant was collected again,
kept after each centrifugation step for ICP-OES and ISE measurements, and the same procedure was repeated for
all other time points of the experiments. Additionally, the solid UCNP residue after the last time point was used
for optical measurements. A schematic representation of the procedure is shown in Fig. 1.

Results and discussion

The samples studied and abbreviations used, reflecting their core size and surface chemistry, are summarized
in Table 1. As summarized in Fig. 1, the as-synthesized UCNP and the surface modified UCNP were character-
ized by transmission scanning electron microscopy (TSEM) images, absorption and emission spectra as well
as X-ray diffraction (XRD) diffractograms that are shown in the SI (Figures S1-S4). Thin (10 nm) and a thick
(73 nm) microporous silica shells as well as a mesoporous silica shell (23 nm) were applied to 30 nm UCNP,
and the corresponding TSEM images are shown in the SI (Figure S1). Ligand exchange was supported by zeta
potential measurements as shown in the supplementary information (Table S3, SI). 20 nm and 30 nm-sized
B-NaYF,:20%YDb**, 2%Er** UCNP with different surface chemistries were dispersed in concentrations of 5 and
50 mg/L in water, PBS, and DMEM and aged for time intervals of 6, 15, 24, 48, and 72 h at room temperature
and at 37 °C. The supernatants were collected from the samples after aging and were kept for further analysis of
the released ions by ICP-OES and ISE measurements.

As the aging experiments were performed for UCNP of different core sizes, surface coatings, and starting
concentrations, a direct comparison of the results based solely on the moles of released ions obtained from
ICP-OES and ISE measurements can be misleading. To consider UCNP size and concentration, we therefore
calculated the fractions of the number of released ions of the element of interest to the total number of ions of
the same element present in the UCNP before aging for quantifying ion release and comparing the different
UCNP types and aging scenarios. In the following, this quantity is referred to as “mole fraction of the element”
for convenience, bearing in mind that this definition deviates from the conventional definition of a mole fraction
of an element in a given chemical system.
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Figure 1. Schematic representation of the aging procedure used here for the different UCNP, exemplarily
shown for water.

UCNP with different surface coatings

Sample ID Surface coating | Diameter (nm)
UC-bare-20* BE, 20

UC-bare-30* BF, 30

UC-citrate-20 Citrate 20

UC-citrate-30 Citrate 30

UC-PAA-20 Polyacrylicacid | 20

UC-PAA-30 Polyacrylicacid | 30

UCNP coated with silica (UCNP diameter for all samples is
30 nm)

Sample ID Shell porosity Shell thickness (nm)
UC-mSiO,-NH; Mesoporous 23
UC-mSiO,-NaOH | Mesoporous 23

UC-SiO,-thin Microporous 10

UC-SiO,-thick Microporous 73

Table 1. UCNP samples used for the aging studies including terminology used. *Oleate ligands were removed
and the UCNP were electrostatically stabilized by surface adsorbed BF, after ligand exchange.

Influence of UCNP size and surface ligand on dissolution. The results of the stability studies with
differently sized UCNP bearing either coordinatively bound surface ligands or with ligand-free (bare) UCNP
are summarized in Fig. 2. As shown in Fig. 2A, ion release was observed for all UCNP regardless of their surface
chemistry. Moreover, the relative percentages of the released ions were consistent with the composition of the
unaged UCNP (78% Y**, 20% Yb** and 2% Er**), see Table S4, SI. Therefore, only the results of Y*>* and F are
presented in the following sections. The Y** ion was chosen because it is the main constituent of the UCNP and
hence its detection in the supernatant by ICP-OES can be achieved with a higher accuracy and a smaller uncer-
tainty than the quantification of less abundant Yb** and Er**.

The fractions of the released ions clearly depended on UCNP concentration and chemical nature of the
surface coatings (Figure S5, SI). 20 nm UCNP (blue bars) have a higher tendency to release lanthanide ions and
dissolve than their 30 nm UCNP counterparts (orange bars) with a similar surface chemistry. The same trend
was observed for the release of fluoride ions (Fig. 2B). This highlights the influence of both the surface area in
contact with the surrounding medium and nanoparticle curvature. However, the influence of UCNP surface
chemistry on particle dissolution was small compared to the influence of the chemical composition of the aque-
ous medium used for the aging studies.
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Figure 2. (A) Mole fractions of Y** released from UCNP with different surface ligands determined for two core
sizes (blue: 20 nm, orange: 30 nm) after 72 h of aging in water at room temperature. (B) Mole fractions of F-
released from UCNP of different particle size and surface functionalizations determined for two different initial
UCNP concentrations (green: 5 mg/L, red: 50 mg/L). The samples were aged in water at room temperature for
72 h.

Effect of UCNP concentration. For bare and ligand stabilized UCNP, ion release in water was more sig-
nificant for diluted UCNP dispersions with particle concentrations of 5 mg/L compared to UCNP dispersions
containing 50 mg/L of nanoparticles. This trend was observed for all UCNP dispersions studied regardless of
UCNP surface coating (Fig. 2B). This observation reflects the trend reported e.g., by Dukhno et al.*, and is in
agreement with observations with other types of nanoparticles like semiconductor quantum dots with coordi-
natively bound surface ligands that can desorb upon dilution. In principle, UCNP dissolution can be prevented
by addition of NaF, as shown by other groups54’55, which shifts the dissolution equilibrium towards the solid, i.e.,
nanoparticle system. However, adding potentially hazardous fluoride ions is not an option for applying UCNP
in biological systems. Nanoparticle concentrations commonly used in in-vitro studies range from 1 to 100 ppm
(ug/mL)'*2*%, Verma et al. showed that fluoride concentrations of 120 ppm decreased cell viability up to 60%".
Although fluoride is generally considered toxic at concentrations above 15 ppm*#?, long term exposure (up to
5 days) to non-lethal fluoride concentrations as low as 5 ppb of F were shown to decrease cellular DNA synthesis
and a F concentration of 38 ppb almost completely inhibited it*'.

Considering that the concentration of released fluoride ions in our experiments was in the range of 1-5 ppm
after incubation for 72 h in water for all samples studied here (see SI, Tables S5-S6), this confirms the concerns
raised regarding the biocompatibility of bare, citrate- and PAA-stabilized UCNP.

Shelling with meso- and microporous silica. Two different silica shells were applied, a mesoporous
and a microporous silica shell. A mesoporous coating yields a highly porous silica surface which is beneficial for
many life science applications'®!54>*%% while a microporous silica shell is expected to provide a better surface
protection, and consequently, a lower tendency towards core nanoparticle dissolution. For the preparation of the
mesoporous silica shell, ammonia solution or sodium hydroxide were used as basic catalysts for the hydrolysis
of TEOS®. For this study, a thin (10 nm) and a thick (73 nm) microporous silica shells as well as a mesoporous
silica shell (23 nm) were applied to 30 nm UCNP and the particles were then aged under similar conditions as
previously employed for UCNP surface-stabilized with organic ligands (see Fig. 3A,B). UC-bare-30 were used
as a control (see Fig. 3, red curve). As shown in Fig. 3, shelling with a mesoporous silica shell decreased UCNP
dissolution by 55% for UC-mSiO,-NHj; and 39% for UC-mSiO,-NaOH relative to the bare control sample. The
number of ions released from UCNP coated with a thick microporous silica shell was negligible, which clearly
demonstrates that a thicker silica shell provided a better protection for the UCNP against dissolution.

Effect of temperature. Subsequently, UCNP dissolution was studied at room temperature and at 37 °C
mimicking in-vitro and in-vivo conditions for the more stable silica-shelled UCNP. Aging of the silica coated
samples at body temperature was used to assess the efficiency of silica coating in dissolution prevention or inhi-
bition for cellular and bioimaging studies. As summarized in Fig. 3C,D, dissolution is typically enhanced at a
higher temperature. As expected, the dissolution of the UCNP coated with a thin microporous or a mesoporous
shell increased with increasing temperature while UCNP coated with a thick microporous silica shell remained
stable also at 37 °C.

Effect of the chemical composition of the aqueous medium.  We assessed the stability of our ligand-
stabilized and silica coated UCNP in water, PBS and in DMEM (which is used in cell culture experiments). The
results, summarized in Fig. 4, reveal the strongest dissolution of UCNP in PBS, as indicated by the increased
amount of released fluoride ions. This is ascribed to the high tendency of lanthanide ions to form stable com-
plexes with phosphates and agrees well with the findings of Lisjak et. al®’. However, we could not detect lan-
thanide ions in the supernatants after UCNP aging in PBS. This finding is ascribed to the low solubility and
precipitation of the lanthanide phosphate complexes formed. The most intriguing effects were observed for
aging UCNP with different surface chemistries in DMEM, which contains a mixture of biomolecules such as
amino acids, sugars, vitamins, and salts (Table S2, SI). In this case, only very small amounts of fluoride ions
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Figure 3. Comparison of the dissolution behavior of 30 nm bare UCNP (red line) to 30 nm UCNP with
different silica coatings (see legend) in water at room temperature for up to 72 h and a UCNP concentration
of 50 mg/L. (A) shows the Y** concentrations obtained by ICP/OES and (B) shows the concentrations of F~
obtained by ISE. (C) shows released Yttrium ion concentrations obtained by ICP/OES and (D) shows released
fluoride ion concentrations measured by ISE. The lines are only a guide to the eye.

UC-bare-20 UC-citrate-20 UC-mSiO2-NH3 UC-mSi02-NaOH

®H20 mPBS mDMEM

UC-si02-thin UC-8i02-thick

Figure 4. Mole fractions of fluoride ions released from UCNP (50 mg/L) with different surface chemistries
upon aging for 72 h in different solvents: water at RT (H,O, blue bar), PBS at RT (PBS, grey bar), and cell culture
medium at 37 °C (DMEM, dark red bar).

were released for all UCNP studied as shown in Fig. 4. This strongly enhanced UCNP stability is ascribed to the
formation of a protective corona of adsorbed biomolecules on the UCNP surface, similar to the formation of a
protein corona observed for many nanoparticle systems in plasma and in intracellular fluids which is known to

significantly affect nanoparticle toxicity®~+.

Fluorescence monitoring of UCNP aging. Since UCNP dissolution causes a decrease in UCNP size®,
and the intensity and relative spectral distribution of UCL and particularly the luminescence decay kinetics of the
Yb** emission depend on UCNP size and microenvironment?»*>*4¢263 [uminescence measurements were used
to monitor UCNP dissolution. Thereby, we examined the UCL features and the downshifted Yb** emission of the
fresh and aged UCNP samples varying in core size, surface chemistry, and UCNP concentration using identical
instrument settings (particularly matching excitation power densities). The results of the lifetime measurements
are summarized in Fig. 5, and the lifetimes are given in the SI (Table S8). As shown in Fig. 5A, aging of UCNP in
water has only a small influence on the relative spectral distribution of the normalized emission spectra obtained
at the same excitation power density and also on the red-to-green ratio of the Er** emission bands. Therefore,
for monitoring the dissolution effects, we focused solely on measurements of the luminescence lifetimes of the
Yb** and the green Er’* emission excited via energy transfer upconversion (ETU) as these parameters have been
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Figure 5. (A) Normalized UCL emission spectra of fresh (black line) and aged (red line) 20 nm citrate

coated UCNP excited at 976 nm and normalized to the red emission at 655 nm. (B) Decay kinetics of the Yb**
luminescence of fresh (orange, dotted line) and aged (orange, solid line) UCNP coated with a thin silica shell
and stabilized with citrate (green, dotted and solid lines) excited at 976 nm and detected at 1010 nm. For the
time-resolved studies, an excitation power density of 75 W/cm? was used. Aged samples were incubated in water
for 48 h, collected by centrifugation, and then redispersed in water; fresh samples were dispersed in water and
measured immediately.

previously identified to respond sensitively to aging-induced changes®>%*. Moreover, the decay kinetics are inde-

pendent of UCNP concentration and are more easily accessible for very dilute samples. Figure 5B highlights the
noticeable dilution-induced decrease in the luminescence lifetimes of the Yb** of the aged UCNP compared to
the fresh UCNP in water, exemplarily for 20 nm-sized UCNP coated with citrate and a thin microporous silica
shell, respectively. The variation in the lifetimes of the aged UCNP coated with a thin silica shell compared to
the lifetimes of their unaged counterparts suggests particles dissolution. Apparently, a 10 nm silica shell is not
sufficient for inhibiting particle dissolution. Similar changes in luminescence decay kinetics of Yb** reflecting
the trends observed in the previously discussed analytical studies were obtained for the other UCNP samples
except for aging in DMEM. Here, time-resolved luminescence measurements with UCNP, as shown exemplarily
for bare and citrate stabilized UCNP in Fig. 6, revealed a considerable increase in the Yb*" luminescence lifetime.
This suggests a shielding of the UCNP surface for the DMEM-aged samples, thereby supporting the hypothesis
of the formation of a protective bio-corona on the surface of the UCNP.

XPS and MS study of the organic surface layer formed in DMEM.  To gain more information on the
DMEM-induced surface modification and the DMEM components on the UCNP surface, we subsequently ana-
lysed DMEM-aged samples with XPS and MS. First, XPS measurements of UC-bare-20 nanoparticles before and
after incubation in DMEM were performed to study changes in the surface chemistry. The particles were incu-
bated in DMEM, isolated by centrifugation, redispersed in 10 pL of water, cast on a silicon wafer, and left to dry
(see also Materials and Methods section). While the transfer to water seems to cause partial dissociation of the
organic layer from the UCNP surface as revealed by lifetime measurements shown in the SI (Figure S9), parts of
the adsorbed layer of DMEM constituents still remain on the particle surface as revealed by the still slightly pro-
longated decay behavior of the DSL compared to the starting UCNP (see SI, Figure S9, comparison of green and
blue decay curves). Hence, the organic components detected by XPS after UCNP drying are associated with the
DMEM-aged UCNP sample. The XPS measurements after incubation in DMEM showed—besides the presence
of inorganic components from the UCNP themselves (Y**, F~ and Na* ions)—also the presence of new nitrogen-
containing species and changes in the relative amounts of carbon and oxygen species. This is ascribed to the
adsorption of organic molecules on the surface of the UCNP (see Tables S10 and S11, SI). To further investigate
the DMEM components adsorbed on the UCNP surface, we also performed MS analyses. Again, we incubated
a sample of UC-bare-20 nanoparticles in DMEM in an identical procedure to that used for preparing the XPS
sample and isolated the DMEM-surface modified particles by centrifugation. Then, the molecules adsorbed on
the UCNP surface were desorbed by placing the UCNP in phosphate buffer and the mass spectra of the result-
ing solution (containing the molecules desorbed in phosphate buffer) were measured. Based on the well-known
chemical context of DMEM, we could assign the peaks found in the measured sample by interpreting their m/z
with respect to the possible DMEM components shown in the SI (Table S2). One should bear in mind again
that all organic compounds detected in the solution by MS had to come either from DMEM components that
were introduced together with the sample and hence previously adsorbed on the UCNP surface, or from traces
of oleic acid or DMF that remained associated with the nanoparticle surface after the ligand exchange process.
MS analysis of the supernatant led to six main peaks as shown in Fig. 7. The peaks at m/z 148 and m/z 170 were
assigned to [Lysine+H]* and [Lysine + Na]*, the peak at m/z 166 to [Phenylalanine + H]", and the peak at m/z
220 to [Glucose + Na]* (isobar with [myo-Inositol + Na]*), respectively. Likely candidates for the peaks at m/z 74
and 96 are [Dimethylformamide + H]* and [Dimethylformamide + Na]*, respectively.

Scientific Reports |

(2020) 10:19318 | https://doi.org/10.1038/s41598-020-76116-z nature research



www.nature.com/scientificreports/

- = - UC-bare-unaged
—— UC-bare-48h-DMEM

- - - UC-citrate-unaged
—— UC-citrate-48h-water
1000

7}

c

>

o

A

P

2

3 100 4

£

10 T T
300 400 500 600 700
Time (us)

Figure 6. Decay curves of fresh (red, dotted line) and DMEM-aged (red, solid line, red) 20 nm bare UCNP and
fresh (dotted line, blue) and H,0-aged (straight line, blue) 20 nm UC-citrate nanoparticles. The aged UCNP
were collected and redispersed in milli-Q water for the measurement of the decay kinetics. The Yb*" emission
was excited at 976 nm and detected at 1010 nm.
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Figure 7. Mass spectrum of the aqueous solution containing components of the “corona” layer that results from
incubating UCNP in DMEM.

Conclusion and outlook

We present a systematic study on the aging and dissolution of 20 nm- and 30 nm-sized 3-NaYF4:Yb,Er upconver-
sion nanoparticles (UCNP), surface-stabilized with the coordinatively bound ligands citrate and polyacrylic acid
(PAA) or with mesoporous or microporous silica shells of different thickness in water of neutral pH, phosphate
buffer saline (PBS) solution, and the cell culture medium DMEM at room temperature and 37 °C.
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Particle dissolution was quantified with a fluoride-selective electrode and inductively coupled plasma opti-
cal emission spectroscopy. Our results revealed that a reduced particle size, an increased temperature, and a
decreased UCNP concentration, particularly for UCNP with coordinatively bound ligands, all favour UCNP
dissolution. These findings agree well with the results from previous studies. Dissolution was more pronounced
in PBS containing lanthanide-binding phosphate anions compared to water. Silica shelling of the UCNP surface
considerably improved particle stability in water and in PBS under all conditions assessed, and a sufficiently
thick microporous silica shell proved to be able to protect UCNP from dissolution. Here, further studies are
required to optimize the thickness of the silica shell regarding optimum protection with minimum thickness,
as the size of a nanoparticle can be an important parameter for many biological and bioanalytical applications.

Surprisingly, DMEM led to a strong stabilization of all UCNP. This was ascribed to the formation of a sur-
face-shielding bio-corona of adsorbed DMEM constituents that prevented the release of detectable amounts of
fluoride and lanthanide ions. The formation of such a bio-corona was supported by an increase in the lifetime of
the downshifted Yb** emission which is known to respond strongly to the presence of nearby surface quenchers
containing high energy vibrations, such as water molecules. XPS measurements revealed the presence of a high
percentage of carbon, oxygen, and nitrogen on the UCNP surface, originating from organic DMEM compounds.
Mass spectrometry measurements further suggested that phenylalanine, lysine, and glucose are the main DMEM
constituents that adsorb on the surface of the UCNP. Further in depth-studies of the formation and identity of
this corona layer, as well as its utilization to engineer new surface coatings based on similar motifs will be done
in the future for developing protective biocompatible coatings.

Moreover, our findings concerning the formation of a surface protective layer originating from DMEM on
the UCNP have a large impact on the interpretation of cytotoxicity studies of nanoparticles that normally use
nanoparticles dispersed in cell culture medium prior to their incubation with cells. For example, this could pos-
sibly explain the low cytotoxicity of UCNP previously reported in the literature, despite the fact that the same
particles show non-negligible dissolution and release of potentially harmful ions such as Fluoride and heavy
metals in water and buffer up to levels that might cause cytotoxic effects. This suggests that further in-vitro and
in-vivo studies are required to draw conclusions about the UCNP cytotoxicity.
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