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Pure hexagonal (β-phase) NaYF4-based hydrophobic upconverting nanoparticles (UCNPs) were surface-modified with o-

phospho-L-threonine (OPLT), alendronic acid, and PEG-phosphate ligands to generate water-dispersible UCNPs. Fourier-

transform infrared (FTIR) spectroscopy was used to establish the presence of the ligands on the UCNP surface. These 

UCNPs exhibit great colloidal stability and a near-neutral surface at physiological pH, as confirmed by dynamic light 

scattering (DLS) and zeta potential (ζ) measurements, respectively. The particles also display excellent long-term stability, 

with no major adverse effect on the size of UCNPs when kept at pH 7.4. Upon exposure to human serum, PEG-phosphate- 

and alendronate-coated UCNPs showed no formation of biomolecular corona, as confirmed by SDS-PAGE analysis. The 

photophysical properties of water-dispersible UCNPs were investigated using steady-state as well as time-resolved 

luminescence spectroscopy, under excitation at ca. 800 nm. The results clearly show that the UCNPs demonstrate bright 

upconversion (UC) luminescence. Furthermore, the presence of reactive groups on the NPs, such as, free amine group in 

alendronate-coated UCNPs, enables further functionalisation of UCNPs with, for example, small molecules, peptides, 

proteins, and antibodies. Overall these protein corona resistant UCNPs show great biocompatibility and are worthy of 

further investigation as potential new biomaging probes. 

 

INTRODUCTION 

Lanthanide-doped upconverting nanoparticles (UCNPs) are a 

special class of photoluminescent nanomaterials (NMs) that 

can sequentially absorb two or more near-infrared (NIR) 

photons in order to emit higher energy photons.
1-4

 Thanks to 

their low toxicity,
5, 6

 photostability,
7
 and their ability to 

generate long-lived (µs up to ms range) sharp and intense anti-

Stokes luminescence,
2, 8

 UCNPs are emerging as an important 

class of fluorescent imaging probes.
9
 UCNPs typically consist of 

an inorganic host matrix (e.g., NaYF4), co-doped with an 

activator (e.g., Er
3+

, Tm
3+

, Ho
3+

) and either Yb
3+

 or Nd
3+

 ions as 

the sensitiser. Their spectral properties can be easily tuned not 

only by varying the dopant Ln
3+

 ions but also their relative 

proportions. Furthermore, the excitation of UCNPs by means 

of low energy NIR radiation allows to exploit the NIR-1 optical 

transparency window (650–950 nm), where water and tissue 

absorption is minimal,
10, 11

 resulting in higher penetration 

depths
12

 and reduced photodamage.
13

 This attractive 

property, coupled with their chemical robustness and higher 

signal-to-noise ratio due to reduced background 

autofluorescence,
14

 makes them one family of NMs offering 

excellent prospects of biomedical applications.
2, 15

  

Synthesis of UCNPs is usually carried out in high-boiling non-

aqueous solvents,
8, 16-23

 and results in nanocrystals capped 

with hydrophobic organic ligands.
8, 17, 19-23

 Consequently, for 

their application as biomedical tools, UCNPs need to be made 

water-dispersible and colloidally stable whilst retaining their 

optical properties.
24-26

 It is fairly challenging to prepare very 

small hydrophilic UCNPs exhibiting high colloidal stability 

under complex biological conditions.
4, 22, 26, 27

 Moreover, the 

toxicity, immunological response and pharmacokinetic 

behaviour of UCNPs, and NMs, in general,
25

 can be 

tremendously affected by their size, shape and surface 

properties, including charge and composition.
28-32

 Upon 

intravenous administration, NMs enter the systemic circulation 
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and are distributed throughout the body via the bloodstream. 

Within the vascular system, the complex biological 

environment encountered by these nanoparticles contains a 

wide range of substances, which can lead to their 

destabilisation, aggregation and degradation.
29, 33

 

Furthermore, depending on their surface decoration, biological 

macromolecules such as serum proteins and lipids can bind to 

the NMs non-specifically, leading to the formation of the so-

called ‘biomolecular corona’.
34, 35

 This differential adsorption 

of serum constituents results in recognition as well as uptake 

of NMs by mononuclear phagocytic cells, in their elimination 

from the blood circulation and in their accumulation in the 

organs of the mononuclear phagocyte system (MPS).
36, 37

 This 

resulting suboptimal tissue distribution and pharmacokinetic 

profile of the NMs is, in fact, one of the major obstacles to 

their medical application and translation to the clinic.
38-40

  

 

Figure 1.  Water-dispersible UCNPs studied in this work. 

Manufacturing of NMs with surface coatings that can prevent 

biomolecular corona formation is an ambitious objective of 

current research.
41

 In this regard, surface modification with 

hydrophilic, neutral-charged polymers, e.g. polyethylene glycol 

(PEGylation), represents the most widely employed procedure 

to inhibit the undesirable adsorption of biological 

macromolecules by using steric repulsion effects.
42-44

 However, 

PEGylation can substantially increase the hydrodynamic 

diameter (Dh) of NMs and is thus unsuitable for surface 

engineering of rapidly circulating entities.
45

 Recently, we and 

others have explored the use of zwitterionic coatings to 

control the extent of production of biomolecular corona.
46-50

 

For instance, we showed that surface coating of hydrophobic 

ultrasmall iron oxide nanoparticles (USPIONs) with amphiphilic 

zwitterionic polymers can help to greatly reduce the extent of 

protein corona formation.
49

 Similarly, water-dispersible 

USPIONs can also be conferred ‘stealth’ properties without any 

substantial increase in particle size by tethering the low-

molecular weight zwitterionic sulfobetaine derivatives to their 

surface,
48

 thereby also providing sites for grafting a multitude 

of other functionalities onto the NM surface. 

As for the USPIONs, in this work, we investigate the surface 

modification of UCNPs with the low-molecular weight 

zwitterionic coating materials to render them water-soluble, 

but with a view to generate multifunctional entities showing 

reducing protein-UCNP interactions. Owing to the high 

upconversion efficiency of β-NaYF4 host matrix systems,
51

 β-

NaYF4:Nd
3+

/Yb
3+

/Er
3+ 

(1/20/2%)@NaYF4:Nd
3+

 (25%) core-shell 

UCNPs, excitable at both 793 nm and 976 nm, have been 

chosen for investigation in this work. Very recently, we have 

reported a reliable synthetic method for rapid production of 

such oleate (OA)-coated monodispersed UCNPs (< 10 nm).
52

 

The UCNPs synthesised as described above have no inherent 

aqueous dispersibility. Herein, we report on the synthetic 

methodology to confer them water-dispersibility, 

biocompatiblity and functionalisability. Previous studies have 

shown that phosphates and phosphonates have strong binding 

affinity for the Ln
3+

 ions.
53-58

 Based on this property, we now 

investigate the use of zwitterionic o-phospho-L-threonine 

(OPLT), alendronic acid, and PEG-phosphate as surface 

anchoring ligands to produce hydrophilic UCNPs, ready for 

incorporating multiple modalities. With a view to developing 

materials suitable for biological applications, we performed 

the photophysical characterisation of the resulting water-

dispersible UCNPs and examined their ability to resist serum 

protein adsorption. 

RESULTS AND DISCUSSION 

Synthesis and characterisation of water-dispersible UCNPs  

Sub-10 nm, β-NaYF4:Nd
3+

/Yb
3+

/Er
3+

 (1/20/2%)@NaYF4:Nd
3+

 

(25%) core-shell UCNPs, excitable at both 793 and 976 nm, 

were prepared using our recently reported one-pot co-

precipitation method.
52

 Employing this method, it was possible 

to generate high-quality nanocrystals with narrow size 

distributions in much shorter reaction time than, for example, 

the other classical co-precipitation and thermal decomposition 

methods.
8, 19-23

 Dynamic light scattering (DLS) analysis revealed 

an average size of ca. 9 nm for the UCNPs. The as-synthesised 

UCNPs, however, are capped with hydrophobic oleate ligands, 

and are only dispersible in non-polar solvents, such as hexane, 

cyclohexane, or chloroform.
52

 To generate water-dispersible 

UCNPs suitable for biological application, oleate ions on the 

surface were replaced with one of the three strong binding 

ligands, o-phospho-L-threonine (OPLT), PEG-phosphate or 

alendronate, via nitrosonium tetrafluoroborate NOBF4-

mediated two-step ligand exchange process (Figure 2).
59

 Here, 

nitrosonium cations act as strong oxidants and vigorously react 

with the nanocrystal surface, stripping the originally anchored 

oleate ligands from the nanocrystal surface.
60

 The BF4
- 
ions, on 

the other hand, have a weak interaction with the UCNP 

surface,
59

 and conferred hydrophilic character to the UCNPs by 

allowing their dispersion into dimethylformamide (DMF) for 

further chemistry to be carried out.
59

 The secondary surface 

modification of BF4
-
-coated UCNPs with OPLT, PEG-phosphate, 

or alendronate ligands was subsequently achieved by the slow 

addition of UCNPs (dispersion in DMF) to the basic solution of 

respective capping agents while stirring the dispersions 

vigorously (to facilitate the ligand exchange). The water-

dispersible OPLT-, PEG-phosphate-, and alendronate-coated 

UCNPs were purified by spin ultrafiltration. 

It was possible to monitor the surface modification process by 

following the changes in the Fourier Transform Infrared (FTIR) 

spectra of the UCNPs (Figure 3).
59

 The FTIR spectrum of as-

synthesised OA-coated UCNPs displayed strong symmetric and 

asymmetric C-H stretching vibrations at 2852 cm
-1

 and 2922 
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cm
-1

, respectively, which are assigned to the alkyl chain of OA 

ligands. In addition, a peak at 3006 cm
-1

 corresponding to =C-H 

stretch, and bands at 1552 cm
-1 

and 1463 cm
-1

, ascribable to 

the symmetric and asymmetric stretching vibration of the 

carboxylate (COO
-
) group bound to the UCNP surface, were 

also observed. FTIR spectra of BF4
-
-coated UCNPs, on the other 

hand, shows disappearance of these bands, alongside the 

appearance of new peaks at 1067 cm
-1 

and 1667 cm
-1

, 

assignable to BF4
-
 anions and C=O stretching vibrations of the 

DMF solvent molecules, respectively.
59

 From these spectral 

changes, it was reasonably concluded that after NOBF4 

treatment, oleate ligands previously anchored to the UCNP 

surface were successfully replaced by BF4
-
 anions.  

 

Figure 2. Schematic representation of NOBF4-mediated two-step ligand exchange 

process for replacing the oleate ions on the surface of hydrophobic UCNPs with 

o-phospho-l-threonine (OPLT), PEG-phosphate or alendronate ligands. 

As already reported by Dong et al.,
59

 the BF4
-
 ions do not have 

a very strong affinity for the positively charged UCNP surface. 

In comparison, phosphates and phosphonates can bind 

strongly to the trivalent rare-earth ions.
61

 Taking advantage of 

this difference in the binding affinity, we subsequently coated 

the UCNPs with OPLT, PEG-phosphate or alendronate ligands, 

producing NPs with high aqueous dispersibility (vide infra). 

Once again, FTIR spectroscopy confirmed the presence of 

OPLT, PEG-phosphate or alendronate ligands on the UCNP 

surface (Figure 3). For OPLT-UCNPs, the FTIR spectrum showed 

the presence of the characteristic bands within the region 

1300–760 cm
−1

 corresponding to the stretching vibrations of 

phosphate functional groups. Furthermore, the vibrational 

bands at 1634 cm
−1

 and 1521 cm
−1

, assigned to the carboxylic 

acid and the primary amine functionalities, respectively, were 

present. Likewise, PEGylated UCNPs exhibited a strong band at 

1103 cm
−1

 related to the phosphate group on the UCNP 

surface, together with –CH stretching vibrations between 

3000–2850 cm
-1

. The FTIR spectrum of alendronate-coated 

UCNPs showed the P–O stretching region (1052–956 cm
-1

), 

indicating the presence of phosphonate groups on the UCNP 

surface. Moreover, a band at 1560 cm
–1 

was visible in the 

spectrum, which was associated with the –NH bending 

vibration and confirmed the presence of amine functionalities 

in the UCNPs. In the FTIR spectra of all the UCNPs, a broad 

vibration band centred at ca. 3300 cm
−1

 was also observed due 

to the OH stretching and presence of water, while the 

characteristic bands for BF4
-
 anions disappeared after the 

completion of the secondary ligand exchange process. 

 

Figure 3. ATR-FTIR spectra of OA- (black solid trace), BF4
--(red solid trace), OPLT- (azure 

solid trace), PEG-phosphate- (violet solid trace), and alendronate-coated (green solid 

trace) NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+(25%) core-shell UCNPs.  

Comparison of NP sizes determined by TEM and DLS analysis 

revealed that the ligand exchange process did have a small 

effect on the size of the UCNPs in solution (Figure 4 and Table 

1). DLS measurements indicated a minor increase in the size of 

UCNPs, with a mean hydrodynamic diameter (Dh) of ca. 12 nm 

for OPLT- and alendronate-coated particles, and a slightly 

larger Dh of 14.2 nm for PEG-phosphate-coated UCNPs, 

presumably due to the longer PEG chain length and its 

interaction with the solvated water molecules.
48

 That the 

surface modification occurrs without any loss of 

monodispersity is supported by the DLS analysis (Table 1). 

Under physiological conditions, the UCNPs also displayed 

excellent dispersibility in PBS and in fetal bovine serum (FBS) 

(Figure S1 shows representative photographs of aqueous 

dispersions of UCNPs). 

 

Figure 4. Bright-field TEM images of (a) alendronate-, (b) PEG-phosphate-, and (c) OPLT-

coated NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+(25%) core-shell UCNPs. The 

relative ratio of dopants in the NPs is given as mol%, as obtained by inductively coupled 

plasma mass spectrometry (ICP-MS) analysis on the OA-coated hydrophobic UCNPs. 

Long-term colloidal stability of the hydrophilic UCNPs was 

probed by measuring the Dh of OPLT-, PEG-phosphate- and 

alendronate-coated UCNPs in water at pH 7.4, over a period of 
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up to 28 days after surface modification (Table 1). The 

hydrophilic UCNPs formed stable colloidal dispersions, and 

largely remained unaggregated for up to three weeks, when 

kept at this pH. The Dh of the hydrophilic UCNPs varied very 

little over this period, not increasing beyond ca. 13–16 nm.  

 

Table 1. DLS particle size distributions (Dh) for OPLT-, alendronate-, and PEG-phosphate-coated NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+(25%) core-shell UCNPs, measured in 

water at pH 7.4. 

UCNP samples 

Particle size (Dh) in nm (PDI)[a] 

as synthesised +3 days +7 days +21 days +28 days 

OPLT-coated 12.5 ± 2.3 (0.21) 12.6 ± 2.2 (0.25) 12.9 ± 2.2 (0.25) 13.4 ± 3.7 (0.24) 13.8 ± 3.7 (0.48) 

Alendronate-coated 12.2 ± 1.8 (0.19) 12.5 ± 2.1 (0.19) 12.7 ± 2.8 (0.18) 13.2 ± 1.2 (0.19) 13.6 ± 5.2 (0.42) 

PEG-phosphate-coated 14.2 ± 5.6 (0.34) 14.4 ± 6.4 (0.39) 14.6 ± 6.9 (0.37) 16.1 ± 6.1 (0.36) 16.4 ± 6.1 (0.49) 

OA-coated[b] 9.3 ± 1.1 (0.10) 9.5 ± 1.1 (0.12) 9.8 ± 1.1 (0.13) 9.8 ± 1.8 (0.12) 9.9 ± 1.8 (0.13) 

[a] Particle size (Dh) correspond to volume-weighted size distributions, and PDI = polydispersity index. [b] The measurements were performed using NP solution in 

cyclohexane.  

As the overall surface charge of NPs is a key contributing factor 

to their solution stability, their susceptibility to aggregation 

and precipitation, as well as to their protein binding behaviour 

in vivo, zeta potential (ζ) of the hydrophilic UCNPs was also 

measured over the pH range 3.5–11.5 (Table 2). At pH 7.4, the 

zeta potential for the UCNPs was in the range of -6.3 to -14.3 

mV, which confirms their overall near-neutral surface at 

physiological pH.
62

 The zeta potential for all the three UCNPs 

becomes less negative with decreasing pH due to the 

protonation of some of the anionic groups 

(carboxylate/phosphate/phosphonate) present in OPLT, PEG-

phosphate and alendronate capping ligands. As expected, the 

OPLT-coated UCNPs display a zwitterionic behaviour with the 

zeta potential reaching a value of 4.5 mV at pH 3.5. (ζ = 0 mV 

at pH 5.1).  Despite their low surface charge at pH 7.4, the 

UCNPs display colloidal stability (vide supra) due to the strong 

steric stabilisation ascribable to non-DLVO repulsive forces.
63, 

64
  

 

Table 2. Zeta potential (ζ) of OPLT-, alendronate-, and PEG-phosphate-coated 

NaYF4:Nd
3+

/Yb
3+/

Er
3+

 (1/20/2%)@NaYF4:Nd
3+

(25%) core-shell UCNPs, measured over 

the pH range 3.5–11.5. 

pH 
Zeta potential (ζ) in mV  

OPLT-coated Alendronate-coated PEG-phosphate-coated 

3.5 4.6 N.D. -11.3 

5.1 0 -5.2 -10.6 

7.4 -6.3 -14.3 -10.8 

8.4 -11.1 -19.3 -13.1 

11.5 -20.4 -26.0 -20.1 

 

Upconversion luminescence properties 

The upconversion ability of OPLT-, PEG-phosphate-, and 

alendronate-coated UCNPs was retained in water upon 

excitation at λ = 800 nm (Figures 5, S1 and S2). The 

upconversion emission spectra of all the three UCNPs are 

characterised by the emission bands of Er
3+

 ions: three intense 

bands are present, which are centred at λ = 528, 549 and 674 

nm and correspond to 
2
H11/2 → 

4
I15/2, 

4
S3/2 → 

4
I15/2, and 

4
F9/2 → 

4
I15/2 transitions respectively.  

 

 

Figure 5. UC emission spectra of OA- (black solid trace), OPLT- (azure solid trace), PEG-

phosphate- (violet solid trace), and alendronate-coated (green solid trace) 

NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+(25%) core-shell UCNPs. For the 

hydrophilic UCNPs, spectra were recorded in water, whereas the measurements on the 

OA-coated UCNPs were performed in cyclohexane. All the spectra were registered 

under λ = 800 nm excitation with a fs pulsed laser. 

These results are consistent with energy transfer upconversion 

(ETU)
2
 processes involving Nd

3+ 
(primary sensitiser), Yb

3+
 

(secondary sensitiser) and Er
3+

 ions (activator) as described in 

Figure 6. To note, the spectra were registered by using the 

same concentration of NPs (6 mg/mL) and the same 

instrumental settings (see Experimental Section). Taking OA-

coated UCNPs as a reference, it can be noticed that the UC 

intensity dropped by 33% in the case of alendronate-coated 

UCNPs, while a decrease to 16% and 6.6% was observed for 

PEG-phosphate- and OPLT-coated UCNPs, respectively. 

Surprisingly, we did not observe any change in the relative 

ratios of the integrated intensity for the green and red 

emission bands (IG/IR), which remained constant for all the 

UCNPs (IG/IR ≈ 0.52), independent of the dispersing medium 

(Figure 5). Usually in the erbium-doped UCNPs, the OH groups 
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promote multiphonon relaxation of the 
4
I11/2 → 

4
I13/2 and 

2
H11/2/

4
S3/2 → 

4
F9/2 transitions (Figure 6), which favour the 

population of the 
4
F9/2 level, causing a decrease of IG/IR ratio.

65
 

The unusual behaviour presented by the hydrophilic UCNPs 

developed in this work, therefore, suggests that water 

molecules cannot reach the Er
3+ 

excited states into the NP 

core. This hypothesis is also supported by invariance in the UC 

lifetimes for the 
2
H11/2/

4
S3/2 → 

4
F9/2 transitions in cyclohexane 

and in water (vide infra). The decrease of the emission 

intensity for the hydrophilic UCNPs (Figure 5) can be ascribed 

to the quenching of Nd
3+

 excited states by water molecules
66

 

and surface ligand oscillators.
67

  

 

Figure 6. Schematic representation of the UC mechanism in NaYF4:Nd3+/Yb3+/Er3+ 

(1/20/2%)@NaYF4:Nd3+(25%) UCNPs studied in this work, following their λ = 793 nm 

laser excitation.  

Interestingly, upon laser excitation at λ = 793 nm, the UC 

lifetime decays for all the NPs studied in this work were 

non-exponential but hyperbolic (Figure 7). Such behaviour is 

typical for persistent phosphors.
68, 69

 Upconverting persistent 

luminescence (UCPL) is usually observed in composite systems 

exploiting the excitation energy transfer between the 

upconverters (donors) and the persistent phosphors 

(acceptors).
20, 70-73

 To the best of our knowledge, this is the 

first case of persistent luminescence in non-composite UCNPs, 

in the absence of persistent phosphors. One possible 

explanation involves the role of the Nd
3+

 ions, which act as 

hole traps.
74

 The ETU processes that cause the excitation of 

the Er
3+

 ions also create holes, which can be captured by the 

Nd
3+

 traps. These holes subsequently undergo a series of 

detrapping-retrapping cycles before being thermally released 

from the traps. This allows the excited Er
3+

 ions to radiatively 

deactivate to the ground state, yielding the long-lasting 

luminescence. 

 

Figure 7. Normalised curves for UC emission luminescence decay for OA- (black up-

pointing triangles), OPLT- (azure circles), PEG-phosphate- (violet down-pointing 

triangles), and alendronate-coated (green squares) NaYF4:Nd
3+

/Yb
3+

/Er
3+

 

(1/20/2%)@NaYF4:Nd3+(25%) core-shell UCNPs. Spectra were measured in water 

(hydrophilic UCNPs) or cyclohexane (OA-coated UCNPs), and were registered at λ = 525 

(left) and 545 nm (right), after λ = 793 nm laser excitation. 

The decay trends corresponded to a high retrapping rate 

regime, and were fitted according to the following equation 

                  𝐼 =
𝐼0

(1+𝛾𝑡)𝑛
                                                      (1) 

where 𝐼0 is the initial intensity, 𝛾 depends on the density of 

the traps, on the population of trapped electrons at t = 0 and 

on the detrapping rate, and n depends on the material.
68

 In 

our case, for all the three UCNP samples, value of n obtained 

from the fits varied between 0.52 and 1.06 (Table 3); no 

significant difference in n values were registered between 

hydrophobic and hydrophilic UCNPs (0.52<n<0.59), except for 

OPLT-coated ones, which presented a higher value (n = 1.05) 

and consequently a faster luminescence decay. 

Table 3. Value of n for OA-, OPLT-, PEG-phosphate-, and alendronate-coated 

NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+(25%) core-shell UCNPs, upon laser 

excitation at λ = 793 nm. The UC decay curves of Er3+ ions were collected at λ = 525 

(2H11/2 → 4I15/2) and 545 nm (4S3/2 → 4I15/2). 

UCNP samples 
Value of n 

525 nm 545 nm 

OPLT-coated 1.05 1.06 

Alendronate-coated 0.55 0.57 

PEG-phosphate-coated 0.55 0.56 

OA-coated 0.52 0.59 

 

Interaction of water-dispersible UCNPs with serum components 

We investigated serum protein-UCNP interactions for the 

OPLT-, PEG-phosphate-, and alendronate-coated UCNPs using 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE). For this, the UCNPs were incubated with different 

concentrations of human serum for 1 h at 37 °C. The UCNP-

associated proteins were separated from the supernatant 

serum by centrifugation, followed by extensive washing with 

PBS in order to remove proteins with low affinity for the UCNP 

surface. Finally, serum components retained on the UCNP 

surface were detached and denatured by incubating for 5 min 

at 95 °C in Laemmli sample buffer and subjected to 1D SDS-

PAGE analysis, followed by visualisation of protein bands by 

staining with a colloidal Coomassie G-250 dye.  
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For the PEG-phosphate- and alendronate-coated UCNPs, 

exposure to human serum resulted in almost no adsorption of 

serum proteins on to the UCNP surface, even at high serum 

concentrations, as hardly any protein bands could be 

visualised for both the UCNPs (Figure 8a and b). This, however, 

is in clear contrast to the gel for serum-exposed OPLT-coated 

UCNPs (Figure 8c), where several distinct bands corresponding 

to UCNP surface-associated serum proteins were observed. 

This suggests significant biomolecular corona formation for 

OPLT-coated UCNPs. However, the composition of this corona 

did not appear to alter dramatically upon increasing the serum 

concentration, and only lead to an increase in the amount of 

the proteins adsorbed. 

 

Figure 8. SDS-PAGE analysis of the serum protein absorption on hydrophilic UCNPs. 

UCNP-associated serum proteins were isolated after incubation of (a) alendronate-, (b) 

PEG-phosphate-, or (c) OPLT-coated NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+(25%) 

core-shell UCNPs with 0–80% of human serum for 1 h at 37 °C.  

The substantial biomolecular corona formed on the OPLT-

coated UCNPs is rather unexpected as such zwitterionic 

coatings have previously been found to suppress the 

nonspecific adsorption of biomolecules to the NM surfaces.
46

 

One possible explanation for this finding is that the 

dissociation of OPLT ligands from the NM surface occurs when 

the NMs are exposed to human serum.
33

 In order to 

investigate the role of serum enzymes and complementary 

factors in this coating disintegration, we repeated the 

experiments, but using heat-inactivated human serum (Figure 

S3a) and lowering the incubation temperature to 4 °C instead 

of 37 °C (Figure S3b). It is evident from Figure S3 that serum 

exposure at 4 °C reduced the non-specific adsorption of 

proteins onto the UCNPs surface up to a certain degree. 

Moreover, heat inactivation of serum prior to UCNP exposure 

also had a marginal effect on the biomolecular corona 

composition. 

The composition of the biomolecular corona can be affected 

by various physicochemical parameters, such as NM size and 

shape as well as their surface chemistry, charge and coating.
37, 

75
 Furthermore, the degree of biomolecule coverage and the 

composition of the biomolecules adsorbed on the NM surface 

depend on the temperature at which the corona is formed.
76, 

77
 For example, Mahmoudi et al. showed that even subtle 

changes in temperature can considerably influence the 

composition of the formed biomolecular corona as well as the 

affinity of different biomolecules for the NM surface.
77

 The 

differences between the corona composition for the OPLT-

coated UCNPs incubated with human serum at 4 °C and 37 °C, 

respectively, are in accordance with the above-mentioned 

findings. 

 

 

Dye functionalisation of alendronate-coated corona-resistant 

UCNPs  

Next, we also investigated the possibility of tethering different 

functionalities to the protein corona-resistant alendronate-

coated UCNPs (vide supra). Direct coupling of 

alendronate-coated UCNPs with fluorescein isothiocyanate 

(FITC) was attempted with a view to test the accessibility of 

terminal amine group on the alendronate ions for subsequent 

conjugation reactions (Figure 9). 

  

Figure 9. Conjugation of fluorescein isothiocyanate (FITC) to alendronate-coated 

NaYF4:Nd3+/Yb3+/Er3+ (1/20/2%)@NaYF4:Nd3+(25%) core-shell UCNPs.  

After room temperature reaction of alendronate-coated UCNP 

(2 mg) with 5, 10 or 20 nmol FITC, respectively, the samples 

were purified by spin ultrafiltration using 10 kDa MW cut-off 

centrifuge tube filters. First indication on the successful 

coupling of FITC to the alendronate-coated UCNPs was 

obtained from thin layer chromatography (TLC) analysis of the 

UCNP samples taken before (Figure S4a) and after purification 

(Figure S4b). TLC was performed using glass microfiber 

chromatography paper impregnated with a silica gel (iTLC-SG) 

as stationary phase and a 1:2 (v/v) mixture of NH4OAc 

(2 M)/MeOH as mobile phase. On this TLC system, hydrophilic 

UCNPs (Rf = 0) are well-separated from the unbound FITC (Rf = 

1). Detection of strong fluorescein emission from the UCNP 

sample taken after purification suggested that the dye was 

linked to the alendronate-coated UCNPs. This was further 

corroborated by the presence of characteristic absorption 

band, centred around λ = 475 nm, and the emission maxima at 

λ = 525 nm for the linked fluorescein unit (λex = 470 nm), in 

UV/Vis absorption and photoluminescence spectra, 

respectively (Figure 10). As expected, the coupling efficiency 
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depends on the FITC concentration used for the reaction, with 

a higher dye concentration resulting in higher loading of the 

dye onto the UCNP surface. 

 

Figure 10. Electronic absorbance (left) and emission spectra (right) of alendronate-

coated UCNPs after coupling reaction with FITC. The red trace shows the spectrum for 

FITC-coupled UCNPs, whereas the spectrum for the free FITC is shown in black.  

Conclusions 

Water dispersible β-phase NaYF4-based UCNPs, capped with 

OPLT, PEG-phosphate, and alendronate ligands, have been 

synthesised by a facile two-step ligand exchange method. TEM 

and DLS analysis showed that, upon surface modification, the 

UCNPs do not undergo a significant change in their size (Dh = 

12.5–16 nm) and morphology. All the three surface coatings 

generate UCNPs with high long-term colloidal stability and a 

close to neutral surface charge at physiological pH. The PEG-

phosphate- and alendronate-coated UCNPs also show great 

resistance to protein corona formation, even when exposed to 

high serum concentrations. More importantly, the UCNPs 

retain their photophysical properties and show efficient UC 

luminescence under irradiation at 793 nm. Moreover, the 

presence of reactive amine groups on the surface of 

alendronate coated UCNPs allows for easy conjugation of 

(radio)chelators, dyes, antibodies and other biomolecules to 

the UCNP surface. Our future research will focus on 

understanding the bio-distribution of these UCNPs, which will 

ultimately prove useful in establishing their potential for 

biomedical applications. 

EXPERIMENTAL SECTION 

Materials 

Alendronic acid and PEG-phosphate (synthesised using 

polyethylene glycol of Mn=1000) were synthesised following 

the literature procedures.
58, 78

 The characterisation data were 

in agreement with those previously reported for the 

compounds. O-phospho-L-threonine (OPLT) (99.9%) was 

purchased from Sigma Aldrich. Therminol 66 (T66) was 

supplied by FRAGOL GmbH (Mülheim, Germany, product 

number: 2600267). All other chemicals and solvents were of 

reagent or analytical grade, and were used as received without 

further purification. 

 

Instrumentation and methods 

Dynamic Light scattering (DLS) and zeta potential 

measurements on UCNPs were performed using Malvern 

Zetasizer Nano ZS Instrument with a He-Ne laser (λ = 632 nm). 

Measurements were conducted at 25 °C, with a detection 

angle of 173°, and the data was processed by means of the 

Zetasizer software (version 7.12). The measurements were 

done in triplicate and sample solutions were passed through a 

nylon syringe filter (0.2 m) prior to the measurements.  

Transmission electron microscopy (TEM) images were acquired 

using an image Cs-corrected FEI Titan 80-300 electron 

microscope, operating at an accelerating voltage of 300 kV. 

Samples were prepared by drop-casting NP dispersions on 

carbon-coated TEM grids followed by drying in air.  

Infrared spectra were acquired on a Nicolet iS5 FT-IR 

spectrometer, using the iD5 for ATR measurements (diamond). 

The spectra were recorded in transmission mode in a 

wavenumber range 4000–500 cm
-1

. 

UV-Vis absorption spectra were acquired using Analytik Jena 

Specord 50 spectrophotometer. Luminescence spectrum of 

FITC-conjugated UCNPs was obtained following excitation at λ 

= 470 nm on a PerkinElmer LS 50 luminescence spectrometer, 

equipped with a Xenon lamp source.  

The steady state upconversion luminescence measurements 

were performed with a wavelength tunable short pulsed 

Ti:sapphire laser system (Mai Tai HP, Spectra-Physics, 

Mountain View, CA, USA). The output from the Ti:sapphire 

laser consists of 150 fs pulses at a repetition rate of 80 ± 1 

MHz. The spectra were detected using ICCD camera (Horiba) 

cooled to -5 °C. For time-resolved measurements, a Sunlite 

laser (continuum source, 250 mW) with a laser wavelength of 

793 nm was used for excitation. The emitted light was 

spectrally decomposed (100 lines/mm) by iHR 550 Horiba 

spectrometer (slot width 200 µm). The central wavelength of 

the spectrometer was set to 520 nm, and spectra were 

recorded in the range 370–670 nm. The spectra were detected 

by an ICCD camera cooled to -5 °C (Horiba). A dynamic step 

width was used to describe species with a long emission life 

time as well as species with short emission life time. 

 

Synthesis 

Erbium-doped core UCNPs (UCNPcore,Nd = β-NaYF4:Nd
3+

/Yb
3+

/ 

Er
3+

(1/20/2%)). Hexagonal phase (β) NaYF4 (2 mol% Er
3+

, 1 

mol% Nd
3+

)-doped hydrophobic nanocrystals were synthesised 

following procedure recently reported by our group.
52

 Briefly, 

a mixture of YCl3 (0.77 mmol), NdCl3 (0.01 mmol), YbCl3 (0.2 

mmol) and ErCl3 (0.02 mmol), oleic acid (8 mL), and 

Therminol 66 (12 mL) was heated to 120 °C under vacuum 

for 45 min. Thereafter, the reaction solution was cooled to 90 

°C with an argon stream. To this solution, ammonium fluoride 

(4 mmol) and sodium oleate (2.5 mmol) were added and the 

mixture stirred for 30 min under argon. Subsequently the 

reaction was heated to 318 °C (∼10 °C/min) under argon and 

the reaction temperature was maintained for additional 10 

min. Sub-10 nm erbium-doped core NaYF4 UCNPs were 

precipitated out by the addition of ethanol, collected by 

centrifugation, and washed with ethanol several times, prior to 

their re-dispersion in hexane and storage at r.t until further 

use. The molar composition of lanthanide ions in final UCNP 
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samples was determined by inductively coupled plasma mass 

spectrometry (ICP-MS), which showed good agreement with 

stoichiometric ratios used for the synthesis. 
 

Core-shell UCNPs (UCNPcore,Nd@NaYF4:Nd
3+

(25%)). Synthesis of 

hexagonal phase (β) NaYF4 (2 mol% Er
3+

, 2 mol% Nd
3+

) 

core−shell nanocrystals were carried out following our 

previously reported method,
52

 using a shell precursor solution 

made from T66 (8 mL), OA (4 mL), YCl3 (0.65 mmol), NdCl3 

(0.25 mmol). The shell growth was performed directly on the 

earlier synthesised core UCNPs (60 mg). A solution of core 

UCNPs in 20 mL of T66/OA (3:2 v/v) was heated at 75 °C for 

30 min under an argon atmosphere. While maintaining the 

inert atmosphere, the reaction temperature was elevated to 

305 °C. Subsequently, the shell precursor solution was added 

dropwise (2 mL/h) using a peristaltic syringe pump. 

Afterwards, the reaction temperature was kept constant at 

305 °C for 5 min before cooling down to 75 °C. Following the 

purification steps described for the core UCNPs (vide supra), 

sub-10 nm core-shell UCNPs were obtained. The molar 

composition of lanthanide ions in UCNP samples was 

determined ICP-MS, which showed good agreement with 

stoichiometric ratios used for the synthesis. 

 

Surface coating of UCNPs with OPLT, PEG-phosphate, and 

alendronic acid.  

Hydrophilic UCNPs were prepared through a two-step ligand 

exchange process using BF4
-
 as an intermediate ligand.

59
 The 

oleate ligands of core-shell UCNPs were first replaced with BF4
-
 

ions following a procedure reported by Dong et al.
59

 For this, 3 

mL of stock solution of core-shell UCNPs in hexane (10 mg/mL) 

was mixed with NOBF4  (30 mg) in DMF (3 mL), and the 

biphasic solution was stirred vigorously for 10 min at room 

temperature allowing an extraction of BF4
-
-coated 

nanoparticles from the upper hexane phase into the lower 

DMF phase. The BF4
-
-coated UCNPs were then precipitated 

from the DMF solution using chloroform (2×20 mL) and 

collected after centrifugation (23830 × g, 15 min). Afterwards, 

the transparent pellet was once again dispersed in 5 mL of 

DMF and centrifuged (1000 × g; 3 min) to remove any larger 

aggregates, and the supernatant was used as a stock solution 

for all subsequent hydrophilic coating procedures.  

In the second step, the desired capping ligands (alendronic 

acid, PEG-phosphate or OPLT) were used as final stabilising 

agents. For the final coating the UCNPs with hydrophilic 

ligands, 1 mL of the stock dispersion of BF4
-
-coated UCNPs was 

slowly added to a prepared aqueous solution (3 mL) of the 

corresponding ligand (25 mg in 3 mL of NaHCO3 (1 M aqueous 

solution) for alendronate, 1 M NH3/H2O (1/2 v/v) for PEG-

phosphate and OPLT) and stirred vigorously for 2 h. The turbid 

dispersion was centrifuged (2383 × g, 5 min), the supernatant 

was discarded and the resulting pellet was re-dispersed in 

water (500 µL) and centrifuged for 15 min at 2383 × g. This 

step was repeated twice. Finally, the pellet was re-dispersed in 

water (5 mL), and passed through a 30 kDa cut-off centrifuge 

tube filter (1000 × g, 30 min) to remove any low molecular 

weight impurities. The resulting dispersion was filtered 

through a 0.22 μm PTFE syringe filter (to remove any large 

aggregates) and stored at r.t until further use. 
 

Surface functionalisation with fluorescein isothiocyanate 

Fluorescein isothiocyanate (FITC) solution was prepared by 

dissolving 1 mg of the reactive dye in 1 mL of anhydrous 

dimethyl sulfoxide (DMSO). Then, 200 µL of alendronate-

coated UCNPs (10 µg/µL in dd water) were mixed with 2, 4 or 8 

µL of FITC solution in 20 µL of 100 mM carbonate buffer (pH 

9.2). The mixture was slowly shaken at room temperature (in 

darkness) for up to 4 h, purified by spin ultrafiltration using 10 

kDa cut-off centrifuge tube filters (5000 x g, 5 min) and then 

resuspended in dd water. The coupling reaction was 

monitored by thin layer chromatography (TLC), performed 

using glass microfiber chromatography paper impregnated 

with a silica gel (iTLC-SG) as stationary phase and a 1:2 (v/v) 

mixture of NH4OAc (2 M)/MeOH as mobile phase. After TLC, 

images of the chromatography stripes were acquired with an 

Amersham Typhoon 5 Scanner (GE Healthcare) using the 

specific excitation/emission wavelength for CY2. 

 

Isolation and characterisation of nanoparticle-protein complexes 

Biomolecular corona forming on water-dispersible UCNP was 

isolated as described recently with slight modifications.
79

 

Briefly, samples containing a total amount of 100 µg of OPLT-, 

PEG-phosphate-, or alendronate-coated UCNPs (final 

concentration 1 µg/µL) were incubated with increasing 

concentrations of normal (without pretreatment) or heat-

inactivated human serum, diluted with PBS, for 1 h at 37 °C or 

4 °C in protein LoBind vials (Eppendorf). For heat inactivation, 

the human serum was incubated at 56 °C for 30 min prior to its 

addition to the different water-dispersible UCNPs. After 

incubation in serum, samples were centrifuged for 5 min at 

8000 × g and 4 °C to pellet the UCNP-corona complexes and to 

remove the supernatant serum. The pellets were then washed 

three times with ice-cold PBS and centrifuged again for 5 min 

at 8000 × g and 4 °C to remove proteins with low affinity for 

the nanoparticle surface. Finally, the UCNP-corona pellets 

were air-dried after the last centrifugation step to evaporate 

remaining liquid, resuspended in Laemmli buffer 

supplemented with 355 mM -mercaptoethanol and 

incubated for additional 5 min at 95 °C to reduce and denature 

the proteins. After cooling to room temperature, the samples 

were loaded on a 12% SDS-polyacrylamide gel and subjected 

to electrophoresis until the bromophenol blue dye of the 

sample buffer reached the end of the gel. After electrophoretic 

separation, the gels were stained with colloidal Coomassie G-

250 (PageBlue Protein Staining Solution, Thermo Fisher 

Scientific) according to the manufacturer's instructions. 
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SYNOPSIS 

Hide and Seek. Surface modification of hydrophobic β-NaYF4 

upconverting nanoparticles (UCNPs) with alendronic acid, a 

strongly binding di-phosphonate ligand, produces water-

dispersible UCNPs, without major increases in particle size. 

These UCNPs display high colloidal stability, are protein corona 

resistant, exhibit bright upconversion luminescence 

(800 nm excitation), and are ready for incorporating multiple 

targeting, therapeutic and imaging moieties.   
 

 


