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Abstract

Titanium dioxide (TiO2) nanoparticles are produced for many different purposes, including 

development of therapeutic and diagnostic nanoparticles for cancer detection and treatment, drug 

delivery, induction of DNA double-strand breaks, and imaging of specific cells and subcellular 

structures. Currently, the use of optical microscopy, an imaging technique most accessible to 

biology and medical pathology, to detect TiO2 nanoparticles in cells and tissues ex vivo is limited 

with low detection limits, while more sensitive imaging methods (transmission electron 

microscopy, X-ray fluorescence microscopy, etc.) have low throughput and technical and 

operational complications. Herein, we describe two in situ post-treatment labeling approaches to 

stain TiO2 nanoparticles taken up by the cells. The first approach utilizes fluorescent biotin and 

fluorescent streptavidin to label the nanoparticles before and after cellular uptake; the second 

approach is based on the copper-catalyzed azide-alkyne cycloaddition, the so-called Click 

chemistry, for labeling and detection of azide-conjugated TiO2 nanoparticles with alkyne-

conjugated fluorescent dyes such as Alexa Fluor 488. To confirm that optical fluorescence signals 

of these nanoparticles match the distribution of the Ti element, we used synchrotron X-ray 

fluorescence microscopy (XFM) at the Advanced Photon Source at Argonne National Laboratory. 

Titanium-specific XFM showed excellent overlap with the location of optical fluorescence 

detected by confocal microscopy. Therefore, future experiments with TiO2 nanoparticles may 

safely rely on confocal microscopy after in situ nanoparticle labeling using approaches described 

here.
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1 Introduction

The bulk form of titanium dioxide (TiO2) is biologically inert; however, particle sizes below 

20 nm result in surface instability that confers chemical reactivity to the TiO2 nanoparticles 

[1–4]. Specifically, bulk forms of TiO2 have their surface titanium atoms in a hexa-

coordinated geometry, but in nanoparticles 20 nm or less in size, the geometry of surface 

titanium atoms becomes penta-coordinated and highly reactive. This makes titanium (Ti) 

atoms on the nanoparticle surface very reactive, especially for binding with catechols [4–6]. 

A high-affinity covalent bond is created between the nanoparticles and enediol ligands (e.g., 

alizarin and dopamine), thereby forming stable complexes. This unique feature has been 

exploited in coating these nanoparticles with various agents [1, 3, 4, 7–21].

TiO2 has many useful photophysical properties, especially photocatalytic properties. The 

ability of TiO2 to act as a photocatalyst has been known for 90 years, but this was applied to 

biology only recently [3, 13, 20, 22]. Due to their unique photocatalytic and physical 

properties, TiO2 nanoparticles and TiO2 shell nanoparticles have been investigated for use in 

diagnostic assays and as gene targeting agents, radiosensitizers, and cargo delivery vehicles 

[3, 7, 12, 14, 18, 19]. TiO2 nanoparticles have demonstrated great potential for use in cancer 

therapy because they can be, for example, passively or actively targeted to neoplastic cells 

and then actively targeted to subcellular locations such as cell nuclei; once there, TiO2 

nanoparticles can be activated to release reactive oxygen species (ROS) that result in double-

stranded breaks in the genomic DNA in situ [13, 20].

Despite the extensive body of research exploring the interactions between TiO2 

nanoparticles and neoplastic cells, the chemical techniques to fluorescently label TiO2 

nanoparticles in vitro, in vivo, and ex vivo are limited and primarily depend on use of 

Alizarin Red S (ARS) [8, 10, 13, 15, 19]. Although this molecule binds well to the 

nanoparticle surface as an enediol ligand, its fluorescent yield is small and in the range of 

0.001 at best [23], while, for example, fluorescence quantum yield for Alexa Fluor 488 is 

0.92 (according to Invitrogen). In addition to ARS, chemotherapy drug doxorubicin also 

fluorescently labels TiO2 nanoparticles; however, its binding to the surface of TiO2 

nanoparticles is mediated by single OH groups, and labeled nanoparticles shed doxorubicin 

molecules after cellular internalization [12]. Additionally, illumination of nanoparticles by 

light of UV-range wavelengths used for fluorescent microscopy excites TiO2, causing ROS 

release, which results in rapid bleaching of the samples. To make things more complicated, 

TiO2 nanoparticles quench fluorescence from immediately adjacent fluorophores such as 

Cy3 and FAM when they are used to label single-stranded DNA oligonucleotides, and these 

in turn are adsorbed onto 20 nm nanoparticles by phosphate groups [24]. Several studies 

attached biotin to TiO2 nanoparticles [1, 9]; however, this route for indirect labeling of 

nanoparticles in cells is challenging because of possible artifacts associated with background 
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streptavidin labeling of cells. This has hindered our ability to gain in-depth knowledge of the 

details and mechanisms of TiO2 nanoparticle cellular targeting, internalization, and 

subcellular localization. Techniques that do not rely on fluorescent labeling such as 

transmission electron microscopy (TEM) and X-ray fluorescence microscopy (XFM or 

SXRF) are often used to determine TiO2 internalization and intracellular stability [3, 7, 8, 

10–12, 15, 25]. XFM is a quantitative technique used to detect and map nanoparticles 

directly in whole cells based on titanium-specific K-alpha X-ray fluorescence emitted from 

Ti atoms. XFM scanning registers a quantitative and qualitative map of the distribution of 

cellular elements such as sulfur (S), phosphorus (P), and zinc (Zn) [25]. Similarly, energy 

dispersive electron spectroscopy (EDS, EDX, or XEDS) can be used to identify the 

elemental signature of titanium, but this technique does not function in combination with 

whole cells. However, both EM and XFM suffer from low throughput and other limitations. 

TEM requires biological sample sectioning and permits analysis of only a small number of 

cells. Similarly, XFM is not readily available and requires synchrotron-quality X-rays. Both 

techniques can be expensive and technically challenging, and neither allows analysis of large 

numbers of cells.

In order to meet the demands of the growing body of research exploiting TiO2 

nanomaterials, it has become necessary to develop an in situ post-treatment labeling 

approach capable of precisely detecting the subcellular localization of nanomaterials in cells 

as well as tissue samples; such a technique also must be quick and produce consistent 

results. Herein, we describe two in situ labeling techniques to label TiO2 nanoparticles in 

order to image them using fluorescence microscopy. In addition, XFM was used to confirm 

the co-registration of the Ti elemental signature and nanoparticle optical fluorescence.

2 Experimental

Nanoparticle preparation

TiO2 nanoparticles were synthesized by applying a low-temperature alkaline hydrolysis 

approach according to Abbas Z. et al [26], dialyzed in water at 4 °C, and stored at 4 °C (Fig. 

S1 in the Electronic Supplementary Material (ESM)).

Fluorescein surface coating preparation

TiO2 nanoparticles with an average diameter of 6 nm were synthesized by a low-temperature 

alkaline hydrolysis route as described previously and were dialyzed and stored at 4 °C in 10 

mM Na2HPO4 buffer at pH 5.7. The molar ratio of fluorescein (FITC)-biotin (5(6)- 

(biotinamidohexanoylamido-pentylthioureidylfluorescein; B8889, Sigma-Aldrich) to TiO2 

nanoparticles was such that 30% of the nanoparticle surface was covered by FITC-biotin. 

Binding was performed over a period of 16 h in the presence of 1 M glucose. Addition of 

glucose was performed in order to coat the nanoparticle surface and aid the uptake of 

nanoparticles. This degree of surface coverage of nanoparticles was used to ensure that all of 

the FITC-biotin molecules attached to the nanoparticle surface.
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Azide surface coating preparation

The SQ Peptide Synthesis Core facility of Northwestern University prepared for us a 95% 

pure dopamine-PEG4-azide molecule; synthesis was performed using an NHS ester group on 

azido-PEG4-NHS (Click chemistry tools) and amino group of dopamine (Sigma-Aldrich). 

This molecule was used to coat the surface of TiO2 nanoparticles prior to cell treatment. The 

ratio of estimated TiO2 nanoparticle surface sites and dopamine was 1:1. Upon mixing, the 

clear and colorless nanoparticle solution changed to a clear and light brown solution, similar 

to the color change induced by dopamine binding alone, which occurs immediately upon 

mixing and conjugation of dopamine to nanoparticles [4]. Nanoparticles were dialyzed in 

100 mM sodium phosphate buffer in dialysis tubing with 2 kDa pores. This ensured that the 

unbound dopamine-azide molecules (< 0.5 kDa) were removed from the nanoparticle 

solution prior to use in cells.

Cryo-TEM of nanoparticles

Bare TiO2 nanoparticles and azide-coated nanoparticles were diluted 1:50, plunge frozen in 

liquid ethane, and imaged using a TEM in the Biological Imaging Facility (BIF) at 

Northwestern University.

Dynamic light scattering

Bare TiO2 nanoparticles and azide-coated nanoparticles were diluted 1:100 or 1:200 in 

dH2O and assayed for hydrodynamic diameter size using Malvern capillary cells on the 

Zetasizer Nano ZSP in the Northwestern University Analytical BioNanoTechnology 

Equipment Core (ANTEC) facility.

Zeta potential

Bare TiO2 nanoparticles and azide-coated nanoparticles were diluted 1:100 or 1:200 in 

dH2O and assayed for zeta potential using Malvern capillary cells on the Zetasizer Nano 

ZSP in the Northwestern University ANTEC facility.

Cell culture and treatment with nanoparticles

MCF-7 cells were maintained at 37 °C with 5% CO2. Roswell Park Memorial Institute 

(RPMI) 1640 media was supplemented with 10% fetal bovine serum (FBS), 2 mM L-

glutamine, 10 mM HEPES, 100 I.U.·mL−1 penicillin, 100 μg·mL−1 streptomycin, 1X non-

essential amino acids, 0.25 μg·mL−1 amphotericin B, and 0.1 mg·mL−1 insulin (Sigma-

Aldrich). Prior to treatment with nanoparticles, MCF-7 cells were placed in serum-free 

RPMI 1640 medium for 1 h. Next, the cells were treated with 0.12 μM of TiO2 nanoparticles 

coated with FITC-biotin (Sigma-Aldrich) overnight. The cells were washed with phosphate-

buffered saline (PBS) solution and 200 mM of acidic glycine (pH 4.0) in order to remove 

surface-bound nanoparticles. The cells labeled by FITC were collected using fluorescence-

activated cell sorting (FACS) by the DakoCytomation MoFlo flow cytometer (Dako) and 

seeded on formvar-coated gold electron microscopy grids (electron microscopy sciences) to 

allow for cell adherence. After 3 h, the cells were washed in PBS and fixed in 4% 

paraformaldehyde.
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HeLa cells were obtained from the American Type Culture Collection (ATCC). The cell line 

was maintained at 37 °C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% FBS and 1% penicillin and streptomycin. For visualization by 

confocal microscopy, ~ 50,000 HeLa cells were cultured on glass slides (BioGenex barrier 

slides XT134-SL) overnight. These slides were washed with 1X PBS and placed in serum-

free DMEM for 1 h. About 50,000 HeLa cells were seeded per barrier slide within a surface 

area of 1,000 mm2. Cells were treated with dopamine-PEG4-azide-coated TiO2 

nanoparticles diluted in serum-free DMEM. The final TiO2 concentration was 0.2 μg·mL−1 

or, for nanoparticles averaging 5 nm in diameter, approximately 0.16 nM nanoparticles. 

Cells and nanoparticles were incubated at 37 °C for 1 h. As a control, we included cells 

without nanoparticles. After nanoparticle incubation, cells were washed once with cold 

acidic glycine (200 mM, pH 4.0) and then washed twice with PBS with calcium and 

magnesium. Cells were then fixed in 4% formaldehyde in 1X PBS.

Click chemistry labeling

The Click chemistry reaction was adapted from the manufacturer’s protocol provided for 

labeling of azide-conjugated proteins. Following fixation, cells were washed three times for 

3 min each with 1X PBS and permeabilized with 0.5% triton-X100 in PBS for 10 min at 

room temperature. Then, cells were rinsed three times for 3 min each with 1X PBS and 

blocked with 2% bovine serum albumin (BSA) in 1X PBS for 20 min at room temperature. 

A cocktail of the Click reagents (Life Technologies Click chemistry kit C10269) was 

prepared in the following proportions: 30 μL of 100 mM CuSO4, 150 μL of 20 mg·mL−1 

reactive additive buffer (component C), 1,260 μL of 1X cell reaction buffer, and 0.67 μM as 

the final concentration of alkyne-Alexa Fluor 488 (Life Technologies A10267). Cells were 

incubated with 300 μL of the Click reagent mixture per slide (1,000 mm2 surface area) for 

30 min. Then, slides were washed three times for 3 min with 1X PBS, blocked for 10 min in 

2% BSA in PBS, and then incubated with Hoechst 1:2,500 in PBS for 10 min.

Confocal microscopy

MCF-7 cells treated first with TiO2 nanoparticles coated with FITC-biotin were washed, 

fixed in 4% paraformaldehyde, and then treated with 25 μM of Cy3-labeled streptavidin 

(Streptavidin Cy3™ from Streptomyces avidinii, Sigma-Aldrich) for 1 h. At the same time, 

nuclear DNA was stained by Hoechst 33342 (Invitrogen). The samples were imaged on the 

LSM 510 UV Meta Microscope (Carl Zeiss Inc.). To allow visualization of cell nuclei by 

Hoechst staining, FITC, and Cy3, lasers of 405, 488, and 543 nm were used. The detection 

of the Hoechst, FITC, and Cy3 emissions was facilitated by bandpass filters of 420–480, 

475–525, and 530–600 nm, respectively. After visualization of the samples with 

fluorescence microscopy, the position of the cells was noted, and the samples were further 

prepared for XFM analysis.

After Click labeling and Hoechst staining of nuclear DNA, slides with azide-dopamine 

nanoparticle-treated HeLa cells were washed three times for 3 min in PBS, drained of excess 

PBS, and covered with anti-fade mounting medium (Prolong Gold; Life Technologies); glass 

coverslips were applied and sealed with clear nail polish. Cells were visualized using the 

Nikon A1R Confocal Microscope at the Northwestern University Center for Advanced 
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Microscopy using 405-nm and 488-nm lasers with bandpass filters of 420–480 and 505–530 

nm, respectively. In addition, Z stack slices were taken every 0.22 μm. Identical microscope 

settings were used for all comparison images.

XFM

Imaging of cells by XFM at room temperature requires that they are prepared on suitable 

substrate and imaged only after they have been completely dried. Therefore, all confocal 

imaging had to be performed prior to XFM. We used two X-ray imaging instruments at the 

advanced photon source (APS) synchrotron at Argonne National Laboratory (ANL). One of 

them (X-ray microprobe) is located at the 2-ID-D beamline, while the other (Bionanoprobe) 

resides at the LS-CAT beamline. Monochromatic hard X-rays (~ 10 keV) were used at 2-ID-

D; fluorescent X-ray emission was detected by a germanium detector (LEGe Detector, 

Canberra). The cells were raster scanned with a step size of 500 nm and dwell time of 2 s 

per step (Figs. 1 and 2). These data were fitted against elemental NBS standards 1832 and 

1833 using MAPS software [27]. Elemental quantification and elemental 2D maps were 

calculated using the MAPS program [27]. At the Bionanoprobe instrument, monochromatic 

10 keV hard X-rays were used as well. However, they were focused to a spot size of ~ 85 nm 

using Fresnel zone plates. The fluorescence spectra at each scan step were collected with a 

four-element silicon drift detector (Vortex ME-4, SII Nanotechnology). Data were fitted and 

quantified by comparison to a standard reference material (RF8-200-S2453, AXO Dresden 

GmbH) using the MAPS program [27].

3 Results and discussion

We attached FITC-biotin to the TiO2 nanoparticle surface through hydroxyl groups on the 

FITC part of the molecule (indicated by dashed lines in Fig. 1(a)). Due to the distance 

between these two OH groups, it is unlikely that both of these attach to the nanoparticle at 

the same time. Nevertheless, a single OH group binding to the nanoparticle surface is 

sufficient for nanoparticle coating; we have found this to be true in the past, e.g., for binding 

of doxorubicin [12]. Labeled nanoparticles were incubated with MCF-7 breast cancer cells 

and imaged first using confocal microscopy (Fig. 1(b)) and then XFM (Fig. 1(c)) to detect 

the intracellular localization of the nanoparticles in a single cell. Because TiO2 nanoparticles 

are surface reactive and may bind to additional parts of FITC-biotin instead of to hydroxyl 

groups only, we were concerned about quenching of some of the fluorescent signal (similar 

to quenching of Cy3 and FAM [9]). To prevent this, binding between nanoparticle and FITC-

biotin was performed in the presence of glucose to additionally coat the surface of TiO2.

After a 16-h treatment with nanoparticles, the cells were sorted by flow cytometry, seeded 

on formvar-coated gold TEM grids, and allowed to attach for 3 h prior to fixation and 

confocal fluorescence imaging. After optical fluorescence imaging, during which the grids 

were submerged in mounting media, the grids were rinsed in PBS, dehydrated in ethanol, 

and air dried prior to XFM.

XFM was performed using the X-ray microprobe instrument with 2ID-E beamline at the 

APS, ANL. The X-ray fluorescence map of sulfur showed the boundaries of the cell as 

expected [3, 7, 8, 10, 16–18, 20, 28, 29] and corresponded well with the cells’ outlines in 
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optical fluorescence microscopy. Similarly, the strongest phosphorus signal area in the 

phosphorus XFM map overlapped with the cell nucleus; again, this matched well with the 

DNA (Hoechst) fluorescent signal obtained by confocal microscopy. A strong titanium 

signal (per-pixel signal of up to 27 μg/cm2) was detected by XFM inside the cells but outside 

of the nuclei. The distribution of titanium and, therefore, TiO2 nano-particles showed a good 

overlap with the FITC fluorescence signal in images obtained by confocal fluorescence 

microscopy. The slight discrepancies between the images are expected since the cells were 

hydrated for confocal light microscopy but dried for XFM measurements. Moreover, 

imaging by XFM is performed with the sample mounted vertically into a special sample 

holder and positioned at 45° to the incident beam direction and detector, making direct 

comparisons between images impossible. It should also be noted that the substrates suitable 

for imaging by XFM are not ideally suitable for confocal fluorescence microscopy. In many 

cases, when formvar-coated TEM grids are used for cell growth, cells detach from the 

substrate during manipulations that remove mounting media necessary for fluorescence 

microscopy, and often only clusters of cells remain attached to the substrate, as happened 

with the cells shown in Fig. 2.

In order to show the selectivity and specificity of labeling TiO2 nanoparticles with FITC-

biotin and mitigate the potential problem of signal quenching when nanoparticles are 

directly labeled with FITC-biotin, we decided to expose nanoparticle aggregates inside cells 

to secondary in situ labeling and use the interaction between fluorescent streptavidin and 

biotin attached to the nanoparticle to confirm that the two fluorescent signals overlap. Cells 

that contained nanoparticles modified with FITC-biotin were purified by flow cytometry 

sorting, seeded on formvar-coated TEM grids, fixed, permeabilized, and stained with 

streptavidin-Cy3. Confocal imaging of biotin-FITC, streptavidin-Cy3, and Hoechst was 

performed (Fig. 2(a)), and the TEM grids with cells were rinsed in PBS, dehydrated in 

ethanol, and air dried to be imaged by XFM. Several single cells and cell clusters were 

imaged by confocal microscopy, but only the cluster shown in Fig. 2 remained attached to 

the formvar substrate at the time of XFM imaging. The localizations of the optical 

fluorescence signals were compared to the 2D XFM map of titanium in the same whole cells 

(Fig. 2). Several cells depicted in Fig. 2 demonstrate an overlap between the position of 

titanium (maximal per-pixel concentration of titanium up to 44 μg/cm2) determined by XFM 

and sites of FITC and Cy3 dual fluorescence detected by confocal optical microscopy.

Although this approach for optical labeling of nanoparticles is currently shown to be 

feasible, the presence of biotin may significantly affect interactions between the cells and the 

nanoparticles. For example, biotin uptake occurs both in cancer cells [30] and cells of 

normal tissues [31]. Biotin enters cells via the ubiquitously present protein-solute carrier 

family 5 member 6 (SLC5M6), also known as the sodium-dependent multivitamin 

transporter. It is probable that the nanoparticles coated with biotin would engage in biotin 

receptor-mediated uptake by many different cell types in vivo. This would interfere with the 

intended cellular targets of nanoparticles by creating a “targeting competition” between 

biotin receptors and the intended cell surface epitopes. Therefore, we decided to investigate 

alternative approaches for nano-particle labeling in situ. Seeking nanoparticle coatings that 

would not target any specific cell receptors, we decided to investigate azide-PEG4-dopamine 

(Fig. 3) as a surface modification of TiO2 nanoparticles and use it as a basis for subsequent 
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in situ Click reaction with commercially available Alexa Fluor 488 alkyne [26]. Azide 

moieties in cells are sparse, making Click labeling suitable for cell biology. In its interaction 

with TiO2 nanoparticles smaller than 20 nm, dopamine is known to form stable covalent 

bonds spontaneously; the present study and previous studies used dopamine and dopamine-

linked molecules for stable surface modification of TiO2 and TiO2 shell nanoparticles [1, 3, 

4, 8, 11, 13, 14, 17, 18, 20].

Nanoparticles conjugated to dopamine-azide showed some increase in hydrodynamic 

diameter compared with that of bare nanoparticles alone when assessed using dynamic light 

scattering (Table S1 in the ESM). In addition, we noted small differences between zeta 

potentials of azide-coated nanoparticles; they shifted from 34.07 ± 0.91 to 31.30 ± 0.78 mV 

in comparison with those of uncoated nanoparticles (Table S1 in the ESM). Finally, size and 

aggregation of azide-coated nanoparticles were slightly increased compared with that of bare 

nanoparticles by cryo-TEM (Fig. S1 in the ESM).

HeLa cells grown on microscope slides and serum-starved for 1 h were treated with azide-

coated nano-particles for 1 h because we have noticed previously that non-specific uptake of 

nanoparticles is already substantial at this nanoparticle concentration [19]. Initially, in order 

to obtain a quick confirmation that new fluorescent staining matches the pattern that would 

be obtained by already established fluorescent dyes, we added ARS to azide-coated 

nanoparticles and used these doubly coated nanoparticles for cell labeling (Fig. S2 in the 

ESM). The overlap between ARS and Alexa Fluor 488 fluorescence we obtained was 

encouraging, and we proceeded to optimize the Click reaction and obtain minimal Alexa 

Fluor 488 background coupled with bright labeling of nanoparticle aggregates in situ (Figs. 

4 and 5). We noted that oversaturation of cells with the alkyne-modified fluorophore 

(alkyne-Alexa Fluor 488) can produce background despite the lack of azide groups in 

nanoparticle-free cells; therefore, we fine-tuned the labeling reaction to prevent non-specific 

background fluorescence in untreated cells. Cells without nanoparticles (untreated) exhibited 

a very dim fluorescent signal (Fig. 5) that was easily recognized as background, non-specific 

fluorescence. Comparatively, cells with azide-coated TiO2 nanoparticles showed a strong 

fluorescent signal when excited with a 488-nm laser (Fig. 5). Using the same overall 

experimental conditions, we noticed even subtle differences such as a two-fold increase in 

concentration of alkyne-Alexa Fluor 488 or a two-fold increase in concentration of 

nanoparticles (Fig. 5). Thus, for example, we noticed little difference in the Alexa Fluor 488 

background when two different concentrations of alkyne-Alexa Fluor 488 were used and at 

the same time noted much stronger signal intensity in nanoparticle-treated cells. Similarly, 

doubling the nanoparticle concentration increased the volume of Alexa Fluor 488-positive 

pixels in nanoparticle-treated cells.

The final refined procedure for Click labeling of nanoparticles in situ yielded bright signal 

and low background; however, it was important to confirm that the bright green signal 

shown in Figs. 4 and 5 is dependent on the presence of nanoparticles. For the ultimate 

confirmation of the presence of nanoparticle, we used XFM. In the period between 

experiments shown in Figs. 1 and 2, and those in Fig. 6, APS Synchrotron obtained a new, 

higher resolution instrument for XFM—the Bionanoprobe [20, 28]. As detailed in the 

Experimental section, the X-ray beam focus of the Bionanoprobe is several fold better than 
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that of the X-ray microprobe instrument. We decided to image the same sample by confocal 

microscopy and then XFM, as performed for cells in Figs. 1 and 2. In this case, cells were 

grown on silica nitride windows, processed, imaged by optical microscopy as if on glass 

slides, and finally washed, dehydrated by ethanol, and air dried as it was performed earlier. 

This way of sample preparation is suboptimal with regard to both preservation of cell 

morphology and preservation of native cellular elemental components, but the nanoparticle 

localization inside the cell remains unchanged. Thus, we anticipated that the only clear 

elemental signals from the cell would be phosphorus (indicating cell nucleus) and titanium 

(indicating nanoparticles); this was confirmed as anticipated, with an additional finding that 

copper from the Click reaction also incorporated into the cellular matter, providing (as an 

artifact) a clear cellular outline (Fig. 6). As anticipated, the Alexa Fluor 488 signal from 

confocal microscopy within the cell cytoplasm matched well with the Ti signal obtained by 

XFM (Fig. 6). More importantly, maximum per-pixel intensity of Ti in this image was 3.89 

μg/cm2, seven times lower than the maximum signal in Fig. 1, while at the same time, signal 

for P differed only by three fold. Although some of these elemental signal differences could 

be ascribed to a different way of sample preparation, it is still likely that the cells in Fig. 6 

contain less TiO2 than their counterparts in Figs. 1 and 2. However, at the same time, 

confocal fluorescence signal is much clearer in Alexa Fluor 488 Click-labeled samples 

(Figs. 4, 5 and 6) than in FITC-labeled cells (Figs. 1 and 2). Therefore, Click chemistry 

provides not only more specific but also more sensitive labeling for nanoparticles.

4 Conclusions

Two new approaches for labeling of TiO2 nanoparticles in situ were developed and 

confirmed by XFM. Although confocal fluorescence imaging and XFM imaging are not 

easily paired with each other, we managed to preserve the integrity of substrates (fragile 

formvar-coated TEM grids and Si3N4 windows) carrying some of the cells (many detached 

in the process of multiple manipulations) imaged by confocal microscopy. Thus, dual 

imaging was achieved, and it confirmed that the fluorescent signal and the metal oxide 

(elemental) signal are co-registered. XFM imaging of cells pre-screened by confocal 

microscopy has been accomplished only once before to our knowledge [8], showing that, as 

in this case, Ti signal obtained by XFM spans the entire cell volume, while confocal 

microscopy provides images of nanoparticles only in a given optical slice [8]. An excellent 

overlap was found between optical fluorescence signals (FITC and Cy3 in one case and 

Alexa Fluor 488 in the other) and the position of Ti in XFM-generated elemental maps. This 

suggests that the following can be achieved: (1) successful labeling of nanoparticles with 

optically competent dyes; (2) retention of fluorescent dyes on nanoparticles during cell 

treatments; and (3) washing out and removing sources of non-specific optical fluorescence 

from nanoparticle-treated cells pre- or post-stained with optically fluorescent dyes.

Labeling based on the use of FITC-biotin and streptavidin is often associated with a slightly 

higher background fluorescence due to the interactions between streptavidin-Cy3 and 

endogenous, not-nanoparticle-bound biotin. It is possible that such background could be 

decreased by pre-treating cells with streptavidin or neutravidin, which have been used to 

reduce endogenous biotin in vitro [32] and in vivo [33]; nevertheless, in this case it is 

possible that residual non-labeled avidin-like molecules could interact with the nanoparticles 
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as soon as they enter the cells and reduce subsequent labeling with fluorescent avidin-like 

compounds.

In order to detect TiO2 nanoparticles in situ and do so with a single step without background 

fluorescence and without concern that biotin import into cells may be triggered, we 

developed a Click chemistry approach for labeling and detecting TiO2 nanoparticles in situ.

The copper-catalyzed azide–alkyne cycloaddition, also known as a Click reaction, was 

developed in 2008, and the following year it became a method of choice for use with 

biological samples [34, 35]. In nanotechnology, specifically with TiO2 nanoparticles, Click 

chemistry was used for the preparation of hybrid nanomaterials [36–39]. In biology, Click 

chemistry reactions have been used for various cell biology and biomedical applications; the 

virtual absence of azide-carrying moieties in cells makes this an excellent approach for 

labeling with low background [40]. Specifically, several Click-based techniques were 

developed to investigate post-translational protein modifications to identify newly 

synthesized proteins and to examine DNA replication in proliferating cells [41–43]. During 

the reaction process, a stable triazole forms in the course of a copper-catalyzed reaction 

between azide and alkyne moieties; this can be exploited as a simple chemical reporter to 

label and detect biomolecules of interest.

Commercially available kits such as those from Life Technologies can be used for labeling 

of nucleic acids and proteins in combination with different “standard” cell biology 

techniques [26]. We used components from one of such kits to label azide groups, which 

were attached to the nanoparticle itself, with Alexa Fluor 488 alkyne in order to label in situ 
azide-conjugated TiO2 nanoparticles with Alexa Fluor 488. Click chemistry staining showed 

the high signal intensity of Alexa Fluor 488 in confocal imaging without prominent 

background fluorescence, thereby permitting accurate intracellular detection of even small 

nanoparticle aggregates. There was an evident overlap between the strong fluorescent signal 

of Alexa Fluor 488 within the cytoplasm (Fig. 6), and the XFM detected localization of Ti. It 

is worth mentioning that the molecular weight (MW) of azide-PEG4-dopamine is about 400, 

while the MW of molecules used for targeted nanoparticle coating generally exceeds this by 

several fold. For example, the MW of B-loop peptide dopac conjugate we used previously is 

close to 1,500 [20]. It will remain to be evaluated whether azide-PEG4-dopamine may 

interfere with nanoparticle targeting or not and whether access to the azide group may be 

affected by the presence of targeting molecules on the nanoparticle surface. Considering the 

large surface area of nanoparticles and the fact that B-loop peptide covered no more than 

30% of the nanoparticle surface for successful targeting [20], adapting the nanoparticles for 

targeting and in situ staining should be easily accomplished.

A chemical reporter labeling technique such as Click chemistry as an in situ staining 

approach has clear advantages over the use of nanoparticles labeled with fluorescent 

molecules prior to cell treatment. Moreover, the availability of alkyne-conjugated fluorescent 

dyes is increasing, allowing for more flexibility in the choice of detection molecules. Click 

chemistry itself is simple, highly selective, efficient, and reproducible. Finally, similar 

staining and detection techniques could be applicable to other metal oxide nanoparticles like 

iron oxide, which also has a high affinity for dopamine [44, 45].
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Nevertheless, because Click chemistry reactions introduce a substantial amount of copper 

into cells (Fig. 6), the elemental content of cells treated by Click chemistry shows high Cu 

content as an artifact. It is possible, nevertheless, that a copper-free Click reaction can be 

used instead of the approach used here. Although Click chemistry may be suitable in most 

situations, a dual labeling approach such as the biotin-streptavidin labeling approach 

described in the present study has utility in pre- and post-detection studies, specifically in 

nanoparticle studies that require labeling through hydroxyl groups.

In conclusion, the results of this study show that it is feasible to label TiO2 nanoparticles 

both sequentially by biotin-FITC and then in situ by fluorescent streptavidin as well as 

strictly in situ by Click chemistry. Both approaches are capable of detecting TiO2 

nanoparticles intracellularly through optical fluorescent microscopy. Importantly, these 

labeling techniques can be used as post-treatment labeling techniques to detect TiO2 

nanoparticle internalization, localization, and activation. To the best of our knowledge, this 

is the first report on TiO2 nanoparticle detection using Click chemistry coupled with XFM. 

In this study, we used XFM to confirm that fluorescent signals are indeed co-localized with 

the nanoparticles; however, in the future, only confocal microscopy can be performed, 

especially with Click chemistry-labeled nanoparticles. This will increase throughput for 

nanoparticle imaging in situ, facilitating the evaluation of nanoparticles in a variety of cell 

biology scenarios.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fluorescent labeling and uptake of TiO2 nanoparticles. (a) Possible interactions between 

nanoparticle and FITC-biotin. There are two free OH groups on the FITC molecule that are 

able to bind to the TiO2 surface, similar to doxorubicin molecules [12]; they are indicated by 

dashed lines between oxygen atoms and nanoparticle (gray circle). (b) Confocal imaging of 

MCF-7 cell treated with TiO2 nanoparticles coated with FITC-biotin. Separate and 

overlapping images of Hoechst (nuclear DNA) and FITC (nanoparticles) are shown as well 

as matching phase contrast image. (c) XFM maps show the distribution and concentration of 

phosphorus (P), titanium (Ti), and sulfur (S) in the same MCF-7 cell treated with the FITC-

biotin-coated TiO2 nanoparticles. The positions of FITC signal in the confocal image and Ti 

signal in the XFM map are well matched.
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Figure 2. 
Secondary in situ fluorescent labeling of TiO2 nanoparticle aggregates. A cluster of MCF-7 

cells treated with FITC- biotin TiO2 nanoparticles was chemically fixed, permeabilized, and 

subsequently treated with Cy3-labeled streptavidin. (a) Confocal microscopy shows 

matching positions of fluorescent signal of FITC-biotin-coated nanoparticles (green) and 

fluorescent signal of Cy3-streptavidin (red) interacting with biotin on nanoparticles after 

post-fixation labeling of nanoparticle-treated cells. Nuclear DNA was labeled by Hoechst. 

(b) XFM maps show cytoplasmic distribution of titanium (Ti) as well as 2D distribution of 

native cell elements P and S (last image in bottom row shows a phase contrast image of the 

sample prior to XFM). In this instance, combined FITC and Cy3 signals (a) and Ti 

fluorescent signal (b) show a similar pattern of distribution.
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Figure 3. 
Schematic diagram of Click labeling. Steps of in situ chemical reaction between azide-

PEG4-dopamine (MW = 426.47) conjugated to the surface of TiO2 nanoparticle (gray circle) 

and alkyne-modified Alexa Fluor 488. This Click reaction is performed in the presence of 

Cu in situ in permeabilized cells.
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Figure 4. 
Series of confocal microscopy “optical slices” of a cell treated with azide nanoparticles 

labeled by Click reaction with alkyne-Alexa Fluor 488 in situ. Single-cell optical slices of 

0.22 μm show the cytoplasmic localization of nanoparticles Click labeled in situ (green) at 

different focal depths inside the cell. Cell nuclei were labeled by Hoechst staining (blue).
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Figure 5. 
Labeling specificity of Click reaction. Increased concentration of alkyne-Alexa Fluor 488 

increases fluorescent signal intensity of nanoparticle aggregates in nanoparticle-treated cells 

(right hand panels), while increased concentration of nanoparticles leads to greater 

nanoparticle uptake (bottom right). Cells not treated with nanoparticles (left panels) have 

low background Alexa Fluor 488 signal under the same staining and imaging conditions.
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Figure 6. 
Confocal microscopy of nanoparticles using Click chemistry and XFM elemental mapping 

of titanium in cells. Cells seeded on Si3N4 windows, a substrate suitable for XFM, were 

treated with nanoparticles, labeled by Click, and stained by Hoechst to be imaged by 

confocal microscopy (a). Next, cells were rinsed with PBS, dried (b), and subjected to XFM 

at the Bionanoprobe, a high- resolution XFM instrument (c). (a) Confocal optical 

microscopy image of the cell pair that was investigated by XFM; (b) dried Si3N4 window 

with the same pair of cells air-dried on its surface; (c) high-resolution XFM images (beam 

size of ~ 85 nm; pixel size of 100 nm) of the two cells. Element and maximal elemental 

concentration in μg/cm2 are given in white letters. Scale bar (black) is 2 μm; color scale 

defines false colors map with minimal signal in black and maximal signal in red.
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