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Abstract 

 

Nanotechnologies hold great promise for various applications. To predict and guarantee the 

safety of novel nanomaterials, it is essential to understand their mechanism of action in an 

organism, causally connecting adverse outcomes with early molecular events. They are best 

investigated using non-invasive advanced optical methods, such as high-resolution live-cell 

fluorescence microscopy, which require stable labelling of nanoparticles with fluorescent dyes. 

When performed inadequately, unbound fluorophores and inadvertently altered chemical and 
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physical properties of the nanoparticles can, however, result in experimental artefacts and 

erroneous conclusions. 

To prevent such unintentional errors, we here describe a minimal combination of experimental 

methods to enable artefact-free fluorescent labelling of metal-oxide nanoparticles – the largest 

subpopulation of nanoparticles by industrial production and applications – and demonstrate its 

application in the case of TiO2 nanotubes. We 1) characterize potential changes of the 

nanoparticles’ surface charge and morphology that might occur during labelling, and 2) assess 

stable binding of the fluorescent dye to nanomaterial, which ensures correct nanoparticle 

localization. Together, these steps warrant the reliability and reproducibility of advanced optical 

tracking, which is necessary to explore nanomaterials’ mechanism of action and will foster 

widespread and safe use of new nanomaterials.  

 

 

 

1. Introduction 

 

The rapid development of new materials is inevitably accompanied by their processing, 

combustion, and degradation, which can release particulate matter into the environment and 

increase our daily exposure to nanomaterials. [1–3] Moreover, nanomaterials are becoming ever 

more widely used in various industrial branches, including pharmacy [4,5] and the food industry 

[6,7] – all due to their unique properties. Consequently, there is a growing concern regarding the 

safety of nanomaterials, urging mandatory testing for their potential toxic effects. [8,9] However, 

it has been recognized that many nanomaterials interfere with classic cytotoxicity essays, [10] 

troubling their safety assessments and hence hindering their development.  

To ease the introduction of safe nanomaterials into our daily lives, the scientific community has 

recognized the need for a deeper understanding of the link between adverse outcomes 

(nanoparticle toxicity) and nanoparticle characteristics. [11–14] To unravel fundamental 
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molecular mechanisms of nanoparticle toxicity, it is crucial to identify the molecular events and 

their causal relationships, which heavily relies on monitoring nanoparticle localization and 

interaction with living cells in real-time. [15–19] 

One of the most powerful experimental techniques to study early molecular events including 

nanoparticle localization and interaction with living cells is fluorescence microscopy, especially 

its advanced super-resolution implementation with spatial and temporal resolution on the order 

of tens of nanometers and seconds, respectively. However, since most of the nanoparticles are 

not intrinsically fluorescent, such an experiment requires special preparation of the 

nanomaterial. Here, we will focus on fluorescent labelling which binds fluorescent dyes to the 

nanoparticle. As most commercially available fluorescent dyes bind weakly onto the native 

surface of the majority of nanoparticles, a commonly-used approach is to functionalize the 

nanoparticle surface with a coupling agent to create a link between the inorganic surface of the 

nanoparticle and the organic fluorescent molecule. [20–22] An alternative approach, luminescence 

labelling, can be utilized by doping the nanomaterial with lanthanides during its synthesis, [23,24] 

which increases the photostability of the labelled nanomaterial and minimizes the lanthanide 

dissolution. However, the multistep synthesis of the doped nanomaterial is lengthy, requires 

optimization for every dopant separately, yields less bright fluorescence, and, unfortunately, 

cannot be applied to already synthesized nanomaterials.  

In order for our method to be applicable to the widest range of nanomaterials, the labelling 

procedure that is assessed here, is assumed to consist of functionalization with a linker, 

attachment of the fluorescent dye, and removal of the free dye (Figure 1a). Noteworthy, though, 

each of these steps can inadvertently change the properties of the nanomaterial, such as its 

morphology, surface charge, and the quantity of non-specifically adhered dye, [25,26] thereby 

also altering the nanoparticle’s interactions with the environment and hence affecting the 

interpretation of a fluorescence localization and tracking experiment (Figure 1b). Thus, 

reproducibility and reliability of experiments with fluorescent nanomaterial can be assured only 

if the labelling procedure of nanoparticles is carefully controlled at each step that can potentially 

alter the nanomaterial properties.  

Several cases of fluorescent labelling or doping of different nanoparticles, ranging from gold 

and metal oxides to carbonaceous and polystyrene nanoparticles, have been reported, with 

various degrees of quality control and nanomaterial characterization. To characterize the 

nanomaterial morphology, labelling protocols of nanoparticles are often paired with scanning- 

(SEM) and/or transmission-electron microscopy (TEM) of either the native surface before 
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labelling [20,22,27,28] or of labelled nanoparticles. [29] When the dye is added during nanomaterial 

synthesis, often only the labelled nanomaterial is characterized. [25,26,30–35] Importantly, one 

must be aware that the labelling procedures often involve vigorous sonication to disperse the 

nanomaterial, which can alter the morphology of nanoparticles, [36] as shown in Figure 1. 

Further surface modifications can arise from functionalization of the nanomaterial with a 

charged linker and fluorescent dye, which can alter the surface charge of the nanoparticles. This 

can be determined by Zeta potential measurements but is usually measured for either non-

labelled or labelled nanoparticles. [20,30,35,37] However, only the comparison of the two [22] can 

give additional information on the success of the functionalization and labelling as well as 

possible labelling-induced modifications to the nanomaterial. Even more, the pH-dependence 

of the Zeta potential of any sample is rarely determined over the full pH range, yet only its full 

assessment [22,32] would allow predicting the surface charge of the nanoparticles in various 

cellular compartments with varying pH – for instance, in the phagolysosome; [38] such 

information can predictably impact the interpretation of experimental results. Besides Zeta 

potential, many other experimental methods can also test the success of the nanoparticle’ 

surface functionalization: Fourier transform infrared spectroscopy (FTIR), [22,39–43] high angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM), [22] secondary 

ion mass spectrometry (SIMS), [43] energy dispersive X-ray spectroscopy (EDX) [43] and/or X-

ray photoelectron spectroscopy (XPS). [39,40] Although crucial, such a step is often omitted. 

With time and/or change of the environment of the labelled nanoparticles, the linker or the 

fluorescent dye may desorb from the nanoparticles, potentially leading to experimental artefacts 

due to the unbound dye being indistinguishable from labelled nanomaterial on fluorescence 

images (Figure 1b). [25,26,35,44] Various methods are useful to remove the free fluorescent dye, 

including dialysis, [22,44] gel filtration, [25] centrifugal filtration [17,31,32] or a sequence of 

centrifugation and supernatant-removal. [20,33] The latter two methods enable precise 

characterization of free dye removal and the dye desorption from the nanoparticles by analyzing 

filtrates or supernatants, respectively. In the other approaches mentioned, dye desorption must 

be tested in an additional separate step. [26,35,44] 
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Figure 1. Overview of nanomaterial labelling with fluorescent dyes for live cell imaging, with 

checkpoints to prevent inadvertent changes to the original nanomaterial. a Schematic of 

nanomaterial labelling: the initial nanomaterial (i) is functionalized with a linker (ii), to which 

a fluorescent dye is bound (iii), and finally unbound dye is washed away (iv). Note that the 

scheme elements are not drawn to scale. b Comparison of fluorescence micrographs of LA-4 

cells (membranes labelled with CellMask Orange, shown in green) incubated with the 

exemplary nanomaterial – TiO2 nanotubes – that were either adequately (bottom-most) or 

inadequately (top three images) fluorescently labelled with Alexa Fluor 647 (shown in red). 

Inadequate labelling resulting in different outcomes of the experiments and thus possibly leads 

to erroneous conclusions. For micrographs of separate color channels refer to Figure S4 in 

Supporting Information. c Proposed checkpoints to prevent such errors by measuring the 

nanomaterial properties at several stages during the labelling procedure. 

 

To prevent erroneous conclusions from experiments performed with inadequately labelled 

and/or inadvertently changed nanomaterial, we propose and describe a minimal list of essential 

experimental checkpoints that ensure the labelling quality, characterize nanomaterial 

modification during labelling, and determine the rate of dye desorption (Figure 1c). These 

checkpoints should be measured at all major stages of the labelling procedure:  

i   for native nanomaterial (Zeta potential, FTIR and TEM),  

ii   for functionalized nanomaterial (Zeta potential and FTIR),  
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iii → iv  during free dye removal (FCS and fluorescence intensity), and  

iv   for labelled nanomaterial (TEM and Zeta potential) 

(see also the schematic in Figure S1 and flowchart in Figure S3 in Supporting Information). 

We demonstrate their application in the case of fluorescent labelling of TiO2 nanotubes, 

highlighting possible consequences of skipping the checkpoints at each step. For reference, the 

step-by-step labelling protocol is included in Supporting Information. 

 

 

2. Results and Discussion 

 

2.1. Characterization of Pristine Material 

Before the labelling process, pristine nanomaterial (i) must first be thoroughly characterized. 

Even if provided by the manufacturer, it is recommended to measure the nanoparticle’s specific 

surface, elemental composition, and structure, for example by using the BET method 

(Brunauer–Emmett–Teller method), EDXS (Energy-dispersive X-ray spectroscopy), and XRD 

(X-ray diffraction), respectively. It is also important to be aware of the method of nanomaterial 

synthesis and chemicals that were used during the process because these chemicals can 

incorporate into or adsorb to the nanomaterial, contributing to its properties. For our TiO2 

nanotubes, this has extensively been done and described previously. [22] 

At this stage, it is also crucial to determine the morphology of the native material with TEM 

(transmission electron microscopy) and its surface properties by measuring the pH dependence 

of the Zeta potential over the entire pH range. As will be discussed later on, these results are 

compared with the material’s properties during and after labelling to characterize potential 

labelling-induced modifications of morphology and surface charge. 

 

2.2. Functionalization of Nanomaterial  

Because fluorescent dyes do not bind covalently to the native surface of most metal oxides, the 

nanoparticles first need to be functionalized by binding a small linking chemical compound 

(linker) to the native nanoparticle surface (Figure 2a, i → ii). The amount of linker used should 

enable efficient labelling (i.e., the labelled nanomaterial has enough dyes attached to be detected 

in the experiments) while minimizing changes to the native surface of nanomaterial. The step-

by-step protocol for the functionalization of TiO2 nanotubes with 3-(2- 

aminoethylamino)propyltrimethoxysilane (AEAPMS) is provided in the Supporting 
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Information, whereas the procedures for some other nanoparticles and linkers can be found 

elsewhere. [39,39,42,43,45–47] 

When using a silane linker, in our case AEAPMS, the functionalization must be done in water-

free toluene to prevent the formation of a water layer on the nanoparticle surface, which would 

disable the interaction between the linker and OH groups on the nanoparticles’ surface due to 

charge screening, [43] resulting in unsuccessful functionalization. The functionalized 

nanomaterial should be dried and stored as a powder to prevent desorption of the linker during 

storage. 

 

2.2.1. Characterization of Nanomaterial Functionalization 

The success of functionalization is assessed using attenuated total reflection Fourier-transform 

infrared spectroscopy (ATR-FTIR) of the native (i) and functionalized nanomaterial (ii), as 

shown in Figure 2b for the pristine (shown in black) and successfully functionalized TiO2 

nanotubes (shown in brown). If the functionalization has been successful, the spectrum of the 

functionalized nanomaterial should contain additional peaks, corresponding to the chemical 

bonds created by the binding of the linker to the nanomaterial with respect to the sum of the 

spectra of the linker and pristine nanomaterial (see Figure 2b and Figure S6, Supporting 

Information). [22] For comparison, an ATR-FTIR spectrum of poorly functionalized TiO2 

nanotubes using the same AEAPMS linker is shown in Figure S6, Supporting Information, 

containing only low intensity of characteristic peaks of the linker-to-nanomaterial bonds.  

At this stage, the pH-dependence of the Zeta potential of the functionalized nanomaterial is 

measured again (Figure 2c, ii). By comparing these pH dependencies to those obtained for the 

native nanomaterial (Figure 2c, i), the effect of the linker to the nanomaterial surface charge is 

further analyzed. For example, successful functionalization with the AEAPMS linker, which 

contains amino groups, shifts the isoelectric point (value at which the Zeta potential equals 0 

mV) towards higher pH values (Figure 2c ii, orange arrow). If none or only a small amount of 

the linker has attached to the nanomaterial, the Zeta potential would remain unchanged – as 

shown in Figure S7 in Supporting Information. 

Although using both FTIR and Zeta potential measurements may seem redundant, each of them 

brings important clues into the assessment of the labelling. On one hand, FTIR provides the 

required specificity in detecting the bond between the linker and the nanomaterial, while 

distinguishing unbound linkers from solvents and impurities. On the other hand, Zeta potential 

measurements of dispersed nanomaterial provide crucial information for choosing the 
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appropriate charge of the fluorescent dye which shall counterbalance the charge effect of the 

linker to restore the surface charge of the native nanomaterial.  

 

2.2.2. Potential Artefacts 

Importantly, the amount and charge of both the linker and the dye determine the final surface 

charge of the labelled nanomaterial, majorly influencing its interactions and mechanism of 

action in the cells and our bodies. [48,49] An example of this is shown in Figure 2d for TiO2 

nanotubes with different surface charges. The morphology of the lung epithelial cells after a 2-

day incubation with positively charged nanotubes is remarkably different than the morphology 

observed when they were incubated with native or labelled nanomaterial, indicating an effect 

of modified surface charge on the cell response to the nanomaterials.  However, if the nanotubes’ 

Zeta potential was not determined before the measurement, these morphological changes and 

other toxicological outcomes could be wrongly attributed to the native nanomaterial. 
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Figure 2. Functionalization and labelling of TiO2 nanoparticles with AEAPMS and Alexa Fluor 

dyes. a The schematics shows the chemical reactions taking place on the surface of 

nanoparticles upon their functionalization and subsequent fluorescent labelling, highlighting 

the dissociating chemical groups and their charges. b An ATR-FTIR spectrum of pristine 

(shown in black, i) and successfully functionalized TiO2 nanoparticles (shown in brown, ii), 

with corresponding schematics of the samples. Brown arrows indicate vibration bands of the 

chemical bonds of the AEAPMS linker attached to the TiO2 surface. Reference spectra of 

AEAPMS and solvents are shown in Figure S6, Supporting Information. c The pH-dependence 

of the Zeta potential (ζ) of i native TiO2 nanotubes, ii functionalized nanotubes, and iv 

nanotubes labelled with Alexa Fluor 488. Arrows above the graphs indicate the shift in Zeta 

potential between different stages. d Comparison of confocal fluorescence micrograph images 

of LA-4 epithelial cells (cell membranes are labelled with CellMask Orange and shown in 

green) after a 2-day exposure to (from left to right): unlabeled TiO2 nanotubes, functionalized 

nanotubes with a more positive surface charge, and TiO2 nanotubes labelled with Alexa Fluor 

647 (its fluorescence is not shown), whose surface resembles the native nanomaterial. The ratio 
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between the surface of the nanomaterial and surface of cells (so-called surface dose) was 10:1, 

1:1, and 1:1, respectively. Notice the long filaments on the cell in the middle micrograph 

(arrowheads) which occur when the surface charge of the nanomaterial is changed but are 

absent in the micrographs of both the native and well-labelled nanomaterial. 

 

2.3. Fluorescent Labelling  

 

2.3.1. Selection of the Fluorescent Dye  

After verifying the functionalization step, the nanomaterial is ready to be labelled with the 

desired fluorescent dye. The choice of the dye must adhere to several criteria, and may even 

affect the choice of the linker. In short, the dye should be capable of forming a covalent bond 

with the linker, be appropriately charged to restore the surface charge of the labelled material 

as close to native as possible, and have suitable characteristics for the planned optical 

experiments – all of which we discuss in detail below.  

Regarding the binding chemistry, many commercial dyes are offered with various reactive 

groups: NHS and SDP esters react with amines, maleimides react with thiol groups, hydrazides 

react with aldehydes and ketones, and azides and alkynes are used in “click” reactions, to name 

a few.  

The spectral characteristics of fluorophores must match the wavelengths of the excitation light, 

dichroic and emission filters of the fluorescence microscope on which the experiments are to 

be done (see example in Figure S10 in Supporting Information). Moreover, it is advised that 

their spectra are well separated from the spectra of other fluorophores that will be used 

simultaneously in the experiments to minimize cross-talk and bleed-through, which can give 

rise to false co-localization and misinterpretations if not appropriately corrected for. [50–52] In 

live-cell applications, the dye should be bright and photo-stable to minimize the necessary 

excitation light flux, which can interfere with cellular processes during the experiment. [53] For 

use with advanced optical techniques (such as high-resolution microscopies, two-photon 

microscopy, fluorescence lifetime imaging, spectral imaging or correlation spectroscopy), 

further photo-physical aspects (e.g., lifetime, blinking, and environmental sensitivity) must also 

be taken into account.  

Importantly, it is also necessary to select a dye which – in its unbound state – interacts with the 

sample as weakly as possible. Careful control of the number of dye molecules per nanomaterial 

can further decrease the interaction between the dye and the biological system. In general, it is 

always advisable to test the interaction between the dye and the sample with a control 
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measurement, where the system is incubated with free dye instead of labelled nanomaterial for 

the desired amount of time. [54] By comparing the distribution and fluorescence intensity of the 

free dye with that of labelled nanomaterial, one can estimate the degree of false nanoparticle 

localization in the experiment.  

Applying all these criteria to labelling of TiO2 nanoparticles, the dye should be an NHS (N-

Hydroxysuccinimide) or SDP (sulfodichlorophenol) ester for covalent binding to the amine 

NH2 group on the AEAPMS linker, and have a negative charge to compensate the positive 

charge of the linker. We further wanted the selected dye to be compatible with our high-

resolution STED microscope, for which bright and photo-stable far-red dyes work best. Also, 

interaction of the free dye with the system of interest needs to be taken into account: the 

unbound selected dye Alexa Fluor 647 does not stain the cell membrane due to a low membrane 

interaction factor, [55] and only a negligible fraction of the dye was localized in the cell after a 

2-day incubation (Figure S18 Supporting Information).  

 

2.3.2. Fluorescent Labelling of Nanomaterials 

During the labelling step, when fluorescent dye is to be covalently bound to the linker on the 

nanomaterial (Figure 1, ii → iii), special care must be taken to ensure appropriate conditions 

for maximal labelling efficiency. Functionalized TiO2 nanoparticles and excess of fluorescent 

dye are combined according to the guidelines of the dye manufacturer. E.g., dyes with NHS 

and SDP esters must be stored in a water-free environment before labelling. For long-term 

storage aliquot the freshly opened dye in DMF (N,N-dimethylformamide), remove the DMF 

solvent under high-vacuum (10-5 bar) or lyophilization, and store under an inert gas (e.g. argon) 

at -70 ˚C. Just prior to labelling we dissolved the lyophilized probe in anhydrous DMSO 

(dimethyl sulfoxide). 

Additional nanomaterial-specific requirements need to be considered: 1) To avoid nanoparticle 

aggregation during labelling, the concentration of nanoparticles should be kept below 1 mg/mL, 

the mixture should be sonicated by tip sonicator while labelling, and the pH of the medium 

should be in the range where the nanoparticles are stable. The appropriate pH value can be 

deduced from the Zeta potential measurements from the previous step; 2) To improve the 

labelling efficiency, the linker and the fluorescent dye should be oppositely charged at the pH 

of the labelling medium, and the osmolarity of the labelling medium should be kept as low as 

possible to avoid charge screening.  
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2.3.3. Removal of the Free and Desorbed Dye 

Because the labelling is performed with an excess of fluorescent dye, the dye that did not bind 

to the nanomaterial must be removed before experiments to increase the contrast and avoid false 

localization of nanomaterial in fluorescence images. For the same reason, we also have to 

remove the dye that has desorbed from the fluorescently labelled nanomaterial during storage 

– typically due to desorption of the linker from the nanomaterial’s surface, not cleavage of the 

dye from the linker. [43] The free dye can be conveniently removed either with a sequence of 

centrifugations and supernatant removals, or using a centrifugal filter device that will let 

unbound dye pass through. Both of these methods are quicker and use lower volumes of the 

washing media than the commonly used dialysis, enabling more reliable monitoring of the free 

dye removal due to higher concentrations of the dye in the filtrates (more on that below).  

The first few filtrations should be made in a solvent in which the dye is soluble and nanomaterial 

is still well dispersed (in our case, a mixture of ethanol and diluted bicarbonate buffer in a 70:30 

mass ratio, to achieve pH of 10, and osmolarity equivalent to 100-times diluted bicarbonate 

buffer, see Materials and methods section for details). The last few filtrations should use a 

medium that is not toxic to cells and in which the nanomaterial can be stably stored for extended 

periods of time to remove the solvent (in our case, 100-times diluted bicarbonate buffer with 

pH 10). Also, note that in-between centrifugations, the dispersion of nanoparticles should be 

gently sonicated on an ultrasound bath to minimize their aggregation and to desorb them from 

the filter or container. 

 

2.3.4. Evaluation of Labelling and Free Dye Removal 

The labelling efficiency, dye removal, and dye desorption from the nanomaterial can be 

evaluated either by fluorescence intensity measurements of the filtrates and retentates 

(remaining sample after filtration) or by fluorescence correlation spectroscopy (FCS) of the 

retentates, both of which we describe below. In the method using centrifugation and supernatant 

removal, supernatants correspond to filtrates and resuspended pellets to retentates. To this end, 

the FCS and fluorescence intensity measurements are more or less interchangeable; however, 

the equipment for fluorescence intensity measurements is more common than for FCS, which 

can, on the other hand, distinguish free dye from dye bound to nanoparticles in the same sample 

based on co-diffusion analysis. Hence, we usually use fluorescence intensity measurements 

during the filtration process and FCS for the final assessment of the labelled nanomaterial. 
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Evaluation by Fluorescence Intensity 

The quantities of the dye in the filtrates and retentates after each filtration step are determined 

from the fluorescence intensities measurements, performed with a spectrophotometer, from 

which absolute amounts (i.e., in moles) are calculated, taking into account the measured sample 

volumes, intensity-concentration calibration curves, scattering of light on the nanomaterial, as 

well as the influence of different media on the detected signal (see Figure S13-S17 in 

Supporting Information). The amount of the bound dye in the intermediate steps can be 

estimated from the fluorescence signal of the filtered dye (blue symbols in Figure 3a) to 

minimize the amount of the fluorescent material used for monitoring. In the estimations we 

neglected losses of the dye due to its adsorption to the laboratory glassware and plastics, but 

nevertheless reached a good agreement with the actually measured values (in Figure 3a, empty 

orange symbols extrapolate well towards the solid symbol); for more sticky dyes, though, 

additional calibration and correction may be required.  

From the fluorescence signal of the final, cleaned retentate, we can estimate the degree of 

labelling of the nanomaterial. If the calculated number of dye molecules per nanoparticle settles 

at a value between 1 and 10, the nanoparticles are considered well labelled. In our case, the 

signal of the retentates settled at a value equivalent to the dye concentration of around 300 nM 

(orange symbols in Figure 3a), corresponding to 1.5 dye molecules per nanotube (calculations 

are discussed in Supporting Information). However, if the fluorescence of retentates does not 

settle (as demonstrated with filtration of a free dye in Figure 3b), the dye did not bind to the 

nanomaterial, indicating that a change in the labelling strategy is required.  

In an ideal case with no desorption of the dye from the nanoparticles, the filtrates’ signal should 

decrease exponentially with each subsequent filtration (Figure 3b). In a more realistic scenario 

(Figure 3a), however, the amount of the dye in the filtrate stabilizes after a few filtrations due 

to steady desorption of the dye from the nanoparticles, with a lower value corresponding to  

more stable binding. Also, if the filtered sample is filtered again after a few days or weeks, the 

intensity of the first next filtrate will be higher than of the previous filtrate as it will contain all 

the dye that desorbed during this time period (Figure 3a, filtrates #6 and #7). Note that 

measuring retentates at each step of filtration includes pipetting of small quantities of 

inhomogeneous nanomaterial suspensions, which can decrease the precision of determined 

amount of dye in the retentate (hence the difference between retentates #6 and #6b in Figure 

3a).  
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Evaluation by FCS 

The nanoparticle labelling and free dye removal are additionally evaluated with fluorescence 

correlation spectroscopy (FCS) (Figure 3c), [56] which can distinguish free dye from the dye on 

the nanoparticles based on their diffusion properties, associated with their hydrodynamic radius. 

This can be determined via  autocorrelated fluctuations of detected light, arising as the particles 

diffuse in and out of the observation volume [57,58] (similarly as in dynamic light scattering 

(DLS), but relying on fluorescently emitted rather than scattered photons). As demonstrated in 

Figure 3c, faster-diffusing, smaller entities with shorter transit times generate autocorrelation 

curves shifted towards shorter times (dotted curve, e.g. free dye) compared to larger, slower 

entities (dashed curve, e.g. dye on nanoparticles). From additional analysis of the 

autocorrelation curves and fluorescence fluctuations, one can also obtain the diffusion 

coefficient, size of particles, their concentration, fraction of unbound dye, and number of dyes 

per nanoparticle. [56] 

Note that FCS should be measured on retentates at a pH where the nanomaterial is stably 

dispersed. Otherwise, the light emitted from aggregates overwhelms the readouts of smaller 

diffusing molecules and nanoparticles, preventing the determination of diffusion properties of 

the latter. Importantly, such FCS measurements can be quickly performed even with a laser-

scanning confocal fluorescence microscope just before an experiment to double-check the 

nanomaterial’s state. [59] As shown in Figure 3c, the FCS curves of the non-filtered sample (red, 

iii) are dominated by the signal of the free dye (orange). In contrast, a well-filtered sample 

contains much slower diffusing entities (green, iv), indicating that most of the dye diffuses 

together with nanoparticles. FCS curves of intermediate filtering retentates, as well as of an old 

sample with some dye desorbed, show a weighted sum of these two extreme cases (blue, iv*), 

indicating the presence of both free and bound dye (see also Figure S21 in Supporting 

Information).  

 

2.3.5. Potential Artefacts 

To resume, unbound dye in the sample can arise from the following:  

- insufficiently removed unbound excess dye from the labelling step, 

- desorbed dye that was adsorbed on the nanoparticle surface during the labelling step, 

- desorbed linker with covalently bound dye. 

All of these processes contribute to the false colocalisation and misinterpretation of the 

measurements, when  it is impossible to discern fluorescently labelled nanoparticles (Figure 3d, 

middle) from large quantities of free dye (Figure 3d, left)..  
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Based on the fluorescence intensity and FCS checkpoint, the linker can be optimally selected 

to minimize desorption from the nanomaterial. This procedure has enabled us to identify 

AEAPMS linker as the most suitable for reliable tracking of TiO2 nanotubes. Its desorption was 

found to be relatively slow, and well-filtered samples were stable in the buffer for a few days 

(Figure 3a). If the nanomaterial has been stored for extended periods, we filter the nanomaterial 

at least once again before any cell-exposure experiments. Note that even if some of the dye 

desorbs from otherwise well-cleaned nanomaterial, its signal is homogeneously distributed over 

the large sample volume and therefore negligible (Figure 3d, right) compared to the signal of a 

similar amount of the dye bound to the nanomaterial (Figure 3d, middle). Also, in our case only 

a small fraction of the Alexa Fluor 647 dye was found internalized and localized in vesicles in 

the cells after a 2-day incubation (Figure S18 Supporting Information). 
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Figure 3. Removal of the free dye. a The strategy to control the removal of the free dye from 

the sample (TiO2 nanotubes, labelled with Alexa Fluor 488) by centrifugal filtration relies on 

monitoring the quantity (n [nmol]) of the washed-away dye (blue markers) as well as the 

quantity of the dye remaining in the sample (orange markers, the values of empty ones were 

estimated as described in Supporting Information) for each consecutive step of filtration. b A 

control measurement of filtering the free dye (Alexa Fluor 488) in the absence of nanoparticles, 

performed in the same manner as in (a). c Normalized FCS curves (g(τ)) of TiO2 nanotubes, 

labelled with Alexa Fluor 488, before filtration (red), after filtration (green), and with the same 

filtered sample measured after 14 days (blue). Note that the FCS curve of nanomaterial before 

filtration (red) is almost undistinguishable from the curve of free dye (orange). d Comparison 

of confocal fluorescence micrographs of LA-4 cells (cell membranes labelled with CellMask 
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Orange, shown in green) exposed to labelled TiO2 nanotubes with various amounts  of free dye 

in the sample (the bound and unbound dye is Alexa Fluor 647, shown in red and scaled so its 

fluorescence intensity is directly comparable across the images): a combination of labelled 

nanomaterial and a 100-fold excess of free dye (300 nM), mimicking inefficient dye removal 

(left), cells exposed to correctly labelled and filtered nanomaterial (approximately 3 nM of 

bound dye, middle), and cells exposed to free dye (1.6 nM, left). The ratio between the surface 

of the nanomaterial and surface of cells is 0:1, 1:1 and 1:1 (from left to right). The localization 

of dye on the left two micrographs is very similar (arrowheads). For micrographs of separate 

color channels refer to Figure S20 in Supporting Information. 

 

2.4. Characterization of Labelled Nanomaterial 

Once the labelling is successfully performed, it must be verified that the labelled material 

preserved the desired properties of the native material, such as its native charge and morphology, 

which both knowingly affect interactions with cells. [48,49,60–62] Otherwise the functionalization 

and labelling procedure must be appropriately adjusted.  

 

2.4.1. Potential Artefacts due to Altered Charge 

The final surface charge of the labelled nanomaterial is influenced by the amounts of bound 

linker and dye. Labelling the same functionalized nanomaterial at different conditions (dye 

concentration, timing, buffer etc.) can result in different pH-dependencies of Zeta potential 

(Figure S9 in Supporting Information), which can lead to different cellular response, as 

demonstrated before (Figure 2d). For cell exposure experiments, we therefore selected the 

labelled nanomaterial whose Zeta potential measurements were relatively close to those of the 

native nanomaterial (Figure 2c, iv).  

These measurements can also guide optimization of the protocol: in our case, both the native 

and labelled TiO2 nanotubes are stable in dispersion at pH 10 according to the measured Zeta 

potentials, so they are always sonicated and stored in 100-times diluted bicarbonate buffer with 

pH 10. The buffer is diluted to minimize screening of the charge on the nanomaterial by ions in 

the buffer, thus enhancing the electrostatic repulsion and preventing aggregation of 

nanoparticles. 

 

2.4.2. Potential Artefacts due to Altered Morphology 

We next verified that the morphology of our TiO2 nanotubes, determined from TEM 

measurements, remained similar to that of the native nanomaterial (Figure 4a, top three rows) 

despite the 45-minute sonication used in the labelling protocol, most of which is employed to 

increase labelling efficiency. However, longer sonication times markedly changed the 
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morphology of the nanotubes (Figure 4a, bottom). The TiO2 nanotubes that were shorter due to 

a 2 hour sonication (Figure 4b, bottom) also affected the cell’s morphology differently than 

nanotubes sonicated for 45 minutes (Figure 4b, middle), which showed similar cellular response 

as non-labelled nanotubes sonicated for only 15 min (Figure 4b, top). It is therefore essential to 

monitor for possible morphology changes of the nanomaterial, as they influence interactions 

with the cells and therefore the outcomes of cell-exposure experiments. 

 

 

Figure 4. Inspection of the morphology of the nanomaterial to avoid sonication-induced 

modifications. a TEM images of (top to bottom) the initial nanoparticle sample, and 

nanoparticles sonicated for 3 min, 45 min and 2 h, with three sites per sample shown in columns. 

The delivered dose is 2 kJ per minute of sonication. The large flat structure in TEM images at 

2 h sonication is a lacey carbon TEM grid. b Confocal fluorescent micrographs of cells (cell 

membranes are labelled with CellMask Orange and shown in green), exposed to TiO2 nanotubes 

sonicated for 15 minutes (top), 45 minutes (middle) and 2 h (bottom) with the ratio between the 

surface of the nanomaterial and surface of cells being 10:1, 1:1 and 1:1, respectively., The 

nanotubes in the lower two images are labelled with Alexa Fluor 647, the fluorescence of which 

is not shown. Note the vesicles and long filaments on the lowest micrographs (arrowheads) 

which are not observed in the other two micrographs. 

 

 

2.4.3. Other Potential Artefacts due to Sonication 
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It is also worth noting that many dispersion protocols use albumin or other proteins to improve 

the dispersion stability of nanomaterials. However, sonication may destabilize proteins and 

enhance their aggregation, which leads to the formation of biologically active, potentially 

immunogenic amyloid structures. [63] To exclude such effects, one could include a sham control 

to the experiments by sonicating the sonication medium without the nanoparticles and 

investigate its effects on the cells. If possible, however, a protocol for dispersing the 

nanomaterial without sonication of proteins is preferred.  

Another often overlooked issue, related to tip-sonication of nanomaterials, is erosion of the 

transducer (tip) during sonication, which can contaminate the sample with metallic particles, 

[64] see also Figure S22 in Supporting Information. Tip erosion is increasingly prominent for 

longer sonication times, but can be mitigated by carefully polishing the tip and thoroughly 

washing it to remove debris from the polishing procedure. Tip polishing is best done between 

each of the subsequent sonications, or at the latest when a dark ring forms on the tip (Figure 

S22 in Supporting Information). 

 

 

2.5. An Example of Detection of Early Molecular Events 

After carefully following the labelling procedure with appropriate quality control steps, the 

well-characterized nanomaterial is ready for application in experiments. The rigorous 

evaluation of the material at all key preparation steps ensures minimal misinterpretation of the 

outcomes.  

We exemplify the application of the resulting material in Figure 5, where cells have been 

incubated with TiO2 nanoparticles, labelled with Alexa Fluor 647, for two days before 

membrane staining and imaging. By using high-resolution fluorescence microscopy (stimulated 

emission depletion microscopy - STED), nanoparticle-cell interactions can be resolved with a 

resolution well below the diffraction limit (Figure 5c). Co-localization of both fluorescence 

signals indicates that the nanoparticles are wrapped with the cellular membrane, as we reported 

previously [17]. In our further studies, advanced fluorescence microscopy with well-labelled 

nanomaterial enabled us to discover several other related events of interaction between 

nanomaterial and diverse cellular structures (Figure 6). Visualization and spatio-temporal 

characterization of such early molecular events allowed us to unravel causal relationships 

between them and devise their link to adverse outcomes after exposure to nanomaterials. In 

particular, we elucidated the mechanism how certain types of nanomaterials trigger previously 
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unexplained chronic inflammation, based on which we designed an all-in-vitro test for its 

prediction. [19] 

 

Figure 5: Super-resolution imaging of fluorescently labelled TiO2 nanotubes in living cells. a 

The original STED image, and b–d corresponding zoom-ins, of LA-4 cells (membranes labelled 

with CellMask Orange, green) incubated for 2 days with efficiently and stably labelled 

nanoparticles (Alexa Fluor 647, red), the ratio between the surface of the nanomaterial and 

surface of cells being 1:1, as an example of an in vitro experiment. The signal of nanomaterial 

is logarithmically scaled. For micrographs of separate color channels refer to Figure S23 in 

Supporting Information. 
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Figure 6: Examples of five early molecular events in living LA-4 cells following exposure to 

nanomaterial (TiO2 nanotubes labelled with Alexa Fluor 647, red), detected with confocal or 

STED fluorescence microscopy. Cell membranes are labelled with CellMask Orange (green), 

actin with SiR Actin (cyan). For micrographs of separate color channels refer to Figure S24 in 

Supporting Information. 

 

 

3. Conclusion 

 

The use of fluorescently labelled nanomaterial in live-cell fluorescence microscopy requires 

stable and reliable binding of fluorescent dyes to the nanomaterial of interest, which, 

noteworthy, can modify nanomaterial properties and influence experimental results. Thus, to 

ensure the relevance and reproducibility of the experimental studies, it is of utmost importance 

to thoroughly characterize the labelled nanomaterial’s state and properties. 

We here presented a procedure for quality control of nanoparticle labelling, which utilizes the 

following steps:  
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 Comparison of nanomaterial morphology before and after sonication by TEM: prolonged 

sonication can result in altered size/shape of the nanomaterial, causing it to interact 

differently with the cells than the native nanomaterial.  

 Determination of the nanomaterial’s surface charge before and after labelling by 

measuring the pH-dependency of Zeta potential: both the linker and dye influence the 

surface charge of the nanomaterial, affecting the response of cells as well.  

 Removal of unbound dye by centrifugal filtration, monitored by intensity and FCS 

measurements: when free or desorbed dye is not sufficiently removed from the sample, 

the fluorescence signal can be falsely assigned to nanoparticles.  

We illustrated the potential artefacts in cell-exposure experiments arising from missing out each 

step, and provided further practical advice on mitigating any issues should they arise. We here 

demonstrated the procedure to control the labelling of TiO2 nanotubes functionalized with 

silane linkers and labelled with SDP-/NHS-esters of Alexa Fluor dyes. The approach can easily 

be modified to ensure reliable labelling of other types of nanoparticles [45–47] and colloidal 

particles of up to 10 m in size, above which the Zeta potential and fluorescence correlation 

spectroscopy experiments become unreliable.  

By carefully monitoring the entire labelling procedure, identifying and troubleshooting 

unsuccessful labelling is significantly simplified. Moreover, the suggested procedure results in 

well-characterized and stably labelled nanomaterial that reproduces the pristine material’s 

mode-of-action, thus enabling reproducible, relevant and reliable nanotoxicity studies with 

advanced microscopies in live cells. These can uniquely identify and connect key molecular 

events that trigger adverse outcomes, which can lead towards better mechanistic understanding 

of nanoparticles’ effects on our health, design of more efficient testing strategies, and finally, 

safer use of the impressive technologies the nanomaterials can offer. 

 

 

4.  Experimental Methods 

 

Materials: Alexa Fluor 488 SDP ester (Thermo Fisher), Alexa Fluor 647 NHS ester (Thermo 

Fisher), CellMask Orange (Invitrogen), LCIS-Live Cell Imaging Solution (Invitrogen), #1.5H 

µ-dishes (Ibidi), PBS – phosphate buffer saline (Gibco), 100x dcb: 100-times diluted 

bicarbonate buffer (pH 10, osmolarity 5 mOsm L-1, mixed in-house), F-12K cell culture 

medium (Gibco), Trypsin (Sigma), FBS (Fetal bovine serum, ATCC), Penicillin-Streptomycin 

(Sigma), Non-essential amino acids (Gibco), BSA-bovine serum albumin (Sigma), 3-(2- 
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aminoethylamino)propyltrimethoxysilane (AEAPMS, Alfa Aesar), lacy carbon film supported 

by a 300-mesh copper grid (Ted Pella, Inc.), sodium bicarbonate buffer mixed in-house from 

NaHCO3 (Merck) and Na2CO3 (Kemika), anhydrous DMSO (Sigma Aldrich), ethanol (Carlo 

Erba), centrifugal filter device Amicon Ultra 4 mL 100K (Merck Millipore), HCl (Merck), 

KOH (Sigma Aldrich), KCL (Merck), polystyrene cuvettes for Zeta potential measurements 

(Sarstedt), 96-well black flat-bottom microplate (Brand) 

 

Software: Imspector (version 16.2.8282-metadata-win64-BASE) software provided by 

Abberior, SymPhoTime64 (PicoQuant), Mathematica 12.0 - license L5063-5112 (Wolfram) 

 

TiO2 Nanotubes Synthesis: TiO2 nanotubes were synthesized in-house using the method, 

described elsewhere. [22,65] Synthesis of the anatase TiO2 nanotubes with a diameter of 10 nm, 

mean length of 200 nm and a BET surface of 150 m2 g−1 proceeds in several stages: 

 

1) Synthesis of sodium titanate nanotubes (NaTiNTs);  

TiO2 + NaOH(aq) → (Na,H)2Ti3O7 xH2O 

NaTiNTs are synthesized according to the method already reported elsewhere. [66] In short, a 

suspension of TiO2 (Titanium(IV) dioxide, anatase, 325 mesh, Aldrich) and 10 M NaOH (1 g 

TiO2 per 10 mL 10 M NaOH) is ultrasonicated for 30 min and then stirred for 1 hour at room 

temperature. The suspension is transferred to a Teflon-lined autoclave; the filling volume is 

80%. The closed autoclave is heated for three days at 135 °C. When the reaction mixture is 

cooled down to room temperature, the resulting material is washed twice with deionized water 

(2 x 300 mL), once with ethanol, and dried overnight at 100 °C. At this stage morphology is 

checked with scanning electron microscope (SEM). 

 

 2) Transformation of sodium titanate nanotubes to hydrogen titanate nanotubes (H2Ti3O7);  

(Na,H)2Ti3O7 → H2Ti3O7 xH2O 

Next, sodium ions are removed by an ion-exchange process; 2.5 g of sodium titanate nanotubes 

is dispersed into 300 mL of 0.1 M HCl(aq). [67] The prepared dispersion was stirred at room 

temperature for 1 h, centrifuged to separate the solid material from the solution. The dispersing, 

centrifuging and separating steps were repeated for three more times. At the end, the solid 

material is washed three times with 200 mL of distilled water and once with 100 mL of ethanol 

and dried overnight at 100 °C. At this stage the content of sodium and chlorine is determined 
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with energy-dispersive X-ray spectroscopy (EDXS). If the content of sodium and/or chlorine is 

above 0.3 wt. % is the washing procedure with 0.1 M HCl and deionized water was repeated. 

3) Transformation of hydrogen titanate nanotubes to TiO2 nanotubes;  

H2Ti3O7 xH2O → TiO2 + H2O 

Finally, hydrogen titanate nanotubes are transformed to TiO2 nanotubes by thermal treatment 

in air. In general, 500 mg of H2Ti3O7 nanotubes is weighed in an alumina boat, placed into an 

oven and heated at a ramp rate of 1 °C min-1 to 380 °C (or 400 °C). The samples kept at 380 °C 

for 6 h, and cooled down to room temperature afterwards. [22] At this stage morphology is 

checked with SEM and TEM, structural analysis with XRD (X-ray powder diffraction), 

elemental composition and specific surface are determined. 

 

TiO2 Nanotubes Functionalization (f-TiO2): TiO2 nanotubes (100 mg) are dispersed sonically 

in 30 mL of dry toluen and then heated to 60 °C while constantly stirring. Separately, a solution 

of 840 L of 3-(2-aminoethylamino)propyltrimethoxysilane (AEAPMS, Figure S2 in 

Supporting information) in 30 mL of dry toluene is prepared. The solution of AEAPMS in 

toluene is added dropwise (30 minutes) to the dispersion of TiO2 nanotubes in toluene. After 

16 h the reaction mixture is cooled to room temperature and the solid material is separated from 

the liquid phase by centrifugation. Then, it is rinsed first with 30 mL of toluene (3 times) and 

then 3 times with 30 mL of hexane. The isolated product is dried overnight at 80 °C and for 2 

hours at a vacuum drier at 80 °C and 150 mbars. The quality of functionalization is checked 

with FTIR and Zeta potential measurements. A protocol for the functionalization is described 

in the Supporting Information. 

 

TiO2 Nanotubes Labelling: All labelling quantities refer to labelling of 1 mg of TiO2 nanotubes, 

functionalized with AEAPMS (f-TiO2), a linker with a positive charge at labelling pH. First, 1 

mg of functionalized TiO2 (Excellence Plus, Mettler Toledo) is weighed and diluted in 1 mL of 

100-times diluted sodium bicarbonate buffer with pH = 10.00, which has been prepared in a 

glass flat bottom flask with fresh miliQ water. The sample is transferred to a glass vial. 

Nanoparticles are then sonicated with a tip sonicator (MISONIX Ultrasound Liquid Processor 

with 419 MicrotipTM), with the average power 35 W (amplitude set to 70) and a microtip with 

radius of 3 mm with a surface of 30 mm2 for trun = 15 min, ton = 5 s, toff = 5 s. This totals the 

sonication time to t = 15 min and total sonication dose 31.7 kJ.  

After the first sonication, 3.2 μL of 12.1 mM fresh Alexa Fluor 488 or 647 – SDP ester (Life 

Technologies, Alexa Fluor 488 or Alexa Fluor 647, Figure S2 in Supporting information), 
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diluted in anhydrous DMSO, is added. Due to linker being positively charged at labelling pH, 

a negatively charged dye is chosen. For each mg of nanomaterial 40 nmol of label is added. 

Again, the sonication is performed with a tip sonicator for trun = 30 min, ton = 5s, toff = 5s with 

total sonication dose 31.7 kJ. This totals the cumulative sonication time to t = 45 min and total 

sonication dose of 95 kJ. Note that the sonication dose at which the nanomaterial morphology 

remains unaltered needs to be verified for each nanomaterial separately.  

After the sonication is complete, a mixing magnet is added to the glass vial containing the 

sample and is left to stir overnight on a magnetic mixer at 260 rpm, covered with aluminum foil 

to prevent photo-bleaching of the dye. After approximately 12 – 16 h of incubation, the magnet 

is removed from the glass vial. The sample is then centrifuged to remove excess unbound label. 

A detailed protocol for the labelling is described in the Supporting Information. 

 

Free Dye Removal: The free dye is removed by centrifugation in a centrifugal filter device 

(CFD), which forces the sample through a filter during centrifugation, separating the sample 

into the filtrate below the filter (containing unbound dye) and retentate on the filter (containing 

nanoparticles, which are too large to pass through the filter), which is then resuspended. To 

ensure efficient filtration, the size of pores on the filter of the centrifugal device should be 

significantly larger than the fluorescent dyes and smaller than the nanoparticles.  

Centrifugation is performed in a centrifuge filter device (CFD) (Amicon Ultra 4 mL 100K) with 

a 100 kDa membrane on centrifuge (LC-320, Tehtnica, Zelezniki) at 3000 rpms to achieve 1000 

g. Firstly, the CFD is prepared for use according to the manufacturer’s guidelines, i.e. by 

centrifuging 2 mL of deionized water through the membrane. Then, 1 mL of labelled TiO2 

nanoparticles are pipetted into the CFD and spun for 15 minutes. Afterwards, the filtrate is 

stored for further analysis and the retentate is resuspended (by mixing with a pipette) in 1 mL 

of medium, consisting of 70% ethanol and 100-times diluted bicarbonate buffer (39.37 mL of 

96% ethanol is mixed with 0.5 mL non-diluted bicarbonate buffer and 11.27 mL of deionized 

water). The empty filtrate compartment is filled with the same medium so the membrane is 

submerged (this is to ensure good contact in the ultrasonic bath in the next step). The CFD is 

sonicated on the ultrasound bath (Branson 2510) for 20 seconds to diminish the amount of 

nanoparticles stuck to the CFD membrane and to break up the nanoparticle aggregates. The 

filtrate compartment is washed with ethanol and dried to prevent mixing of subsequent filtrates, 

and the sample in the CFD is spun again.  

The sample is filtered twice in this manner and two times more with 100-times diluted 

bicarbonate buffer as medium instead of the mixture of 70% ethanol and 100-times diluted 
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bicarbonate buffer to reduce the amount of ethanol in the sample. As a general guideline, the 

filtered sample should have a noticeable color at 1 mg/mL, as should the very first filtrate and 

the color should decrease in subsequent filtrates (Figure S11 and Figure S12, Supporting 

information). It is also worth noting that a general idea of the cleaning efficiency can already 

be obtained by measuring the original sample, final cleaned sample and last filtrate (or, even 

better, two last filtrates). The sample should be filtered at least once more just prior to the 

experiments in the desired media, if it was stored in a refrigerator for longer periods of time (in 

our case more than two weeks). A detailed protocol for the filtration process is described in the 

Supporting Information. 

  

TEM and FTIR: The morphology of nanomaterials was investigated with a transmission 

electron microscope (TEM Jeol 2100, 200 keV). Specimens of nanoparticles were dispersed 

ultrasonically in methanol and a drop of the dispersion was deposited onto a lacy carbon film 

supported by a 300-mesh copper grid. Infrared spectra were obtained via Attenuated total 

reflection Fourier transform infrared spectroscopy (ATR-FTIR) with a universal ATR 

accessory on a Spectrum 400 FTIR spectrometer (Perkin Elmer). The spectra were recorded 

with the resolution of 4 cm-1 and 16 scans. 

 

Zeta Potential Measurements: Zeta potential measurements were performed on NanoBrook 

ZetaPALS Potential Analyzer (Brookhaven) and electrode for non-organic solvents (AQ-1203, 

Brookhaven). For measurement of each part of the Zeta potential, acid and base, 3 mL of sample 

diluted to c = 0.1 mg mL-1 in 10 mM KCl was used. The pH was measured with a pH meter 

(Seven Multi, Mettler Toledo) and 1 mm thick pH electrode (Inlab ExpertPro, Mettler Toledo) 

right before every measurement of the Zeta potential. Each one of 10 measurements at each pH 

value was measured until the experimental fit errors (residuals) were below the set value of 

0.025. From the 10 measurements, the average and error were calculated. 

The change of pH was achieved by addition of HCl (to lower pH) or KOH (to rise pH). After 

each addition, the sample was left on a magnetic stirrer (IKA topolino) for approximately 3-5 

min or until stabilization of pH occurred. 

 

Fluorescence Intensity of Filtrates: Free dye concentration measurements were performed on 

the spectrometer Tecan Infinite M1000 (Tecan Group Ltd., Männedorf, Switzerland). Samples 

have been loaded to 96-well plates (96-well plate, Brand) prior measurements in volumes of 

150 μL. The amount of dye in the sample was calculated from the known volumes and 
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concentrations, which were calculated from the measured fluorescent signal and previously 

measured calibration curves for concentration, medium and nanomaterial concentration in the 

sample. Direct comparison between samples was possible since all experimental conditions 

were the same (volume of sample, temperature, machine settings, etc.).  

The filtrates were measured as-is, whereas a fraction of each retentate was taken away after the 

filtration and diluted to achieve the 150 μL needed for the fluorescence measurement in order 

to not use too much of the valuable labelled nanomaterial. For the same reason, fluorescence of 

intermediate retentates was estimated from the measured intensities of filtrates and other 

retentates (open circles in Figure 3a). Due to variations in filtration volumes, we calculated the 

absolute quantities of dye in the whole sample including the retentates used for measurements. 

A more detailed description is located in the Supporting Information. 

 

Cell Culture and Sample Preparation for Microscopy: All fluorescence microscopy was done 

on LA-4 murine lung epithelial cells which were cultured according to ATCC guidelines: they 

were grown in a mixture of F-12K medium (Gibco), 15% FBS (Fetal bovine serum, ATCC), 

1% P/S (Penicillin-Streptomycin, Sigma), 1% NEAA (non-essential amino acids, Gibco) in an 

incubator at 37 ˚C, saturated humidity and 5% CO2. After incubation with nanomaterial, the 

culture conditions remained the same. 

For the fluorescence image comparison in Figure 1-4, the LA-4 cells were seeded in a 1.5H 

Ibidi µ-dish at 30% confluency. Two days later, the appropriate sample of nanomaterial was 

added to the cells. For “well-labelled nanomaterial” (Figure 2d left, Figure 3d middle, and 

Figure 4b above), 35 µL of 0.1mg mL-1 TiO2 nanotubes fluorescently labelled with Alexa Fluor 

647 in PBS (phosphate-buffered saline) were added to 315 µL of full cell medium on cells to 

achieve a 1:1 ratio between the surface of the nanomaterial and surface of cells (so-called 

surface dose). For sample preparation of other, incorrectly labelled nanomaterial, see below. 

After 2 days of incubation with the nanomaterial, the medium with cells was removed and cells 

were labelled with 100 µL of 5 µg mL-1 CellMask Orange in Live Cell Imaging Solution (LCIS, 

Molecular Probes) for 6 minutes at 37 ̊ C. Later, the medium with CellMask Orange was slowly 

removed and cells were observed in 100 µL LCIS. 

The “native nanomaterial” in Figure 2d (left) was incubated with a 10:1 surface dose of 

nonlabelled nanomaterial, the “nanomaterial with different surface charge” in Figure 2d 

(middle) was incubated with a 1:1 surface dose of functionalized TiO2 nanotubes. The 

“desorbed fluorophores” in Figure 3d (left) was incubated with a 1.6 nM concentration of free 

Alexa Fluor 647, the “unwashed label” in Figure 3d (right) was incubated with a 1:1 surface 
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dose of well-labelled TiO2-Alexa647 and free Alexa Fluor 647 to achieve a 3 nM final 

concentration of Alexa Fluor 647 on the nanomaterial and an additional 300 nM concentration 

of unbound Alexa Fluor 647, mimicking insufficient filtration. The “slightly sonicated 

nanomaterial” shown in Figure 4b (above) was sonicated for 15 minutes and exposed to the 

cells at a 10:1 surface dose, and the “oversonicated” nanomaterial shown in Figure 4b (below) 

was sonicated for 2 hours instead of 45 minutes during the labelling procedure and exposed to 

the cells at a 1:1 surface dose. 

For the high-resolution STED image, the LA-4 murine lung epithelial cells were seeded into a 

1.5H Ibidi µ-Dish at 30% confluency and cultured in complete medium. A 100 µg mL-1 

dispersion of TiO2 nanotubes labelled with Alexa Fluor 647 in PBS was diluted in 270 µL of 

full cell medium to achieve the final concentration of 10 µg mL−1. When added to the cells, this 

corresponded to a surface dose of 1:1. After 2 days of incubation, the samples were washed and 

the plasma membranes were labelled with 100 µl of 5 µg mL−1 CellMask Orange in PBS. The 

sample was washed with PBS after 20 minutes of incubation and observed in PBS right 

afterwards. Larger confocal fields of view can be found in Figure S25 in Supporting information. 

 

FCS: For Fluorescence Correlation Spectroscopy (FCS), a PicoQuant MicroTime 200 confocal 

microscope was used. An Olympus IX81 inverted microscope was equipped with a 60x water 

immersion objective (Olympus UPLSAPO 60xW NA1.2). Alexa Fluor 488 was excited by a 

pulsed laser of wavelength 488 nm (PicoQuant, Germany), at 40 MHz repetition rate and 

average power of about 5 μW at the objective. Fluorescence of the dye was acquired through a 

531/40 emission filter (Brightline, Semrock) by an APD detector (tau-SPAD, PicoQuant, 

Germany), connected to a PicoQuant HydraHarp 400 single-photon-counting unit. Typical 

acquisition times were 5–15 min. The fluorescence fluctuations were analyzed using 

SymPhoTime64 (PicoQuant). For presentation, FCS curves were normalized to ease the 

comparison of their relative shapes. 

 

Fluorescence Microscopy and STED: The imaging was performed with an Abberior 

Instruments STED microscope using a 60x water immersion objective (Olympus UPLSAPO 

60xW NA1.2) and the accompanying software Imspector (version 16.3.11462-metadata-win64). 

The fluorescence of CellMask Orange and TiO2-Alexa647 was excited using two pulsed lasers 

at 561 and 640 nm, and their fluorescence was detected by two avalanche photodiodes at 580–

625 nm and 655–720 nm (filters by Semrock), respectively. 
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The confocal fluorescence images in Figure 1–4 were acquired using a pixel size of 100 nm, 

dwell-time 10 µs, and laser powers at around 10 µW. 

The STED image in Figure 5 was acquired using a 10-nm pixel size. The resolution was 

increased by stimulated depletion of fluorescence by an 80 mW doughnut-shaped STED laser 

beam at 775 nm.  

 

All experiments were performed at room temperature. 

 

 

Supporting Information 

Supporting Information can be accessed in the associated pdf file. 
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