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Abstract 

 

The fate of polymer-coated Eu- and Bi-doped GdVO4 nanoparticles of cubic shape upon cellular 

internalization was investigated. After endocytosis by cells, the cubic Eu- and Bi-doped GdVO4 

nanoparticle cores partly dissolved and were reshaped to rounded structures, which in control 

experiments could be ascribed to the acidic conditions present in endosomes/lysosomes. With 



ongoing time, there was significant reduction of the amount of internalized nanoparticles per cell 

due to proliferation. This was of higher extent than nanoparticle exocytosis. Data of the study are 

compatible with the scenario that endosomal/lysosomal enzymes may partly digest the polymer 

shell around the nanoparticle cores, with enhanced exocytosis of the polymer fragments as 

compared to the nanoparticle cores.  

  



Introduction 

 

Nanoparticles (NPs) may be endocytosed and exocytosed by cells at in vitro level, and 

incorporated and excreted by tissues at in vivo level.1-7 In the context of biological environment 

NPs need to be considered as hybrids comprising different components, such as the NP core, the 

NP surface coating, and the corona of adsorbed biological molecules such as proteins, counter 

ions, etc.8  The biological fate of the respective components of hybrid NPs can be different.9-14 In 

the following focus will be given on inorganic NP cores and organic surface coatings. Once 

exposed to different biological environments the NPs may be degraded, facilitated for example 

by acidic pH and presence of digestive enzymes.15 The different components of the NPs thereby 

can undergo different fate. The inorganic NP cores can start to dissolve16-22 and also reshaping 

has been reported.17, 23-26 The organic surface coating around the NPs may desorb due to 

displacement by other molecules,27-29 or may be enzymatically degraded.30-36 Also adsorbed 

proteins may desorbed/displaced,11, 37-42 and there may be enzymatic degradation.43-45  

 

One way of following the fate of the different NP components upon cellular internalization is 

based on multiple labelling.8, 46 By tracing of the different labels, the different NP components can 

be individually monitored. NP components may possess intrinsic properties that can act as label, 

e.g. fluorescence of the NP cores, different elements that can be detected by elemental analysis, 

etc. Alternatively, a large variety of labels can be attached to the different NP components, such 

as fluorophores, radiolabels, etc. Based on such multi-labelling studies, the fate of the different 

components of NPs once exposed to biological environment has been investigated. Details 

however depend on the respective NP structure. Thus, in order to obtain a more comprehensive 

picture, still more studies of different NP systems are needed. 

 

In the present work intracellular degradation of polymer-coated Eu- and Bi-doped GdVO4 NPs was 

investigated, focusing on both, degradation of the polymer shell and of the inorganic NP cores. 

While the NP cores were intrinsically fluorescent due to the Eu-doping and could be excited in the 

near ultraviolet region due to the presence of Bi,47 the polymer coating based on polyacrylic acid 

(PAA) was labelled with organic fluorophores, i.e. fluoresceinamine (FA). Due to their composition, 

the NP cores also could be detected by elemental analysis (Eu, Bi, Gd). In this way, detection of 

the different NP components was possible by two complementary methods, fluorescence and 

elemental analysis. Emphasis was given on the following points. 1) In case the amount of 

(degraded) NPs per cell decreases over time, this may be due to exocytosis,48 but also due to 

splitting of the NPs upon cell proliferation.11, 49 Here, the role of proliferation was investigated 

quantitatively. 2) Degradation may release fragments of the organic surface coating from the NP 

cores.11 Here, the kinetics of the intracellular concentration of several distinct components of the 

NPs (i.e. Eu, Bi, fluoresceinamine-labelled PAA) was comprehensively studied. 

 

  



Results and Discussion 

 

Synthesis and basic characterization of the NPs 

 

PAA coated Eu- and Bi-doped GdVO4 NPs were synthesized as described in previous work by one-

pot synthesis with polymer functionalization (i.e. PAA coating). (REF 47) For degradation 

measurements concerning the PAA shell, PAA was labelled with FA and these NPs were termed 

FA-NPs. As shown by transmission electron microscopy (TEM), the inorganic cores of the NPs 

displayed well-defined cubic shape with dc = 44 ± 6 nm diagonal length (n = 150 NPs, side length 

Lc = 32.9± 4.14 nm; see Figure 1 and the Supporting Information (SI)). This is in the same range as 

the hydrodynamic diameter of the NPs as dispersed in water, which was determined by dynamic 

light scattering (DLS) to be 33 ± 1 nm and 55 ± 1 nm from the number- and intensity distribution, 

respectively (see Figure SI-2.2.1). The zeta potential of the NPs in water at pH 6.5 was  = -32 ± 2 

mV, provided by the negative charge of PAA. The fluorescence spectra showed the typical peaks 

due to Eu(III) and FA fluorescence (cf. Figure SI-2.4.1). Energy-dispersive X-ray spectroscopy (EDX) 

analysis further revealed homogenous distribution of Eu, Bi, and Gd in the NPs (see Figure SI-

3.5.17). The concentration of the NPs was given in terms of mass concentrations CNP [μg/mL], as 

determined by weighting of NP powder after solvent evaporation in an oven at 60 °C. For low 

concentrations the detection limit of the inductively coupled plasma mass spectrometry (ICP-MS) 

set-up was reached and thus low elemental concentrations CEu, CBi, and CGd were affected by a 

significant error. 

 

 

 
Figure 1.  Transmission electron microscopy (TEM) image of the NPs and the corresponding 

distribution of the side length Lc. 

 

NP degradation upon different incubation conditions 

 

In order to emulate uptake of the NPs by cells, which involves acidic pH conditions as present in 

endosomes/lysosomes,50 and a temperature of 37 °C as used for cultivating cell lines, potential 



pH- and temperature-dependence of the degradation of the NPs was investigated. Rare earth 

metals for example have been reported to (partly) dissolve in acid buffer.51-52 To evaluate acid-

dependent degradation of the inorganic cores, three different pH conditions were chosen: (i) pH 

= 3.5 (citric acid–Na2HPO4), (ii) pH = 5 (citric acid–Na2HPO4), and (iii) either pH = 7.4 (citric acid–

Na2HPO4) or pH = 6.3 (MilliQ water). To further investigate the influence of temperature, 

experiments were carried out either at room temperature (RT) or at T = 37 °C. Time dependent 

fluorescence measurements demonstrated that the Eu fluorescence of the NPs immersed in the 

different buffers decreased over time. At pH 3.5 the Eu fluorescence drastically decreased over 

time. pH 5 buffer caused a comparatively lower decrease of the Eu fluorescence, whereas the 

fluorescence intensity remained largely constant at pH = 7.4 buffer (cf. Figure SI-3.2.2). Higher 

temperature (37 °C versus RT) intensified the decrease of Eu fluorescence. Interestingly, the 

decrease of Eu fluorescence was also concentration-dependent. For concentrations CNP >≈ 1 

mg/mL, the time-dependent reduction in Eu fluorescence was inhibited upon increasing the NP 

concentration (cf. Figure SI-3.2.1). The most likely explanation for this phenomenon is 

agglomeration of the NPs at high NP concentrations, leading to sedimentation of the NPs, and 

thus resulting in a reduced number NPs in the light path of the fluorimeter. Sedimentation of the 

milkish-white NP solution could be seen by the naked eye, and thus the solutions were mixed 

with a pipette before measurements.  The same effect was also observed for FA dissolved in the 

different buffers. For FA concentrations CFA >≈ 1 g/mL (this value depended on the pH of the 

buffer solution), FA fluorescence decreased with raising FA concentrations (cf. Figure SI-3.2.3). 

Due to the color of FA, the sedimentation of FA could also be seen by the naked eye. Thus, in the 

discussion of time- and pH-dependent fluorescence of Eu and FA also concentration dependence 

needs to be taken into account. Therefore, incubation experiments of cells with NPs were carried 

out at different NP concentrations. 

 

While the NPs were colloidally stable in MilliQ water, i.e. had a hydrodynamic diameter dh similar 

to the side length Lc of the cubic cores (cf. Figure SI-2.2.1), DLS measurements showed that the 

NPs severely agglomerated at pH 3.5 (cf. Figure SI-3.3.1). Agglomeration reduced over time, which 

might be due to partial dissolution of the NP cores. However, the PAA shell largely remained 

around the NP cores, as they kept their negative zeta-potential over time (cf. Figure SI-3.3.2). For 

pH 5 there was much less agglomeration, which also did not change over time, while there was 

no agglomeration in pH=6.3 (Milli-Q water, cf. Figure SI-3.3.1). 

 

In order to analyze dissolution of the NP cores at pH 3.5 (only this pH value was used, as the 

change in fluorescence and size was the most obvious at this condition), NPs were incubated in 

pH 3.5 buffer at 37 °C for up to 30 days. After different incubation times, ions and small NP 

fragments released from the NPs were separated from the NPs by ultrafiltration and were 

quantified by ICP-MS.53 The amount of Eu, Bi, and Gd released over time from the NPs is shown 

in Figure 2. Data clearly indicated that there was time-dependent release of the different 

elements, which demonstrated that the NP cores partly dissolved. However, the amount of 

released atoms was small as compared to the total amount of atoms in the NPs. Thus, there was 



some release of atoms from the NP surface, but clearly no complete NP dissolution. Release of Eu 

and Gd was found to be faster than the one of Bi. Gd and Eu are both rare earth elements and 

thus were expected to show similar chemical behavior. Bi in contrast belongs to a different family 

of elements and thus possible BiVO4 or Bi-rich clusters might be less soluble than EuVO4 or GdVO4. 

EDX data indicated that within the experimental error the Eu:Bi:Gd ratio in the NPs remained 

constant over time (cf. Figures SI-3.5.19 and SI-3.5.20). While ICP-MS data indicated higher 

release of Gd and Eu from the NPs (cf. Figure 2B), this release only made up for a small percentage 

of the total atomic content of the NPs. The absolute NP composition remained almost constant 

over time.  

 

 
Figure 2. (A) Schematic illustration for probing release of atoms/fragments from the NPs upon 

incubation at pH 3.5 at 37 °C. (B)  The elemental concentrations of released atoms/fragments CEu, 

CBi, and CGd in the eluent were determined by ICP-MS. The amount of released atoms over time 

was normalized to the initial concentration of atoms in the NPs before elution and is plotted as 

CX/CX(NP) (X = Eu, Bi, Gd). Data points correspond to mean values and standard deviations of n=3 

measurements. The data are taken from Table SI-3.4.1. 

 

The ICP-MS data allowed for quantifying degradation of the NP cores in terms of released atoms 

per NP, but they did not provide structural information. Therefore, TEM analysis of the NPs after 

having been exposed to the different incubation conditions was performed (cf. Figures SI-3.5.3 - 

SI-3.5.15). Figure 3(A) shows the deformation of the cubic-shaped NP cores over time at pH 3.5. 

In contrast, at pH = 6.3 (MilliQ water) the NPs retained their cubic shape. The apparent 

deformation of cubic shape at acidic buffers encouraged us to study the shape evolution 

quantitatively. For this reason, the TEM images were digitally analyzed by the software cell 



profiler and Matlab (see the SI for detailed information). Attempts were made for extracting 

various parameters for the different NPs, such as the cross section area of the NPs, their 

perimeter, eccentricity, extent, form factor, solidity, Z-factor, compactness, and corner angle.54-

56 More than 100 NPs were analyzed for each condition. However, only the corner angle αNP 

clearly manifested the loss of cubic shape over time (cf. Figure SI-3.5.16), and thus the corner 

angle was used as quantifier. For the sharp edge of a cube αNP is 90°, raising to αNP = 180° for a 

flat surface. The more rounded the edges become, the more αNP goes from 90° to 180°. The data 

in Figure 3 show a steep rise of αNP in case the NPs were immersed in acidic buffer, whereas αNP 

remained constant over time at pH=6.3 (Milli-Q water).  Increasing temperature from RT to 37 °C 

did not accelerate loss of cubic shape. Most importantly, the αNP(t) data also provide information 

about the kinetics. After around 2 weeks there was no further shape change. 

 



 
Figure 3. (A) TEM images of NPs after incubation in different conditions. t indicates the incubation 

time. (B) Corner angle αNP as calculated from TEM images. 

 

As mentioned before, EDX spectroscopy was performed during the TEM measurements (cf. 

Figures SI-3.5.17 and SI-3.5.18), which gave information about the amount and location of Eu, Bi, 

and Gd inside the NP cores. Data revealed that Eu, Bi, and Gd were homogeneously distributed in 

the NP cores for the different incubation conditions, and their ratio within the experimental error 



stayed constant (cf. Figures SI-3.5.19 and SI-3.5.20). Even though the amount of released atoms 

was low, there still was a massive loss of cubic shape. 

 

NP endo- and exocytosis 

 

Uptake and excretion of NPs due to endo- and exocytosis was monitored via flow cytometry and 

ICP-MS, see Figure 4. Concentrations of NPs hereby were in a range where there was no acute 

reduction in cell viability of the cells due to being exposed to NPs (cf. Figure SI-4.2.1), as there was 

negligible effect on cell proliferation (cf. Figure SI-4.2.2). 

 

 
 

Figure 4. Work flow for investigating the uptake and fate of NPs by cells. At time t = 0, cells were 

exposed to NPs at the concentration CNP for the time texp in serum-supplemented medium. During 

this time, NPs were endocytosed by cells, which was quantified by flow cytometry or ICP-MS. At 

time texp , the medium with the remaining NPs was removed, cells were rinsed and fresh serum-

supplements medium was added. The time point before and after washing was defined as tinc = 0- 

and 0+, respectively. The fate of the NPs inside cells was then observed upon continuous incubation 

for the period tinc. The total time passed for the experiment at this point was t = texp + tinc. During 

this ongoing incubation, NPs may have been degraded and exocytosed, as well as they were 

passed to daughter cells upon cell proliferation. The amount of remaining NPs inside cells was 

quantified by flow cytometry or ICP-MS. 

 

In Figure 5 the endocytosis experiments are presented. As well the flow cytometry (Figure 5B), as 

the ICP-MS (Figure 5C) data show a concentration- and time-dependent uptake of NPs. The 

concentration of the NPs remaining in the extracellular solution (Figure 5D) displayed no time-

dependent reduction, which demonstrated that there were more NPs in solution than cells can 

incorporate, maintaining approximately constant the extracellular NP concentration during the 

incubation process.57 The time-dependence in internalization was different in the flow cytometry 

and in the ICP-MS data. The ICP-MS data indicated that the longer exposure time texp, the more 

NPs in terms of elemental concentrations were internalized per cell (cf. Figure 5C for Eu und Gd; 

data for Bi are shown in Figures SI-6.1.1 and SI-6.1.2). In contrast, there was less NP fluorescence 

inside cells after 48 h than after 6 h and 24 h (Figure 5B), in both, the Eu- and the FA-channel. First 

of all, this highlighted the advantage of measuring NP internalization with different methods, as 

different methods are sensitive to various factors. Eu fluorescence of NPs in environment 

emulating endocytosed NPs (acidic pH, pH = 37 °C) was reduced over time (cf. Figures SI-3.2.2B, 

SI-3.2.1A, Figure SI-5.2.1A). Changes in the cristallinity and in the NPs structure and morpholoy 



produced by NPs degradation at acidic pH (see Intracellular deformation of NPs section) may be 

responsible for the loose of Eu fluorescence with increasing incubation time, which is compatible 

with a less fluorescence in the Eu-channel after 48 h. There was also quenching of FA fluorescence 

over time of NPs in the environment mimicking the one of NPs within cells (acidic pH, pH = 37 °C), 

cf. Figure SI-5.2.1B (which is more relevant to the biological conditions than data recorded 

without cells in Figure SI-3.2.3, where there is rather slight fluorescence enhancement). There 

was less reduction of NP fluorescence in the FA- than in the Eu-channel after 48 h as compared 

to 24 h, which was in line with these findings. The data do not exclude that there might have been 

a loss of FA upon intracellular degradation of the NPs, followed by exocytosis of FA.  



 
Figure 5. (A) Quantification of the uptake of (B) FA-NPs and (C,D) NPs by Hela cells. Hela cells were 

incubated for the time texp with FA-NPs or NPs at concentration CNP in serum-supplemented 

medium. (B) After removal of excess NPs in the supernatant (i.e. tinc = 0+), the mean Eu fluorescence 

IEu(intra) and the mean FA fluorescence IFA(intra) per cell were determined by flow cytometry analysis. 

Data correspond to the mean value and standard deviation of n=3 measurements. The artificial 

"negative" intensity values at low NP concentrations were due to the offset correction of auto-



fluorescence and indicated that for low concentrations intensities were below the quantifiable 

detection limit. (C) After removal of excess NPs in the supernatant (i.e. tinc = 0+), the cells were 

pelleted and the mass of Eu and Gd in the cell pellet was determined by ICP-MS (these data are 

very similar to the ones of Bi which are shown in Figure SI-6.1.1(A)). The "mass-concentrations" 

CEu(intra) and CGd(intra) of internalized Eu and Gd, respectively, were calculated by dividing the masses 

of Eu and Gd in the cell pellet by the volume of the cell culture medium above the cells, which could 

be compared directly with the concentration of added NPs CNP. Data correspond to the mean value 

and standard deviation of at least n≥3 measurements. (D) After the exposure time texp, the NPs 

remaining in the supernatant (i.e. without rinsing, tinc = 0-) were analyzed by ICP-MS, resulting in 

the Eu and Gd concentration in the supernatant, which had the same volume as the cell culture 

medium above the cells. Data for Bi were similar to data for Eu and are shown in Figure SI-6.1.1(B). 

Data correspond to the mean value and standard deviation of at least n≥3 measurements. 

 

In Figure 6 the loss of intracellular NPs, after having removed all residual NPs from the 

extracellular medium, is plotted over time. The fluorescence data (cf. Figure 6B) clearly showed a 

time-dependent decrease of intracellular NP-associated fluorescence. Fluorescence spectroscopy 

data as recorded on cell lysates demonstrated the same trend, cf. Figure SI-8.1.1. Flow cytometry 

is a single cell-based technique, in which the mean intracellular fluorescence per cell is 

determined. Apart from eventual quenching phenomena, reduction in fluorescence can be due 

to  sharing of NPs  by daughter cells upon cell proliferation (which in on the time scale of hours),58 

or by exocytosis of NPs.11, 59 In order to cancel out NP dilution via proliferation, the intracellular 

fluorescence per cell was related to the number of cells at the beginning of NP exposure (tinc = 0+, 

Figure 6C). This was done based on the experimentally determined proliferation rate of cells (cf. 

Figure SI-4.3.1). This presentation is different to the one used Figure 6B, where the intracellular 

fluorescence per cell is related to the number of cells after having incubated cells with NPs for the 

time tinc. If intracellular fluorescence was normalized to the initial number of cells, i.e. cancelling 

out proliferation-caused dilution of internalized NPs, then there barely was a time-dependent 

decrease in intracellular NP fluorescence, in particular for the Eu-channel (cf. Figure 6C). This 

suggested, that in particular for the NP cores (as quantified by the Eu fluorescence) there was 

little exocytosis. This result is in agreement with recent work from others.60 There was some time-

dependent decrease in the FA-channel, which would be compatible with the scenario that parts 

of the FA-labelled polymer shell were enzymatically degraded and fragments were exocytosed.30 

As exocytosis is size-dependent,58 fragments of the polymer shell (as labelled by FA) would be 

faster exocytosed than the NP cores (as quantified by Eu inside cores). Note, that in previous work 

faster exocytosis of NP cores than of polymer fragments was found, which was attributed to NP 

agglomeration after partial loss of the polymer shell.11 As in the present study the internalized 

NPs were already partly agglomerated (cf. Figure SI-3.3.1), this effect did not apply here, 

explaining the enhanced exocytosis of the fragmented polymer capping. Also in the ICP-MS data 

no strong time-dependent decrease of intracellular NP elements (Eu, Gd; data for Bi are shown in 

Figures SI-6.1.1 and SI-6.1.2) was observed, see Figure 6D. In the ICP-MS data the amount of 

intracellular Eu, Gd, and Bi was related to the number of initial cells (tinc = 0+), thus not taking NP 

dilution due to proliferation into account. The ICP-MS data (Figure 6D) were consistent with the 



flow cytometry data, in which proliferation was disregarded due to normalization to the initial 

number of cells (Figure 6C). This confirmed that loss in NPs per actual number of cells was mainly 

due proliferation, and not due to exocytosis.  

 

Apart from the time-decay of the intracellular NPs as quantified by flow cytometry and ICP-MS, 

also the raise in extracellular NPs was quantified, see ICP-MS data in Figure 6E. Of note, the ICP-

MS data were mass-balanced, i.e. the sum of intracellular and extracellular NPs remained 

constant, no NPs were "lost", cf. Figure SI-6.1.4. Only at very low NP concentrations, there were 

significant errors due to the detection limit of ICP-MS. After removal of extracellular NPs, the 

reason for the increased NP concentration in the extracellular solution can be only due to 

exocytosis, but not due to proliferation (neglecting the error that some NPs may have stuck to 

the extracellular cell walls and were not removed during rinsing). Thus, despite the fact that cell 

proliferation was the main reason for the decreasing NP concentration in individual cells, there 

was also exocytosis of NPs. The amount of exocytosed NPs increased with time (tinc). However, 

compared with the original amount of internalized NPs at tinc = 0-, the exocytosed NPs only 

accounted for a small fraction (Figure 6E). Accordingly, the majority of NPs remained inside 

endosomes/lysosomes, and exocytosis on the time scale of days was not capable of removing a 

large fraction of NPs from cells. Again, the main reason for reduction of the number of NPs per 

cell was due to proliferation. Data were also recorded under the presence of 

endocytosis/exocytosis blockers, such as chloroquine as inhibitor of the acidification of 

endosomes/lysosomes,61-63 ammonium chloride as inhibitor of phagosome/lysosome fusion,64-66 

and pepstatin A as inhibitor of proteases.67-68, 69  Data were recorded with flow cytometry (cf. 

Figures SI-5.3 and SI-5.4) and ICP-MS (cf. Figures SI-6.2.1 and SI-6.2.2). However, as blockers also 

effected cellular proliferation (cf. Figure SI-5.3C) the observed slowing down of the time-

dependent concentration loss of intracellular NPs was most likely due to reduction of proliferation. 

 

 



 



Figure 6. (A) Quantification of the fate of (B) FA-NPs and (D;E) NPs by Hela cells.  Hela cells were 

incubated for the time texp with FA-NPs or NPs at concentration CNP in serum-supplemented 

medium. After removal of excess NPs in the supernatant (directly before removal: tinc = 0-; directly 

after removal:  tinc = 0+), cells were incubated again for the time tinc. (B) After washing of the cells, 

the mean Eu fluorescence IEu(intra) and the mean FA fluorescence IFA(intra) per cell were determined 

by flow cytometry analysis. Data correspond to the mean value and standard deviation of n=3 

measurements. The artificial "negative" intensity values at low NP concentrations were due to the 

offset correction of auto-fluorescence, indicating that for low concentrations intensities were 

below the quantifiable detection limit. (C) As cells growew during the period tinc, the data from (B) 

were normalized by the ratio of cells before and after incubation, which is displayed in Figure SI-

4.3.1. (D) After removal of excess NPs in the supernatant (i.e. tinc = 0+), the cells were pelleted and 

the mass of Eu and Gd in the cell pellet was determined by ICP-MS (these data were very similar 

to the ones of Bi which are shown in Figures SI-6.1.1(C)). The "mass-concentrations" CEu(itra) and 

CGd(intra) of internalized Eu and Gd, respectively, were calculated by dividing the masses of Eu and 

Gd in the cell pellet by the volume of the cell culture medium above the cells, and thus could be 

directly compared with the concentration of added NPs CNP. Other representations of the same 

data are provided in Figure SI-6.1.2. Data correspond to the mean value and standard deviation 

of at least n≥3 measurements. (E) After the exposure time texp, the NPs remaining in the 

supernatant (i.e. without rinsing, tinc = 0-) were analyzed by ICP-MS. This yielded the Eu and Gd 

concentration in the supernatant, which had the same volume as the cell culture medium above 

the cells. The value at tinc = 0- thus corresponded to the NPs in the supernatant which had not been 

internalized by cells, and the values for tinc > 0 corresponded to the NPs which have been 

exocytosed to the cell medium. Data for Bi were similar to data for Eu and are shown in Figure SI-

6.1.1(D). Data correspond to the mean value and standard deviation of at least n≥3 measurements. 

Note that for all the data shown in this figure the values for texp = 24 h and tinc = 0 are the same 

which have been already displayed in Figure 5. 

 

Intracellular deformation of NPs 

 

TEM was used to follow the structural evolution of the internalized NP cores. Note that the 

polymer surface did not provide sufficient contrast for being visualized with TEM. Figure 7 shows 

the time-dependent shape change of the NPs. Most of NPs were randomly distributed in 

intracellular vesicles (endosomes/lysosomes) just after internalization (texp = 6 h, tinc = 0+). There 

were still some non-internalized NPs attached to the outer cell membrane. With increasing time, 

the initial sharp edges of the cubic-shaped NPs became blunted. The NPs progressively lost their 

well-defined cubic shape and turned into irregular roundish structures. Eventually, the degraded 

NPs also formed large aggregates. In order to get quantitative results, the same method as applied 

for analysis the shape-change of free NPs (cf. Figure 3) was adopted. The time-dependent rise in 

the corner angle αNP (cf. Figure 7) clearly showed the shape deformation over time. The results 

were in line with the evolution of the corner angle in acid buffer (cf. Figure 3B). This indicates that 

loss in NP shape was caused by the acidic pH inside endosomes/lysosomes. 

 



It is important to point out that NPs did not completely dissolve, as it is also know from other 

materials such as silver.70-71 While there was leaching of ions from the NP cores (cf. Figure 2), the 

liberated ions were still trapped inside the same endosomes/lysosomes as the NP cores. The 

released ions could not escape efficiently from endosomes/lysosomes, which maybe was also due 

to complexation of released ions by proteins. Thus, the ion concentration inside 

endosomes/lysosomes remained high enough to allow for regrowth of the NPs (i.e. super-

saturation). Similar re-precipitation has been reported for other materials.72 In this way, NPs 

would not have finally dissolved, but rather reshaping would have occurred, as it is also known 

from other NP materials.16 



 



Figure 7.  (A) Cells had been incubated with NPs for the time texp at concentration CNP = 160 μg/mL. 

After removal of NPs from the extracellular medium, the cells were incubated further for the time 

tinc. Then TEM images of the cells after fixation were taken. Two addition data series are depicted 

in Figure SI-9.1.1. (B) Analysis of the time dependent corner angle αNP as extracted from the TEM 

images. The full parameter set can be seen in Figure SI-9.1.6. 

 

Separation of the polymer shell from the NP core 

 

For other NP systems, partial enzymatic degradation of the polymer shell and subsequent 

separation from NP cores has been reported.11, 30-31 In the present study there is a massive data 

set about the time-dependent fate of the different NP compartments, as quantified by different 

methods: core- and shell- fluorescence quantified by Eu and FA-labelling, and elemental mass 

concentrations of different NP core elements (Eu, Gd, Bi) measured by ICP-MS. ICP-MS data were 

not affected by any quenching effect, but they only referred to elements present in the NP cores 

and did not provide information about the NP shell. The Eu- as well as the FA fluorescence used 

for quantifying NP cores and shells however were affected by fluorescence quenching, which was 

higher for the Eu fluorescence. In Figures SI-7.1.1 - SI-7.3.3, the ratios of the different quantifiers 

(fluorescence, elemental concentrations) are  plotted. Due to quenching effects in fluorescence, 

a possible separation of the polymer shell followed by exocytosis from the NP cores was hard to 

quantify. Figures SI-7.3.2A,B suggests, that there was a stronger decrease of shell fluorescence 

(FA) as compared to core fluorescence (Eu), which would be compatible with partial release and 

exocytosis of the polymer shell. Our data however do not allow for solid quantification of this 

process, in particular as exocytosis accounts less for reduction of intracellular NP concentrations 

than proliferation. However, in previous studies with NPs of higher fluorescence this effect could 

be quantified.11 

 

Conclusions 

 

As there are many interconnected effects, it is difficult to make a solid quantification of 

intracellular NP degradation that includes the analysis of different NP compartments such as 

inorganic cores and polymer shells. For the case of polymer-coated Eu- and Bi-doped GdVO4 NPs 

of cubic shape with side length side Lc = 32.9± 4.14 nm of the NP cores, the following conclusions 

could be drawn. Upon cellular internalization, there is a partial degradation of the NP cores, which 

however does not lead to significant dissolution, but rather to reshaping, resulting in loss of cubic 

shape. Emulation experiments in acidic pH suggest that this process is due to the acidic pH present 

in endosomes/lysosomes. On condition that no new NPs can be internalized (i.e. by removal of 

NPs from the extracellular medium), there is a time-dependent loss of NP concentration per cell. 

The dominating effect hereby is NP dilution due to cell proliferation, where NPs are split between 

daughter cells. Exocytosis also leads to the decrease of NP concentration per cell, which however 

has less impact than proliferation. Exocytosis data are compatible with the scenario that digestive 

proteins inside lysosomes partly degrade the polymer shell around the NP cores, which is 

exocytosed to a higher extent than the NP cores. Due to the low Eu-fluorescence of the NP cores, 



and fluorescence quenching of both, Eu- and FA-fluorescence, this effect however could not be 

quantified.  

 

Materials and Methods 

 

Synthesis and Characterization. NP synthesis followed published protocols.47 Characterization of 

the NPs was done by using transmission electron microscopy (TEM), dynamic light scattering (DLS), 

laser Doppler anemometry (LDA), inductively coupled plasma mass spectrometry (ICP-MS), 

UV/vis absorption, and fluorescence spectroscopy, all based on established protocols.53 All 

protocols are described in detail in the SI. Degradation studies of the NPs were carried out in 

various media. Changes in the fluorescence spectra and hydrodynamic diameter were thoroughly 

investigated by incubation of the NPs in buffers with different pH value for different incubation 

times. Changes in NP properties were recorded by fluorescence spectroscopy and DLS.53 

Structural analysis for these samples was further performed by TEM, EDX, and ICP-MS. All 

protocols are described in detail in the SI. 
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