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The application of upconversion nanoparticles (UCNPs) for cell and tissue analysis requires a 
comprehensive understanding of their interactions with biological entities to prevent toxicity or 
harmful effects. Whereas most studies focus on cancer cells, this work addresses non-cancerous cells 
with their regular in vitro physiology. Since it is generally accepted that surface chemistry largely 
determines biocompatibility in general and uptake of nanomaterials in particular, two bilayer surface 
coatings with different surface shielding properties have been studied: (i) a phospholipid bilayer 
membrane (PLM) and (ii) an amphiphilic polymer (AP). Both surface modifications are applied to 
(12–33) nm core-shell UCNPs NaYF4(Yb, Er)@NaYF4, ensuring colloidal stability in biological media. 
The impact of UCNPs@AP and UCNPs@PLM on non-cancerous epithelial-like kidney cells in vitro was 
found to differ significantly. UCNPs@PLM did not exhibit any measurable effect on cell physiology, 
even with prolonged exposure. In contrast, UCNPs@AP caused changes in cell morphology and 
induced cell-death after approximately 30 h. These variations in toxicity are attributed to the distinct 
chemical stability of these particles, which likely influences their intracellular disintegration.

Upconversion nanoparticles (UCNPs) have become a promising class of luminescent labels or probes to be 
used in the life sciences1–4. The lanthanide-doped nanocrystals show the outstanding ability to convert near-
infrared (NIR) light into higher energy light in the visible (VIS) range of the spectrum5. The excitation with NIR 
light avoids autofluorescence of biomolecules and provides a better tissue penetration6. However, in a biological 
environment using biocompatible concentrations, particle brightness is limited as the luminescence efficiency 
of the UCNPs suffers from water quenching and particle disintegration comes into play7–9. We could show in 
a previous study that UCNPs modified with a phospholipid coating have the potential to solve these problems 
as they provide protection from water and as a consequence improved chemical stability10. Nevertheless, the 
particle dissolution inside living cells may lead to unknown interactions and trigger toxic responses. The released 
ions of metallic and metalorganic nanoparticles have been reported as primary source of nanotoxicity11 and 
need to be considered also for NaYF4-based UCNPs12. To date, most studies assessing the cytotoxicity of UCNPs 
report low toxicity. However, these findings are predominantly derived from end-point assays conducted within 
a limited concentration range and over short exposure times, typically focusing on a few cell types, mainly cancer 
cells13–15. Relying solely on end-point readouts to study cell fate upon UCNP exposure can easily produce false-
negative results and oversimplifies the analysis. This approach fails to account for potential biotransformation 
of the particles and the biological impact of their disintegration products14,15. Therefore, a comprehensive 
investigation of cytotoxicity is essential, utilizing a combination of techniques that provide complementary 
information to capture a complete and accurate picture of UCNP-cell interactions over extended periods. The 
dissolution of NaYF4-based UCNPs in living cells has already been demonstrated to induce the formation of rare 
earth phosphates in lysosomes, and inflammatory responses16. This study has motivated researchers to improve 
the design of the UCNPs’ surface by hydrophobic bilayers, inorganic shells, or strongly complexing ligands for 
a better control of the particle/liquid interface and a reduced particle disintegration17–24. Nevertheless, most of 

1Institute for Analytical Chemistry, Chemo- and Biosensors, University of Regensburg, 93053 Regensburg, Germany. 
2Laboratory of Bioimaging and Pathologies, UMR 7021 CNRS, University of Strasbourg, Strasbourg 67000, France. 
3Centre for EM, University of Regensburg, 93053 Regensburg, Germany. 4Institute for Pharmacy, University of 
Regensburg, 93053 Regensburg, Germany. 5Institute for Anatomy, University of Regensburg, 93053 Regensburg, 
Germany. 6Fraunhofer Institute for Electronic Microsystems and Solid State Technologies EMFT, 93053 Regensburg, 
Germany. email: joachim.wegener@ur.de

OPEN

Scientific Reports |        (2024) 14:30610 1| https://doi.org/10.1038/s41598-024-83406-3

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-83406-3&domain=pdf&date_stamp=2024-12-21


these studies on UCNPs dissolution have been only performed under steady-state and cell-free conditions and 
need to be correlated to nanoparticle toxicity in vitro. When going from in vitro to in vivo applications, detailed 
studies on UCNPs cytotoxicity with long term exposures are essential. In this context, a suitable non-invasive 
technique for more detailed in vitro studies is electrical cell-substrate impedance sensing (ECIS)25. In such an 
assay, the cells are adherently grown on gold-film electrodes. The cell bodies block current flow as long as they 
are spread on the electrode surface and their membranes are intact. Once the cells shrink (apoptosis) or their 
membranes become permeable (necrosis), the electrical impedance drops, indicating cytotoxicity25,26. In parallel 
to such wholistic assays, a special focus should be directed to the potential interactions of the nanoparticles or 
their disintegration products with cellular organelles and molecular constituents. Importantly, studies should not 
only consider tumor cells but normal cells as well to avoid a biased perspective on the interactions of particles 
with tumor cells and their peculiar behaviors with respect to particle clearance and biodistribution27. Especially 
cell lines, derived from tissues forming the interface of the body to the outside world are of interest such as 
epithelial, endothelial, or phagocytic cells.

This work reveals the time-dependent impact of different surface coatings on nanoparticle uptake, stability, 
and long-time cytotoxicity in contact to non-cancerous epithelial-like cells. The surface coatings provide 
an individually efficient shielding from the aqueous environment. Upconversion nanoparticles of the type 
NaYF4(Yb, Er)@NaYF4have been selected as model systems as they show only very low dissolution tendency 
but a high optical sensitivity for changes that occur on the particle surface. These particles were coated with the 
bilayer forming and intrinsically non-toxic amphiphilic polymer (AP) or a phospholipid membrane (PLM) that 
mimics biological membranes as both have shown great potential in previous studies to provide protection from 
water10. This organic coating provides colloidal stability, reduces luminescence quenching, increases brightness 
and protects from chemical dissolution.

Results and discussion
Particle preparation and characterization
Particles consist of a NaYF4 core doped with 20% Yb3+ and 2% Er3+ (NaYF4(Yb, Er)). These particles cores are 
protected by a (2–3) nm optically inactive shell (NaYF4). After synthesis, the particles are stabilized by an oleate 
(OA) ligand and are denoted as UCNPs@OA. Hexagonal UCNPs@OA of two different diameters (12 ± 1) nm 
and (33 ± 1) nm have been used in this study (Figure S1 A, B). Both particles were modified with bilayer coatings 
consisting either of an amphiphilic polymer (AP; poly(isobutyl-maleic anhydride) with 75% dodecylamine 
side chains or a phospholipid membrane (PLM) made of 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA, 64%), 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, 7%) and cholesterol (29%). The negatively charged 
UCNPs@AP and UCNPs@PLM (Fig. 1) were prepared according to protocols reported previously10,28,29. All 
particles were proven to be monodisperse by TEM analysis, to be well dispersed and colloidally stable in H2O 
and cell culture media as verified by DLS, and to have a homogenous luminescence intensity distribution 
over a typical particle population under NIR excitation. The detailed results of the particle characterization 
are summarized in the supporting information, including TEM, DLS and zeta potential data, ensemble 
luminescence spectra, and single particle luminescence intensity distribution (Figure S1). An intrinsic toxicity 
of the PLM coating is excluded since the PLM bilayer consists of endogenous components of the mammalian 
cell membrane. The toxicity of the amphiphilic polymer (AP) was examined for NRK cells. AP forms aggregates 
with a hydrodynamic diameter of ~ 10 nm in water and of ~ 30 nm in fetal calf serum (FCS) containing buffers. 
NRK cells were exposed to the AP nanostructures in a dilution that was similar to that of the coated UCNPS 
(15 mM monomer concentration) and the cell response was monitored by ECIS (Figure S2). The impedance 
of the NRK cells does not decrease for at least 72 h upon exposure to AP agglomerates, indicating that cells 
remain unaffected by the presence of AP and show no sign of toxicity in this concentration range. Throughout 
this study, UCNPs of either 12–33 nm diameter were used. The larger UCNPs were used for optical studies to 
take advantage of their improved brightness and signal to noise ratio. Surface coatings were only compared for 
particles of the same size.

Toxicity of UCNPs@AP and UCNPs@PLM
Both, the AP and PLM coating, provide UCNPs with sufficient brightness and colloidal stability for bioanalytical 
applications, but this may change when applied to cells. In order to evaluate the biocompatibility of the UCNPs, 
non-transformed NRK cells were selected as epithelial-like model cell line from a major organ involved in particle 
clearance and biodistribution30. The UCNPs@AP and UCNPs@PLM were first tested for their cytotoxicity in a 
resazurin-based PrestoBlue™ assay, probing cellular redox metabolism and, thus, cell viability by the cellular content 
of reduced redox coenzymes. The exposure time was set to the often-used incubation time of 24 h to enable a 
comparison to data already reported in the literature (Fig. 2A). Cells incubated with the highest concentration of 
UCNPs@PLM (200 µg·mL−1) are still capable of reducing the non-fluorescent resazurin to fluorescent resorufin 
indicating an intact redox metabolism. In contrast, cells exposed to UCNPs@AP at concentrations > 5 µg·mL−1 
show a concentration-dependent loss of viability with a ~ 20% drop for the highest concentration (200 µg·mL−1). 
Low concentrations of UCNPs@AP (0.5–1 µg·mL−1) increase cell metabolism, resulting in cell viabilities that 
are formally higher than observed for controls but may indicate the onset of cellular defense mechanisms. This 
effect, often observed for potentially toxic substances, is defined as hormesis and has been already reported for 
nanoparticles31–33. Phase contrast micrographs of cells (Fig. 2B) exposed to UCNPs@PLM are indistinguishable 
from those of untreated cells. In contrast, micrographs of cell layers treated with UCNPs@AP reveal partly 
spherical and detached cells as well as cell debris. To determine whether UCNPs@PLM are just not internalized 
at all or are non-toxic within the 24-hour incubation period, 70 nm ultrathin slices were prepared from NRK 
cells for electron microscopy analysis after 1–24 h incubation with UCNPs@PLM. A representative overview 
image (Figure S3 A, 24 h) shows nearly an entire cell with distinguishable compartments. After 1 h, the UCNPs@
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PLM were observed as individual particles or agglomerates in early and late endosomes (EE, LE) (Figure S3). 
After 24 h incubation, they were primarily found as aggregates in matured vesicles, such as multivesicular bodies 
(MVB) and endo-lysosomes (EL) (Figure S3 B, C). Thus, UCNPs@PLM were clearly internalized after 24 h of 
incubation but did not significantly affect NRK cells, whereas a concentration-dependent effect of UCNPs@AP 
on cell viability and morphology were observed. However, the Presto Blue assay only reveals the cytotoxicity after 
a pre-defined exposure time and does neither reveal the time course of toxicity nor the impact of the particles 
on cell viability for longer exposure times. Therefore, the ECIS assay was selected as a more comprehensive, 
time-resolved method to assess the particles’ cytotoxicity from changes in cell morphology, loss of adhesion or 
membrane rupture. NRK cells were grown to confluence on gold-film electrodes prior to their exposure to the 
different UCNP preparations and their response was monitored for 72 h. The impedance was recorded at an AC 
frequency of 32 kHz as it provides the highest sensitivity for cell detachment or membrane rupture34. Figure 2C 
and D show representative time courses of the electrical impedance when the cells were treated with increasing 
concentrations of UCNPs@AP or UCNPs@PLM in DPBS (5% FCS). The impedance of the cells exposed to 
UCNPs@PLM or buffer remains at basal values for 72 h, providing no indication of toxicity for these particles. 
In contrast, the impedance of the cells incubated with UCNPs@AP show a concentration-dependent response 
profile. Treated with the two highest concentrations (≥ 50 µg·mL−1), the impedance of the cells increases slightly 
after ~ 12 h before it drops after (26–36) h to values close to that of the cell-free electrode (dashed line). Lower 
concentrations of UCNPs@AP initiated only the signal increase but led to no impedance decrease within the 
recorded time frame. The impedance drop indicates the loss of membrane integrity or detachment of the cells 
as a response to the particles34. The impact of different measurement buffers on the ECIS-readout was examined 
for the toxic UCNPs@AP. The same concentration-dependent response profile with a transient increase prior 
to an impedance drop was recorded for UCNPs@AP in L-15 medium (5% FCS), but morphology changes 

Fig. 1.  UCNPs were coated either with an amphiphilic polymer bilayer (UCNP@AP, green), most probably 
stabilized by intercalation, or with the phospholipid membrane coating (UCNP@PLM, orange). The PLM is 
formed by oleate, cholesterol, DOPA, and DOPE and, thereby, is stabilized by inter- and intramolecular Van 
der Waals interactions as well as electrostatic attraction of the head groups.
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were initiated by significantly lower concentrations of UCNPs@AP (≥ 5 µg·mL−1) as compared to experiments 
performed in DPBS (5% FCS). The time courses in both buffers reveal a toxic impact of the UCNPs@AP, which is 
not of an immediate but rather intermediate nature. For the toxic UCNPs, a fit of the normalized impedance for 
70 h exposure time as a function of particle concentration (Fig. 2F) provided an estimated EC50 value of (45 ± 7) 
µg·mL−1 and (15 ± 2) µg·mL−1 for NRK cells incubated with 33 nm UCNPs@AP in DPBS (5% FCS, 1 mg·mL−1 
glucose) or in L-15 (5% FCS), respectively.

Differences in toxicity of UCNPs@AP suspended in serum-containing DPBS or L-15 might be caused by 
variations in the protein corona formed around the particles in the two media, leading to buffer-dependent 
internalization efficiency and cytotoxicity. A similar effect has already been observed for the DMEM and RPMI 
media by Pompa et al. for citrate-coated gold nanoparticles on HeLa and U937 cells35. The authors showed a 
reduced protein corona formation in RPMI together with an improved uptake and higher cytotoxicity. Indeed, 
it is well-known that the uptake efficiency of nanoparticles and consequently their toxicity are reduced in 
the presence of a protein corona. The behavior of particles usually depends more on the amount of proteins 
adsorbed to the particle surface than on the nature of those proteins36–39. Particle internalization is also triggered 
in some cell lines by vitamins like folic acid, which are present in several cell culture media but not in DPBS40. 
Additionally, the aggregation behavior of nanoparticles may vary in different media. As a consequence of the 
abundance of well-dispersed particles, smaller particle clusters, or large particle aggregates in different media, the 
toxicity may turn out to be media-dependent41–43. However, as the UCNPs do not tend to form large aggregates 
in any medium as revealed by DLS measurements (Figure S 1), variations of the protein corona are more likely 
responsible for the buffer-dependent toxicity.

The electrical impedance of the cells, which were exposed to high concentrations of UCNPs@AP, increases 
transiently prior to a monotonic decrease to the values of a cell-free electrode (Fig. 2C, E). This response profile 
might reflect an initial swelling of the cells, reducing the widths of the intercellular clefts as the major current 
pathway. For extended exposure time, the impedance time course indicates membrane rupture after cell swelling 
as the potential cause for the impedance drop for toxic concentrations. An intact membrane is essential for 
the cells to form a noticeable barrier to current flow. Upon membrane rupture, for instance as a consequence 
of osmotic misbalance, the dielectric breakdown of the membrane reduces the impedance increasingly. 
Membrane rupture is one of the hallmarks of necrosis or related modes of cell death26. However, cell shrinkage 
as a consequence of genetically encoded forms of more apoptotic cell death would also reduce the impedance 

Fig. 2.  (A) Cell viability of NRK cells incubated with 12 nm UCNPS@AP or UCNPs@PLM (mass 
concentrations (β) of 0.5–200 µg·mL−1, L-15, 5% FCS) for 24 h as determined by PrestoBlue assays and (B) 
corresponding phase contrast micrographs (100 µg·mL−1). Representative time courses of impedance at 32 kHz 
of NRK cells, exposed to 33 nm (C) UCNPS@AP in DPBS (5% FCS), (D) UCNPs@PLM in DPBS (5% FCS), 
and (E) UCNPS@AP in L-15 (5% FCS). Impedances were normalized to the initial value measured at 0 h. The 
baseline magnitude of impedance was (1.080 ± 0.007) kΩ before particle addition. The dashed line represents 
the impedance value of a cell-free electrode. (F) Concentration-response relationship of the normalized 
impedance after exposing NRK cells for 70 h to 33 nm UCNPs. EC50 values were calculated from the data of 
three measurements using a 4-parameter logistic model: EC50(UCNPs@AP, DPBS, 70 h) = (45 ± 7) µg·mL−1 
(adjusted R2 = 0.999) and EC50(UCNPs@AP, L-15, 70 h) = (15 ± 2) µg·mL−1 (adjusted R2 = 0.999).
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eventually. It is beyond the scope of this study to identify the exact mechanism of cell death, but the impedance 
data unequivocally indicates that the cells under study lose their viability in a dose- and time-dependent process 
triggered by the presence of UCNP@AP but not UCNP@PLM. Indeed, such a transient increase in impedance 
before cell death, induced by nanomaterials, has already been reported for NRK cells exposed to C-Dots44, A549 
cells treated with CuO or ZnO NPs45, and HEPG2 cells incubated with ZnO NPs46. This particular impedance 
profile has been loosely associated with necrosis simply based on its major morphological hallmarks but without 
any detailed distinction between the different subcategories of necrotic cell death44. Both assays demonstrated 
that in sharp contrast to UCNPs@PLM, UCNPs@AP strongly stress the cells, clearly indicating that surface 
engineering is the key to success when it comes to the design of UCNPs for biological applications.

Internalization of UCNPs@AP and UCNPs@PLM
To determine whether the difference in toxicity between UCNPs@AP and UCNPs@PLM was related to a 
difference in uptake and availability of the two particles in the cytoplasm of NRK cells, we performed (i) an 
image-based quantification of particle uptake based on UCNP luminescence in individual cells by wide-field 
upconversion microscopy and (ii) an independent quantification of the total intracellular UCNP content by 
chemical extraction and subsequent quantification using inductively coupled plasma - mass spectrometry 
(ICP-MS). The microscopy approach was carried out using the 33 nm UCNPs that were allowed to interact 
with adherent NRK cells for 6 h. This short incubation time ensured no toxic cell damage and a sufficiently 
small number of internalized particles to avoid saturation of the detector. Cell bodies and nuclei were visualized 
using a 1,1’-dioctadecyl-3,3,3’3’-tetramethylindocarbocyanine perchlorate (DiR) co-staining. A representative 
image of each experimental condition shows upconversion spots in the cells localized around the nucleus (Fig. 3 
middle column). The integrated upconversion intensity is higher for the UCNPs@PLM treated cells than for the 
UCNPs@AP treated ones. Note that in Fig. 3 the color scale is the same for all three experimental conditions 
and was initially set to accommodate the upconversion of the least bright sample (UCNPs@AP). The mean 
integrated upconversion intensity has been determined for 25 regions of interest (ROIs with 2–4 cells) from 
two independent experiments. The mean intensity was (700 ± 100) cts for the cells exposed to UCNPs@AP and 
(2000 ± 400) cts for those exposed to UCNPs@PLM. Even if one keeps in mind that 33 nm UCNPs@AP are 20% 
less bright compared to UCNPs@PLM, (Figure S 1E) the upconversion intensity of UCNPs@PLM is significantly 
higher than that of UCNPs@AP. Therefore, the microscopic studies clearly indicate a reduced uptake of the toxic 
UCNPs@AP.

The number of internalized UCNPs per cell NUCNPs/cell was determined quantitatively by ICP-MS. The 
cells were incubated with the particles for 24 h as cellular uptake is known to saturate after ~ 24 h15,47 and a 
significant fraction of the cells are still alive within 24 h of UCNP exposure. The cellular uptake was determined 
to (160 ± 45)·103 UCNPs@AP/cell and (420 ± 90)·103 UCNPs@PLM/cell (24  h, 100  µg·mL−1 (12  nm-sized 
particles), L-15, 5% FCS). Both uptake studies, using independent means of analysis, revealed at least twice 
as many particles of the non-toxic UCNPs@PLM type in the cell as compared to the toxic UCNPs@AP type. 
This observation underlines that the amount of internalized UCNPs does not explain the different levels of 
cytotoxicity.

Stability of UCNPs@AP and UCNPs@PLM
The chemical stability of UCNPs@AP and UCNPs@PLM was analyzed at the single-particle level by wide-field 
upconversion microscopy. As demonstrated in a previous study, luminescence loss over time of individual 
UCNPs in aqueous solution is directly related to ion leakage8. Differences in extracellular particle stability 
provide a direct indicator for the particles’ individual tendency for intracellular ion leakage. The average 
luminescence intensity of spots attributed to single UCNPs@AP in H2O at ambient temperature was observed 
to completely vanish within less than 5 h (Fig. 3A, B). The time course of the average intensity loss was fitted 
with an exponential decay function and provided a average luminescence half-live, t1/2 (H2O, rt), of (0.41 ± 0.02) 
h (Fig.  4C; weighted average from two datasets). Under the same conditions, the luminescence intensity of 
the UCNPs@PLM remains constant for at least 13 days. As a biomolecular corona might form around the 
UCNPs in cellular experiments, the dissolution rate of UCNPs was also studied in FCS-containing medium. The 
hydrodynamic diameter of the particles in the presence of FCS increased, indicating adsorption of proteins from 
solution to the particle surface (Figure S1). The average dissolution half-life of UCNPs@AP@FCS, t1/2 (FCS, rt), 
was observed to be (0.5 ± 0.1) d (Fig. 4D; weighted average from two datasets). Compared to the data without 
FCS incubation, the dissolution half-life was significantly prolonged, suggesting a protecting effect of the protein 
corona on UCNPs, slowing down particle dissolution. The luminescence intensity of UCNPs@PLM@FCS was 
stable over the whole duration of the experiment (96 h). Repeating the same experiment at 37 °C, the UCNPs@
AP@FCS dissolve faster than at rt with t1/2 (FCS, 37 °C) = (1.3 ± 0.1) h indicating that the protecting effect of 
the FCS coating was reduced at physiological temperature (Fig. 4E; single dataset; uncertainty corresponds to 
the uncertainty of the fit). Again, the luminescence of UCNPs@PLM@FCS remained constant at 37 °C over the 
entire observation time (72 h).

According to the data presented in Fig. 4, the protein corona was not sufficient to fully protect the UCNPs@
AP from dissolution. Their dissolution was delayed at rt compared to physiological temperature, which is in 
accordance with studies revealing surface protection by protein corona and an enhanced dissolution at higher 
temperature23. In contrast, PLM-coated particles were perfectly stable under all experimental conditions 
confirming the very good protecting properties of this surface modification. Similar observations in terms of 
brightness and colloidal stability in challenging phosphate buffers have already been reported by others10. The 
destabilizing effect of phosphates was also observed within cells. Indeed, the dissolved rare earth ions from 
NaYF4-based UCNPs are known to form precipitating rare earth (RE) phosphates REPO4with the organic 
phosphates in e.g., membrane lipids, nucleotide mono, di, and triphosphates, RNA or DNA. This can even speed 
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up particle disintegration, possibly impair cellular vesicles and induce inflammatory effects16,18. The phosphate-
enhanced particle disintegration is counteracted by making use of the strong attraction between rare earth ions 
and phosphates to design an efficient shielding of the particle surface from the media as shown for PLM. Also 
other phosph(on)ate based ligands as ethylenediaminetetra(methylenephosphonic acid) (EDTMP) or a modified 
10-methacryoyl-decylphosphate (HPS) have been proven to enhance the stability of UCNPs NaYF4(Yb, Er) 
under these conditions16–18. The different dissolution tendencies of UCNPs@AP and UCNPs@PLM may be 
observable in dedicated microscopic studies within cells as well.

Additionally, metabolic degradation of the two types of particle-coating bilayers, AP and PLM, may be 
different within cellular vesicles. The AP coating is rather loose and not all functional groups may be involved 

Fig. 3.  Representative wide-field microscopy images of NRK cells, incubated with 33 nm (A) UCNPs@AP and 
(B) UCNPs@PLM (5 µg·mL−1) in DPBS (5% FCS, 1 mg·mL−1 glucose) and (C) no UCNPs as a control for 6 h 
at 37 °C with green upconversion luminescence (exc.: 974 nm, cw, 8 kW·cm−2), red co-staining with DiR (exc.: 
633 nm), visualizing the cell bodies and nucleus, and overlay. The mean integrated upconversion intensity 
was (700 ± 100) cts for cells exposed to UCNPs@AP and (2000 ± 400) cts for cells exposed to UCNPs@PLM 
(mean ± SEM calculated from two independent experiments, with each experiment comprising 25 regions of 
interest (ROIs) containing 2–4 cells).
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in particle stabilization so that the polymer chains partly reach into solution. This may provide an easy access 
to the amide bonds for non-specific enzymes to induce a stepwise disintegration and pull-off from the particle. 
In contrast, the PLM coating is of non-polymeric nature and the phospholipids are close to the particle surface. 
Thus, the functional groups are sterically shielded, protected from enzymatic metabolization, and they may not 
reach into the active center of proteases or other hydrolases. It seems plausible that individual biotransformation, 
vesicle membrane damage, and release of vesicle loading into the cytoplasm is the reason for the observed toxicity 
of poorly shielded particles. The vesicular membrane leakage and release of vesicular enzymes may trigger direct 
digestion of cellular components and/or the activation of signaling cascades inducing cell death. Similar to these 
observations, a correlation between chemical stability of particles and cell viability has been reported for UCNPs 
with non-perfect protective surface coatings, while NaYF4(Yb, Er)@EDTMP showed no significant ion leakage 
or any impact on cell viability of human endothelial cells EA.hy926 and human myeloid cells THP-116,18. The 
experiments described above support the conclusion that the toxicity of UCNPs@AP, observed for epithelial 
NRK cells, was evoked by a lower surface shielding of the polymer coating and may be further intensified by 
metabolic degradation.

Conclusions
Both, intrinsically non-toxic PLM or AP surface modifications produce UCNPs with colloidal stability and 
brightness. However, UCNPs@AP and UCNPs@PLM differ significantly with respect to cytotoxicity. Viability 

Fig. 4.  Representative wide-field upconversion micrographs (10 × 10 μm) of 33 nm (A) UCNPs@AP and (B) 
UCNPs@PLM in H2O at rt at 0 h, 1 h and 3 h upon 974 nm excitation (8 kW·cm−2). (C) Normalized intensity 
of UCNPs@AP and UCNPs@PLM in H2O at rt for 13 d, (D) in H2O at rt for 6 d after 30 min pre-incubation 
with FCS (5%, DPBS) and (E) in H2O at 37 °C for 3 d after 30 min pre-incubation with FCS (5%, DPBS) with 
exponential decay fit for UCNPs@AP to estimate dissolution half-lives (t1/2). C) Experiments were conducted 
twice. The weighted average of t1/2 = (0.41 ± 0.02) h. D) Experiments were conducted twice. The weighted 
average of t1/2 = (0.5 ± 0.1) d. E) Experiment was conducted just once with t1/2= (1.3 ± 0.1) h. The uncertainty 
corresponds to the uncertainty of the fit. The raw data points correspond to the luminescence intensity of 
single UCNPs averaged over 100 ROIs covering a total surface of 0.16 mm2 (typically N = 760 (H2O) – 3600 
(protein corona) spots).
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and morphology of normal epithelial-like cells were strikingly affected by UCNPs@AP, while UCNPs@PLM 
did not induce any effect on NRK cells, even though they were internalized in higher amounts as compared to 
UCNPs@AP. Time resolved impedance analysis of cells revealed a delayed toxicity of the UCNPs@AP with an 
onset of cell death after around 30 h of exposure. The response profile shows a transient cell swelling prior to 
membrane permeabilization upon exposure to poorly shielded UCNPs@AP. Based on our data, the difference 
in toxicity is supposedly caused by a difference in chemical stability of the particles. UCNP@PLM did neither 
disintegrate at room temperature in water nor in presence of serum at physiological temperatures. In contrast, 
UCNPs@AP dissolved under all conditions within hours. Their partial disintegration most likely also happens 
within the cells. Ion leakage from poorly shielded UCNPs@AP and their toxic effect might contribute to cell 
death. This study clearly demonstrates that a toxicity analysis by common cell viability assays is not sufficient 
to provide a comprehensive picture of UCNPs biocompatibility. Microscopic analysis together with electric 
cell-substrate impedance sensing revealed different interactions of epithelial cells with UCNPs, that was clearly 
dependent on the surface coating, leading to both, internalization of individual and agglomerated UCNPs. These 
findings stress out the importance of protective surface coatings on nanoparticle fate and interactions within the 
cell and might be helpful for surface engineering of inorganic nanoparticles suitable for long time applications 
in biological systems. The PLM coating with freely available amine groups is also a good choice for surface 
functionalization e.g. by EDC/NHS activation or by click chemistry.

Methods
Particle synthesis
The syntheses of the core-shell particles NaYF4(Yb, Er)@NaYF4 were carried out by the stepwise injection of 
shell precursor particles to a boiling suspension of ~ 10 nm or ~ 25 nm core particles of NaYF4(20%Yb,2%Er) in 
a boiling mixture of 1-octadecene and oleic acid as solvents, as reported previously10,28,29.

Surface functionalization
The amphiphilic polymer (AP) coated particles (UCNPs@AP) were prepared from poly(isobutyl-maleic 
anhydride) (PIBMAD) with 75% dodecylamine side chains. The phospholipid membrane (PLM) coated 
particles were obtained by wrapping the UCNPs with a lipid mixture, consisting of 1,2-dioleoyl-sn-glycero-3-
phosphate (DOPA, 64%), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, 7%) and cholesterol (29%). 
The detailed procedures were published recently10.

Preparation of amphiphilic polymer agglomerates without UCNP core
Amphiphilic polymer agglomerates were prepared following the same protocol as for UCNPs@AP without 
using UCNPs and by omitting the centrifugation steps. The AP nanostructures were diluted 1:10 (finally 15 mM 
monomer concentration) according to the usual dilution of UCNPs@AP to 100 µg·mL−1.

Single particle luminescence measurements
Single particle luminescence was measured by a home-built wide-field upconversion microscope described 
in detail in our previous work8. Briefly, an inverted microscope IX71 (Olympus, Japan) equipped with a high 
numerical aperture objective (Olympus, UApo N 100×/1.49 oil) was coupled to a 974 nm single mode fiber laser 
(CW, 350 mW, Qphotonics, USA) to excite the UCNPs with an excitation power density of 8 kW·cm−2 in HILO 
illumination. Laser excitation was filtered by a long-pass excitation filter (ET780LP, Chroma). Luminescence 
emission was separated from the excitation beam by using a short pass dichroic mirror (T875spxrxt, Chroma), 
while the residual laser light was removed by a low pass filter (E700SP, Chroma). Emission was detected by 
an electron multiplying CCD camera (Hamamatsu, ImagEM X2 C9100-23B) with a 100 ms exposure time. 
Acquisition was fully automated and controlled by scripts within the MicroManager framework and image 
analysis was performed with Matlab (MathWorks). For particle stability experiments, UCNPs@AP and 
UCNPs@PLM in H2O or in DPBS (5% FCS, 1 mg·mL−1 glucose) were immobilized on a polyethyleneimine 
(PEI) coated 8 well chambered cover glass from Cellvis for 30 min (0.6 mL, 0.2 µg·mL−1 per well). The particle 
suspension was supplemented with NaF (1 mM) at rt or 37 °C to prevent possible particle dissolution during 
sample preparation and thus allowed to measure the luminescence of intact particles. After imaging the initial 
upconversion luminescence intensity in NaF-containing solution at t = 0 h, the adsorbed UCNPs were washed 
three times and kept under H2O at rt or 37 °C for the following measurements. It was ensured that UCNPs did 
not detach during the washing procedure.

All images (ROI 40 μm x 40 μm) were obtained as an averaged stack of 100 images and drift-corrected before 
the intensity of luminescence spots attributed to single UCNPs was determined by a custom Matlab script. The 
UCNPs spot intensities extracted from 100 ROIs were plotted in a histogram and fitted with a gaussian model to 
obtain the mean intensity (Figure S 1). The total intensity of all integrated luminescence spots was determined 
for each time point and normalized to the initial value in order to monitor the luminescence over the time 
course of the experiment. In the case of luminescence losses, the data were fitted with a mono exponential decay 
function.

Cell experiments
Normal rat kidney (NRK-52E; Leibniz Institute DSMZ GmbH, Germany) cells (subculture 14–29) were seeded 
on the substrates to confluence (250 000 cells·cm−2) in culture medium (DMEM (3.7  g NaHCO3, 4.5  g·L−1 
D-glucose) 5% (v/v) FCS, 1 mM L-glutamine, 100 µg·mL−1 penicillin and 100 µg·mL−1 streptomycin). They were 
cultivated at 37 °C and 5% CO2 for two days with a fresh medium supply after 24 h.
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Cell viability assay PrestoBlue
NRK cells were seeded on 96 well plates. After two days of cultivation, the 12 nm UCNPs@AP and UCNPs@
PLM were added to the wells (100 µL, 0.5–200 µg·mL−1 in Leibovitz L-15 medium + 5% FCS + 100 µg·mL − 1 
penicillin and 100 µg·mL 1 streptomycin) and incubated at 37 °C and 0% CO2 for 24 h. After aspiration of the 
particle solutions, the cells were incubated with the resazurin solution (100 µL, 10 µg·mL−1, DPBS + 1 mg·mL−1 
glucose) at 37 °C and 0% CO2 for 60 min. The fluorescence intensity was measured at λem = 600 nm (exc.: 532 nm) 
with the microplate reader GENios (Tecan, Switzlerland). Cells exposed to Triton X-100 (0.5%, v/v) served as 
positive (zero viability) control. The conversion of resazurin by UCNPs was excluded in control measurements 
with UCNPs and resazurin but without cells. The PrestoBlue assay was performed three times each with a three-
fold replication for every condition to calculate the instrumental weighted mean with the corresponding error.

Electric cell-substrate impedance sensing (ECIS)
NRK cells were seeded on 8W10E arrays (Applied BioPhysics Inc., USA). After two days of cultivation, the 
impedance measurement was started in L-15 (5% FCS, 100  µg·mL−1 penicillin, 100  µg·mL−1 streptomycin) 
or DPBS (5% FCS, 1 mg·mL−1 glucose) at 37 °C, 0% or 5% CO2, recorded by the ECIS Z-Θ device (Applied 
BioPhysics Inc.). After reaching a stable baseline, the 33 nm UCNPs@PLM or UCNPs@AP were added (200 
µL, final concentrations 1–100  µg·mL−1) and the impedance was continuously monitored for at least 70  h. 
Measurements were repeated at least three times. The impedance time courses at 32 kHz were normalized to the 
last time point before particle addition (|Z|/|Z|0 h, time point 0 h). The normalized impedance after 70 h was 
averaged for each condition (mean ± standard error of mean (SEM)) and correlated to the particle concentration. 
Concentration dependent response was approximated by a four parametric logistic model.

Electron microscopy
NRK cells were seeded on 12 mm coverslips in 24 well arrays (37 °C, 5% CO2). After 48 h the culture medium 
was replaced by the 12–33  nm UCNPs@PLM suspension (600 µL 50  µg·mL−1 of 12  nm UCNPs@PLM or 
200 µg·mL−1 of 33 nm UCNPs@PLM in culture medium). The cells were incubated with the particles for 1–24 h 
at 37 °C and 5% CO2, washed twice with DPBS and fixed with glutaraldehyde (2%, w/v, 0.1 M cacodylate buffer, 
pH 7.4) for 3 min. Cells were washed 3 × 2 min with cacodylate buffer (0.1 M, pH 7.4) and 3 × 2 min with H2O 
prior to the incubation with uranyl acetate (1%, w/v, H2O) on ice for 60 min. The samples were washed 5 × 2 min 
with H2O before dehydration with ethanol in rising concentrations (30–100%, each 2 × 2  min) and acetone 
(2 × 2 min). They were kept in a mixture of epon and acetone (1:1) for 5 min before hardening in epon at 30 °C 
for 1 h and at 60 °C for 2–3 h. Cover slips were blasted with liquid nitrogen. The 70 nm ultrathin sections were 
trimmed and cut with a diamond knife set on the microtome UC6 (Leica). Micrographs of the cell sections were 
taken with a transmission electron microscope (Zeiss 902) at 80 kV. All samples were prepared twice.

Wide-field upconversion microscopy and inhibition study
NRK cells were seeded in glass rings (d = 6  mm), glued in µ-dishes with glass bottom purchased from 
ibidi GmbH (Gräfelfing, Germany). After 48  h cells were treated with the dye 1,1-dioctadecyl-3,3,3,3-
tetramethylindotricarbocyanine iodide (DiR, 2.5 µM in DPBS + 5% FCS, 1  mg·mL−1 glucose) for 20  min at 
37 °C and 0% CO2. The dye solution for co-staining was removed and the cells were washed twice with DPBS 
before particle suspensions of 33 nm UCNPs@AP or UCNPs@PLM (10 µg·mL−1) in DPBS (5% FCS, 1 mg·mL−1 
glucose) were added for 1–6 h at 37 °C and 0% CO2. For the inhibition study, NRK cells were incubated with 
UCNPs@PLM at 4 °C, in presence of dynasore (200 µM) or sucrose (0.45 M) and UCNPs@PLM (5 µg·mL−1) 
in DPBS (5% FCS, 1 mg·mL−1 glucose) at 37 °C. After incubation, the cells were washed twice with DPBS and 
incubated with paraformaldehyde (4%, w/v, DPBS) at room temperature for 10  min. Finally, the cells were 
washed three times with DPBS. Separate microscopic stacks were taken upon 974 nm (8 kW·cm−2) and 633 nm 
irradiation with the aforementioned wide-field microscope, additionally equipped with a 633 nm laser line (LGK 
7665 P18, LASOS, Germany), dichroic mirror (Di01-R635-25 × 36, Semrock), notch filter (Stop Line Notch 
Filter 633, Semrock) and a long pass filter (647 LP Edge Basic edge basic, Semrock). The mean upconversion 
intensity integrated over one cell has been determined for 25 regions of interest (ROIs with typically 2–4 cells) 
for two independent experiments with imageJ. The mean intensity/ROI was depicted in a box plot, showing the 
mean ± SEM, the median and 25–75% of the data points in the boxes.

ICP-MS
Normal rat kidney (NRK) cells were seeded on 96 well plates. After 48 h the cells were exposed to 12 nm UCNPs@
AP and UCNPs@PLM (100 µg·mL−1) in L-15 (5% FCS, 100 µg·mL−1 penicillin, 100 µg·mL−1 streptomycin) at 
37 °C and 0% CO2 for 24 h. The cells were washed twice with DPBS and incubated with trypsin (0.05% (w/v) 
with 1 mM EDTA in PBS, 1 mL) for 30 min before they were dried at 70 °C. The cell samples were suspended 
with H2SO4 (≥ 95%, w/w, 0.5 mL) for 15 min, diluted with H2O (9.5 mL), equipped with Rh standard (4 µL, 10 
000 ppb, Perkin Elmer) and filtered (200 nm, polyether sulfone) prior to the analysis. The amount of rare earth 
ions was used to determine the number of particles NUCNPs. The mean number of cells per well was obtained 
with a Bürker hemacytometer after cell removal from the surface to calculate a mean number of particles per 
cell NUCNPs/cell. The experiment was repeated two individual times with a two-fold determination and the 
mean ± SEM was calculated.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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