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Abstract
[bookmark: _GoBack]NaYF4 nanoparticles codoped with Yb3+ and Tm3+ exhibit upconversion fluorescence in near-infrared and visible spectral range. Consequently, such upconverting nanoparticles (UCNPs) can be used as contrast agents in medical diagnostics and bioassays. However, they are not chemically stable in aqueous dispersions, especially in phosphate solutions. Protective amphiphilic-polymer coatings based on poly(maleic anhydride-alt-octadec-1-ene) (PMAO) and bis(hexamethylene)triamine (BHMT) were optimised to improve the chemical stability of UCNPs under simulated physiological conditions. The bare and coated UCNPs were analysed with transmission electron microscopy and their UC fluorescence spectra were measured. The colloidal stability of aqueous dispersions of bare and coated UCNPs was assessed by dynamic light scattering and measurements of zeta potential. The dissolution of UCNP in phosphate-buffered saline at 37 °C, was assessed potentiometrically by measuring the concentration of the dissolved fluoride. Protection against the dissolution of UCNPs with the PMAO coating was achieved if PMAO was crosslinked with BHMT or not. 
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1. Introduction
Upconverting nanoparticles (UCNPs) show great potential for various applications in biomedicine as multimodal contrast agents in bioimaging and bioanalysis, nanothermometry, biosensorics and nanotheranostics.1–4 These applications are based on the UC fluorescence of visible or near-infrared (NIR) light. The sensitising Yb3+ ions are excited with NIR light around 980 nm, and the absorbed energy is transferred to the activator Er3+, Yb3+ or Ho3+ ions emitting light with lower wavelengths.5 The NIR emission of Tm3+ around 808 nm is of particular interest for biomedicine, due to its deeper penetration in  biological tissues compared to visible or ultraviolet light. To achieve a high quantum yield of UC fluorescence, fluoride crystalline matrices are preferred to incorporate lanthanide dopants. One of such matrices is -NaYF4 with hexagonal structure, where Na+ and Y3+ occupy two different sites among the closed packed F ions.6  
The first condition for practical application of any nanoparticles is their chemical and colloidal stability, which strongly depend on their surface chemistry and surrounding medium. Nanoparticles are prone to fast surface reactions, dissolution and severe agglomeration due to their large surface area. Specifically, UCNPs intended for biomedicine must be stable in aqueous media, including physiological buffers. The colloidal stability of nanoparticles is achieved by optimising their surface chemistry to induce: (i) electrostatic repulsion by tuning the surface charge or/and (ii) steric repulsion with large molecules (e.g., polymers). The chemical and colloidal stability of nanoparticles becomes more challenging with the increasing complexity of the aqueous media. The primary origin of the colloidal destabilisation of nanoparticles in physiological buffers is high ionic strength that decreases the repulsive electrostatic energy between the nanoparticles, which is otherwise sufficiently high in pure water. Additionaly, the colloidal destabilisation of nanoparticles in complex aqueous media can also be induced by the exchange of the stabilising surface ligands with species having a higher affinity towards the surface metal ions but lower surface charge. Similarly, the dissolution of nanoparticles can be promoted when the exchanging species bond more strongly with the surface ions than the latter are bonded with the crystalline core. For example, the fluoride-based UCNPs dissolve in phosphate solutions (e.g., in phosphate-buffered saline; PBS) due to strong interaction between the surface rare-earth ions and dissolved phosphate ions, thus inducing the coprecipitation of highly stable rare-earth phosphates.7 Any dissolution of fluoride-based UCNPs in vivo can cause various adverse effects4,8–11 which  questions their suitability for applications in biomedicine. The protection of fluoride-based UCNPs against the dissolution and interaction with solutes from the surrounding media is necessary also to ensure stable optical properties. It was shown that even a minor dissolution of the NaYF4-UCNPs deteriorates their UC fluorescence properties,12–15 limiting their general applicability. 
Possible protective coatings against the dissolution of the NaYF4-based UCNPs in aqueous media were studied in the last few years, starting from silica and phosphonates to more complex polymer coatings.15–21 Most of these coatings decelerated the dissolution of the UCNPs in water or PBS at room temperature. However, only thick microporous silica coating and amphiphilic poly(maleic anhydride-alt-octadec-1-ene) crosslinked with bis(hexamethylene)triamine (PMAO-BHMT) coating significantly suppressed the dissolution of NaYF4-UCNPs in PBS at body temperature. Under the same conditions, bare UCNPs almost completely disintegrated.16,20 Such a high protective efficiency of the thick silica coatings was attributed to the mechanical barrier for the diffusion of aqueous molecules and solute ions to/from the UCNPs surface. Alternatively, the protection of UCNPs by the PMAO-BHMT was attributed to the coating stability, achieved by crosslinking PMAO with BHMT at the UCNPs surfaces. 
This study focuses on amphiphilic coatings since they have been recognised as a suitable strategy towards biocompatible inorganic NPs.22 We hypothesise that a hydrophobic surface layer from an amphiphilic polymer can form an effective diffusion barrier and suppresses the dissolution of UCNPs. We coated Yb3+,Tm3+-codoped -NaYF4 with different surface fractions of amphiphilic PMAO or PMAO additionally crosslinked with BHMT (PMAO-BHMT, Scheme 1). We compared the colloidal and chemical stability of differently coated UCNPs in aqueous media.
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Scheme 1. Chemical formulae of poly(maleic anhydride-alt-octadec-1-ene) (PMAO) and bis(hexamethylene)triamine (BHMT) with a schematic presentation of the PMAO (top) and PMAO-BHMT (bottom) coating on an upconverting nanoparticle (UCNP). The inner layer of the coating (yellow) is hydrophobic, while the outer layer is hydrophilic. 


2. Experimental
2.1. Chemicals
Unless otherwise specified, chemicals were used as received. Deionised water was used in all experiments. Ammonium fluoride (98.0%), yttrium(III) chloride hydrate (99.99%), ytterbium(III) chloride hydrate (99.9%), thulium(III) chloride hydrate (99.9%), 1-octadecene (tech. 90%) and oleic acid (tech. 90%) were purchased from Alfa Aesar. The concentration of rare earths in chlorides were determined with an inductively-coupled optical emission spectrometer (ICO-OES, Agilent 720). Poly(maleic anhydride-alt-1-octadecene) (PMAO, Mm 30000-50000), bis(hexamethylene)triamine (BHMT, high purity), sodium hydroxide (≥98%) and chloroform (≥99.8%) were purchased from Sigma Aldrich. Acetone (≥99.8%) and absolute ethanol (≥99.9%) were purchased from Carlo Erba Reagents, while methanol (100%) was purchased from VWR Chemicals. Phosphate-buffered saline (PBS, 10x) was purchased from Alfa Aesar and diluted 10-times before usage to mimic blood's pH and ionic strength.

2.2. Materials 
-NaYF4 upconverting nanoparticles codoped with Yb3+ and Tm3+ (named shortly as UCNPs in the subsequent text) with nominal composition NaY0.78Yb0.20Tm0.02F4 were synthesised with a high-temperature coprecipitation, similarly as reported previously.23,24 In short, lanthanide chlorides (2 mmol) in the stoichiometric ratio were mixed with 12 ml of oleic acid and 30 ml of 1-octadecene in a 100 ml three-neck flask and heated to 156 °C for 30 min.  After that, the solution was cooled down to 70 °C, and 10 ml methanol solution of NH4F (8 mmol) and NaOH (5 mmol) was slowly added. The mixture was stirred for 40 min at 50 °C until methanol evaporated. After that, the solution was heated to 300 °C under an argon atmosphere for 1.5 h. When the reaction solution cooled down to room temperature, acetone was added to sediment the UCNPs. UCNPs were washed several times with ethanol and deionised water, centrifuged (3016 rcf for 5 min), and finally dispersed in chloroform. Three UCNPs batches were distinguished by the average particle diameter (Table 1 and Figure S1 in Supporting Information).
The UCNPs were coated with poly(maleic anhydride-alt-octadec-1-ene) (PMAO) and subsequently crosslinked with bis(hexamethylene)triamine (BHMT) by optimising the procedure from Ref.25. In short, as-synthesised UCNPs in chloroform were diluted to a concentration of 0.1 mg/ml. The nominal fraction of the PMAO monomer units per UCNPs' surface varied between n = 7–300 MAO/nm2. First, a chloroform solution of PMAO polymer (100 mg/ml) was admixed to the diluted UCNPs dispersion in a 50-ml flask and stirred for 2 h. Then chloroform solution of BHMT (50 mg/ml) was added with the ratio of 0.5–30 BHMT molecules/nm2 (i.e., MAO:BHMT = 10:1) and mixed for 30 min. After mixing, chloroform was evaporated using a rotary evaporator. The solid residual was re-dispersed in 20 ml of water with 0.5 ml of 1M NaOH and sonicated for 30 min. The dispersion was first filtered with 0.45 µm pore size filters and later centrifuged (15294 rcf for 30 min). The sedimented coated UCNPs were dispersed in deionised water. The samples were labelled as UCNPs@PB-n.
An additional set of samples was prepared by coating the UCNPs with PMAO omitting the crosslinking with BHMT. All other parameters were kept the same as above. These samples are labelled as UCNPs@P-n.
Firstly, we determined the optimal concentration of as-synthesised UCNPs for the coating procedure, which was 0.1 mg/ml. Secondly, we identified a side reaction when the polymers were used in too large excess. In such a case, the polymers also precipitated homogeneously, not only on the UCNPs surfaces. Therefore, we were lowering the nominal surface density of PMAO from approximately 300 MAO/nm2 (as in Ref.25) down to 7 MAO/nm2. This optimisation step was done for both types of coatings, UCNPs@PB-n and UCNPs@P-n. A list of the coated samples used in different comparative studies is given in Table 1.
For comparison, a batch of bare UCNPs was prepared by stripping the surface oleate ligands from the as-synthesised UCNPs. The process was done with a known procedure in conc. HCl.26

Table 1. Selected samples used in specific comparative studies 
	Coated polymer
	Nominal MAO fraction (no./nm2)
	Sample name UCNPs@...
	Average equivalent diameter of the core UCNPs (nm)
	Comparative study

	
PMAO-BHMT
	300
	PB-300
	69  3
	
DLS:
Effect of the polymer nominal fraction on the colloidal stability

	
	105
	PB-105
	52  2
	

	
	20
	PB-20
	52  2
	

	
	7
	PB-7
	52  2
	

	
PMAO
	210
	P-210
	52  2
	

	
	105
	P-105
	52  2
	

	
	20
	P-20
	52  2
	

	
	7
	P-7
	52  2
	

	PMAO-BHMT
	150
	PB-150
	69  3
	DLS:
Long-term colloidal stability (4 months)

	PMAO
	150
	P-150
	67  5
	

	
PMAO-BHMT
	150
	PB-150
	67  5
	
Chemical stability:
dissolution 
in PBS at physiological conditions

	
	105
	PB-105
	52  2
	

	
	20
	PB-20
	52  2
	

	
	7
	PB-7
	52  2
	

	
PMAO


	150
	P-150
	67  5
	

	
	105
	P-105
	52  2
	

	
	20
	P-20 
	52  2
	

	
	7
	P-7
	52  2
	



2.3. Characterisation
As-synthesised and polymer-coated UCNPs were analysed with a transmission electron microscope (TEM, Jeol 2100). Size distribution of the as-synthesised UCNPs was determined from their surface area as an equivalent diameter using the DigitalMicrograph software (Gatan Inc.). A minimum of 250 particles per sample were accounted for statistics. The crystalline structure of the as-synthesised UCNPs was verified with an X-ray diffractometer (XRD, PANalytical X'Pert pro) using CuK1 irradiation. The UC fluorescence emission of the UCNPs dispersions was induced with a focused beam from a diode laser emitting 2 W of light at 980  2 nm, and analysed using a compact diffraction spectrometer (Ocean FX Vis-NIR, Ocean Optics) in the 400–900 nm spectral range. Zeta-potential behaviour vs pH was measured in 0.1 mg/ml aqueous dispersions of bare and coated UCNPs with Anton Paar LitesizerTM 500. The pH value was adjusted with 0.1 or 1 M solutions of HCl or NaOH. Hydrodynamic sizes of these aqueous dispersions were measured with dynamic light scattering (DLS, Fritsch, Analysette 12 DynaSizer). The presented results are statistical averages from five measurements with a time interval of 30 s. DLS and zeta potential were also measured in the dispersions of coated UCNPs (0.1 mg/ml) in PBS (both with LitesizerTM 500, Anton Paar). 

2.4. Chemical stability studies
Bare and polymer-coated UCNPs were aged under physiological conditions for 3 days. Aqueous dispersions of all samples were filtered beforehand (see Materials Section) to eliminate any potential aggregates that could affect the results. 0.1 mg/ml of bare or coated UCNPs were dispersed in PBS and aged in a thermostatic water bath at 37 °C for 3 days. For comparison, selected samples were also aged at a concentration of 5 g/ml. After 3 days, the dispersions were cooled to room temperature. The solid fraction was sedimented in a centrifuge (3016 rcf for 5min). For complete removal of the smallest nanoparticles, the supernatant was subsequently ultrafiltered through a 30-kDa membrane. The dissolved fluoride was determined in the filtrates potentiometrically with Orion 960 Autochemistry System, equipped with a temperature sensor and a ion-selective electrode (ISE, Orion 96-09).27 Three samples were analysed per batch, each one at least in duplicate. For comparison with previous studies, the dissolved fluoride was expressed as the molar fraction of the released fluoride (XF), calculated by considering the nominal chemical composition of the as-synthesised NPs (Eq. S1 in Supporting Information).


3. Results and discussion
3.1. UCNPs with amphiphilic polymer coatings
All as-synthesized UCNPs have the typical shape of hexagonal discs resulting from their hexagonal crystal structure (Figure 1). Most of the UCNPs lie flat on the sample support, while some are oriented perpendicularly (encircled in Figure 1a), showing that their thickness is approximately one half of their diameter. The UCNPs were relatively homogenous in size; however, the average sizes (i.e., diameters) varied between different synthesis batches (Figure S1 in Supporting Information). Therefore, all direct comparisons were performed on series of samples originating from the same synthesis batch of the UCNPs (Table 1). 
TEM investigation revealed the presence of an amorphous layer on the surfaces of all coated UCNPs. The PB coatings appeared thicker than the P coatings (Figure 2). Most of the coated UCNPs were well separated on the TEM-sample support, with a small fraction of (apparent) aggregates of 2–3 UCNPs (Figure S2 in Supporting Information). However, such aggregation may have been induced during the drying of the TEM samples and does not necessarly reflect the situation in the dispersion. In addition, amorphous impurities were observed in the sample coated with the nominal fraction of 300 MAO/nm2. We assume that the impurities were homogeneously precipitated polymers, since only C and O were identified with EDXS analyses. This was a result of a highly excessive PMAO fraction, in addition to the limited solubility of BHMT in the reaction medium, i.e., chloroform. Therefore, only the samples with 150 MAO/nm2 were used in the subsequent studies. 
[image: ][image: ] 
Figure 1. TEM image of the as-synthesised UCNPs (a) and their XRD pattern (b) with indices corresponding to S.G. P63/m. Some UCNPs lying perpendicularly to the sample support are encircled in panel (a). 

  
[image: ][image: ]
Figure 2. TEM image of a UCNP coated with: @PB-150 (a) and @P-150 (b). Arrows point at the amorphous surface layer. 

Successful incorporation of Yb3+ and Tm3+ into the NaYF4 crystal lattice was confirmed by the characteristic UC fluorescence spectra upon excitation at 980 nm, within the strong absorption band of the Yb3+ ion (Figure 3). The dominant peak centred at 804 nm corresponds to the transition 3H43H6 of the Tm3+ ion, broadened by the Stark splitting of the Tm3+ ground-state manifold. The UC fluorescence in the visible region is significantly weaker in comparison. Nevertheless, emission peaks at 452, 477, 648 and 698 nm can be easily identified (see the inset) and assigned to radiative transitions originating from the higher excited levels of the Tm3+ ions. 
In Figure 3, we can also see a decrease of the UC fluorescence intensities (normalised to the same UCNP mass concentration) upon stripping of the oleate ligands from the as-synthesised UCNPs (dispersed in chloroform) and their transfer to water (bare UCNPs). This is a well-known effect, indicative of the surface quenching by the high-energy vibrations of the water molecules, favouring non-radiative relaxation of the excited levels in Yb3+ and Tm3+ ions. However, the UC fluorescence spectra of the coated UCNPs in water dispersions demonstrate that both polymer coatings with a high nominal fraction of MAO (i.e., the @PB-150 and @P-150) provide some protection against the surface quenching. In both these cases, the dominant UC emission line (around 800 nm) is ~30% stronger than the bare UCNPs of the same diameter (67 nm).

 [image: ]
Figure 3. UC fluorescence spectra of the as-synthesised oleate-capped UCNPs in chloroform, and bare as well as polymer-coated UCNPs in water. All UCNPs have a core diameter of 67 nm. 

The zeta potential of the coated UCNPs is negative at the neutral pH range, and its absolute value decreases with the decreasing pH (Figure 4). This can be explained by deprotonation of surface carboxylic groups, resulting in the negative zeta potential at higher pH values. The carboxylic groups are exposed at the UCNPs surface after the MAO anhydride ring opens in water (Scheme 1). Alternatively, the anhydride ring also opens to react with amine groups of BHMT, and the negative surface-charge density of UCNPs@PB is lower than that of UCNPs@P. The same trend was observed for other nominal fractions. Such zeta-potential behaviour is also an indication that PMAO is crosslinked with BHMT at the UCNPs surfaces, as concluded previously16 from infrared spectroscopy analysis.    

[image: ]
Figure 4. Zeta-potential dependence on pH of the polymer-coated UCNPs. 

The colloidal stability of differently coated UCNPs in water was assessed from DLS measurements of the coated UCNPs with an average core diameter of 52 ± 2 nm (Figure 5a and b). The hydrodynamic sizes of the coated UCNPs were, in general, larger than the crystalline core, which can be attributed to the polymer coating and hydration surface layer. The fractions with hydrodynamic sizes  100 nm indicate some smaller aggregates (Figure S2b in Supporting Information). The absence of larger agglomerates was also in accordance with the transparency of all the dispersions, with the exception of a turbid dispersion of UCNPs@PB-7 containing some fraction of ~300 nm large NPs. Another exception was the UCNPs@P-105 dispersion with a small fraction of ~250 nm sized NPs (see the arrow in Figure 5b), suggesting minor aggregation in this sample. In contrast, the dispersion of the UCNPs@PB-210 contained a significant fraction of ~35 nm sized NPs. These NPs, with the sizes lower than the as-synthesised core UCNPs, were homogeneously precipitated polymer NPs, also identified with TEM and EDXS. 
Long-term colloidal stability was examined for the coated UCNPs with 150 MAO/nm2 within 4 months (Figure 5c). The UCNPs@PB-150 were, on average, larger than the UCNPs@P-150, but the hydrodynamic sizes of both samples were in the range of 12 UCNP core sizes (~70 nm) at all times. This  demonstrates their long-term stability in water.
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Figure 5. Number-weighted hydrodynamic-size distribution of differently coated UCNPs in water; fresh (a and b) and aged dispersions (c). Core diameters of UCNPs are ~50 nm (a and b), and ~70 nm (c). The arrow in panel (b) points at the very low fraction of the UCNPs@P-210 at ~250 nm. 8d and 120d in panel (c) denote 8 and 120 days, respectively.

We have also verified the colloidal stability of the coated samples in a physiological buffer, i.e., PBS, used in our chemical-stability studies of the UCNPs. We selected two colloidally stable UCNPs samples in water with the lowest and highest nominal polymer fraction, i.e., UCNPs@P-20 and UCNPs@PB-150. The hydrodynamic size of fresh dispersions of UCNPs@PB-150 in PBS (Figure 6) was comparable to that in water (Figure 5). However, it increased slightly in 3 days, indicating a slow aggregation of the UCNPs@PB-150 in PBS, whereas the aggregation of UCNPs@P-20 in PBS was more significant. After 3 days, a noticeable fraction of aggregates with hydrodynamic sizes of several microns was detected. The colloidal instability can be ascribed to the relatively low absolute value of the zeta potential, i.e., around –10 mV in the fresh PBS dispersions, compared to much higher negative zeta-potential values in water (Figure 4). In addition, the decreasing zeta-potential value with time (>50% in 3 days) indicates some changes in the UCNPs surface chemistry. A TEM inspection of dried PBS dispersions (older than 1 month) did not reveal any significant morphological changes of the coated UCNPs (see example in Figure S3 in Supporting Information). This result demonstrates that the phosphate ions from PBS did not destroy the studied coatings at room temperature. Note that characteristic fibrous decomposition product of bare UCNPs in PBS was observed with TEM even at room temperature15, which was not the case in this study. The observed limited colloidal stability of the coated UCNPs in PBS is not critical for their use, since other aqueous media can be used for their storage. 
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Figure 6. Number-weighted hydrodynamic-size distribution of differently coated UCNPs in PBS; fresh (0d)) and 3-days old dispersions (3d). Core diameters of UCNPs ~ 50 nm. Panel (b) shows an enlarged section of panel (a).

3.2. Chemical stability of UCNPs 
Our dissolution study represents the most rigorous chemical test of the UCNPs chemical stability under simulated physiological conditions. Namely, the fastest dissolution of UCNPs was so far observed in PBS.7,12,20 The effect of polymer coatings on the UCNPs dissolution was evaluated by comparing the bare and coated UCNPs aged under the same conditions (Table 2). No significant difference in the XF-values was observed if the coating was only PMAO or PMAO-BHMT. Both types of polymer coatings almost completely prevented the dissolution of UCNPs. Although differences were not significant, a trend of increasing protecting efficiency in line with the increasing nominal MAO was found. Moreover, no significant difference in the dissolution was found for differently large UCNP, i.e., between ~50 and ~70 nm. 
Most of the analysed dispersions contained 0.1 mg/ml of bare or coated UCNPs, which is about the maximum NPs concentration typically used in cytotoxicity and biocompatibility studies (i.e., 1–100 g/ml).28–30 It was reported previously that the dissolution of bare UCNPs is more significant for aqueous dispersion with lower concentrations of UCNPs.12 This was explained with the chemical equilibrium between the dissolved and crystalline fluoride:

					(Eq. 1)

The lower is the concentration of dispersed UCNPs, the larger fraction of UCNPs (i.e., larger XF) dissolves to reach the equilibrium in Eq. 1. The decomposition mechanism of UCNPs in PBS is not that simple because it is accompanied by the precipitation of Y-phosphates:

			(Eq. 2)

Eq. 2 is a simplified equilibrium where we consider only one phosphate form. The concentration of all solutes in PBS (phosphates, NaCl, KCl) is very large and can be considered constant. Therefore, the fraction of dissolved fluoride should also increase with the decreasing UCNPs concentration in PBS as in pure water (Eq. 1). For the verification, we analysed a couple of dispersions containing only 5 g/ml UCNPs in PBS. Indeed, the XF-values of the UCNPs@PB-105 and @P-20 were larger for lower (5 g/ml) than for the higher UCNPs concentrations (0.1 mg/ml) (Table 2). This indicates that the hydrophobic surface layer is an efficient barrier to significantly slow down the dissolution of UCNPs, but it does not prevent it completely. 
The XF values of the UCNPs@P and @PB are comparable to those obtained with UCNPs coated with a thick (~70 nm) silica shell and by far lower than with any other protective coatings tested at similar conditions.15,20,21 This means that our ~1 nm-thick polymer coating with the solvation layer of 25 nm (as estimated from the hydrodynamic size) provides for equivalent protection against the dissolution of UCNPs as the 70-nm silica shell.20

Table 2. Released fluoride concentration after ageing the aqueous dispersions bare or polymer-coated UCNPs (0.1 mg/ml) in PBS at pH 7.4 and 37 °C for 3 days: measured concentration (CF), molar fraction considering the total solid content (XF; Eq. S1 in Supporting Information).
	Coating 
	Size of core UCNPs (nm)
	CF
(g/ml)
	XF
(mol. %)

	none
	67  5
	30  1
	83  4

	@PB-150
	67  5
	0.19  0.04
	0.52  0.04

	@PB-105
	52  2
	<0.1
	<0.27


	
	
	0.07  0.05*
	3.8  2.9*

	@PB-20
	52  2
	0.2  0.1
	0.6  0.4

	@PB-7
	52  2
	0.33  0.05
	0.9  0.1

	@P-150
	67  5
	0.4  0.1
	1.1  0.3

	@P-105
	52  2
	<0.1
	<0.27

	@P-20
	52  2
	0.20  0.01
	0.55  0.02

	
	
	0.03  0.01*
	1.4  0.6*

	@P-7
	52  2
	0.15  0.03
	0.41  0.08


* dispersions with 5 g/ml UCNPs

If the dissolution cannot be completely prevented, it is crucially important for in vivo applications to, at least, reduce the dissolution rate to such an extent that the fraction of dissolved species remains insignificant until the UCNPs are excreted from the body. We estimate that 3 days would be the required time for their excretion after being used as contrast agents. The measured concentration of released fluoride (CF, Table 2) is the fluoride concentration that would interact in vivo if the dissolution kinetics is assumed similar to the studied system. The studied polymer coatings suppress the dissolution of UCNPs to such an extent that the released fluoride (0.33 g/ml) would not exceed the acceptable daily intake of fluoride for humans, ADI = 50 g/kg body mass/day11, even if 10 ml of the coated-UCNPs dispersion with a concentration of 0.1 mg/ml would be administered. Altough, we have not found any data on the toxicity of rare earths in humans, a rough estimation was done. If we consider complete dissolution of studied UCNPs as in water (Eq. 1) with the dissolution rate comparable to that in PBS, the released ~0.5 g/ml of rare-earth ions (Y3+, Yb3+ and Tm3+) from 10 ml of dispersion would not exceed the median lethal dose, LD50 = 500 mg/kg body mass determined in mice31. So, we conclude that the studied polymer coatings, PMAO and PMAO-BHMT, show promise for the safe application of UCNPs in biomedical diagnostics. Moreover, free carboxyl groups of PMAO can be subsequently functionalised for specific in vivo applications.


4. Conclusions
We studied amphiphilic-polymer coatings made of poly(maleic anhydride-alt-octadec-1-ene) (PMAO) and bis(hexamethylene)triamine (BHMT) to improve the chemical stability of upconverting nanoparticles (UCNPs) based on NaYF4 codoped with Yb3+ and Tm3+ that decompose in aqueous phosphate solutions. The decomposition of UCNPs was followed by measuring the concentration of released fluoride phosphate-buffered saline (PBS) at physiological conditions. PMAO coating formed directly on the as-synthesised oleate-capped UCNPs. Hydrophobic chains of the amphiphilic PMAO and oleate formed a diffusion barrier for the solutes and solvent molecules. Consequently, the decomposition of the PMAO-coated UCNPs in PBS at physiological conditions was almost completely suppressed. Subsequent crosslinking of PMAO coating with BHMT resulted in a similarly low concentration of the released fluoride, which was for all samples 0.33 g/ml, i.e., well below the acceptable daily intake of fluoride for humans. We conclude that the chemical stability of UCNPs was achieved with the hydrophobic diffusion barrier and that the crosslinking of PMAO with BHMT on the UCNPs surface was not necessary. The PMAO-coated UCNPs can be subsequently bioconjugated to be suitable for diagnostic applications in vivo.
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