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Confinement of Dyes inside Boron Nitride Nanotubes: Photostable and Shifted Fluorescence down to the Near Infrared
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Expedients to delay photobleaching have been developed and good examples include the addition of oxygen-blocking molecules, such as anoxia, [13] and a passivation of the dyes against ROS by a polymer, a porous material, or a supramolecular assembly. [14][15][16] These approaches have had, however, a limited success due to a significant increase in size and a general loss of brightness by the quenchers present in the passivation layers. As an example, inorganic calcium phosphate nanoparticles mixed with dyes (called FloDots) have been developed to prepare photostable fluorescence probes for imaging, [17] but the size constraints (10-120 nm) do limit the diffusion properties of the probe.

Inspired by these passivation strategies and advances on the encapsulation of organic dyes inside single-walled carbon nanotubes (SWCNTs), [18][19][20][21] we explored different hosts to protect dyes while keeping both small (nanometer) sizes and good optical properties (e.g., brightness and stability). Because of efficient energy transfer processes between dyes and SWCNT hosts (E g < 1 eV), it became apparent that the dye fluorescence is readily quenched in most, if not all, of the nanohybrids with carbon nanotubes. [22,23] Hence, we turn our attention to the boron nitride nanotube (BNNT), which has a large bandgap (E g ≈ 5.5 eV) [24,25] and hence high optical transparency over a wide range of wavelengths. In the context of life science, large diameter BNNTs (d ≈ 50 nm) have been studied as cargo for drug delivery [26] and the toxicity in vivo and in vitro of different BNNTs is currently investigated in the field. [27] Here, we present a method to encapsulate dyes inside small-diameter BNNTs (dyes@BNNTs) and explore, using different dyes, their chemical and fluorescence properties for imaging applications. Our experiments on α-sexithiophene (6T) and derivatives of 3,6-bis [2,2′]bithiophenyl-5-yl-2,5-di-n-oc-tylpyrrolo [3,4c] pyrrole-1,4-dione (DPP) encapsulated inside small-diameter BNNTs (d inner < 3 nm) show a drastic improvement of the photostability compared to free dyes against laser exposure. We observe strong absorption and emission bands from three different e ncapsulated d yes, which a re significantly re dshifted compared to "free" (i.e., not encapsulated) dyes. We also report on an effective passivation of the dyes against the environment. Using various imaging demonstrations with living organisms (Daphnia pulex) and human cells (HuH6), we observe a reduced toxicity compared to free dyes and demonstrate their exceptional photostability. Finally, their use as nanoprobes for multimodal imaging at wavelengths in the visible and NIR is presented along with examples of two-photons imaging and single nanoprobe tracking experiments.

Figure 1 schematizes the main synthesis steps of the dye nanohybrids along with the absorption and fluorescence responses obtained before and after the encapsulation step. The synthesis begins by cutting raw BNNTs (BNNT LLC supplier) using mechanical grinding and ultrasound treatments. The resulting material is then purified in nitric acid and annealed at high temperature in air [28] to suppress photoluminescence background from BN defects and B x O y impurities [29] (Figure S1, Supporting information). The last step is a liquid phase encapsulation of a selected dye molecule, for example, DPP2 (Figure 1a), in thus processed BNNTs, followed by a thorough rinsing in dimethylformamide (DMF)/toluene and finally briefly in a piranha s olution at room temperature to r emove excess of dye molecules. (Warning, piranha solutions are highly corrosive and must be handled with great care while avoiding contact of the solution with residue of organic solvents). The resulting solid residue can be dispersed in a solvent and yields a highly colored solution, such as shown in Figure 1a,c.

The first signature of encapsulation is a clear color change compared to that of free dyes. In Figure 1c, the coloration of the free 6T in DMF (P1) is compared to that of a mixture of 6T and BNNTs after an encapsulation step in toluene for 24 h at 25 °C (P2) and 115 °C (P3). No change is observed between P1 and P2, whereas a clear change from yellow to red is observed for P3. As detailed below, the change in color is driven by temperature and unambiguously indicates that the dyes have filled the BNNTs. Similar spectral changes of the dye resonances are also observed with other rod-like molecules. For example, the derivatives of 3,6-bis[2,2']bithiophenyl-5-yl-2,5di-n-oc-tylpyrrolo [3,4-c]pyrrole-1,4-dione (DPP2 and DPP3) are encapsulated using the same protocol but at 80 °C (Figure 1c; Section S2.2, Supporting Information). The behavior observed here with BNNTs is fully consistent with previous results from our group on dye encapsulation in SWCNTs. [22] For both types of nanotubes, the filling process is endothermic, due to a heat unbalance from intermolecular interactions between dyes (encapsulated) molecules and between (free) dyes and solvent molecules.

In Figure 1b, we explore more quantitatively the transformation using a comparison of different Dyes@BNNTs (P3, P5, and P7) in DMF with solutions of the same dyes in DMF (P1, P4, P6). The solutions of free dyes, namely 6T (P1), DPP3 (P4), and DPP2 (P6), display absorption (dashed line) and fluorescence (continuous line) spectra characterized by vibronic band progressions that are typical for the dyes in DMF. [30,31] Note that the concentration used for the solutions of free dyes have been adjusted to minimize selfaggregation in solution, which can significantly modify the vibronic progression. [32] Surprisingly, the solutions of encapsulated dye molecules (P3-P5-P7) display drastically modified spectra and more complex vibronic structures. DPP3@ BNNT and DPP2@BNNT present remarkable changes, such as new absorption and emissions bands that are significantly redshifted compared to that of free dyes. Interestingly, photoexcitation experiments on P5 and P7 solutions at energies within the absorption bands produce very distinct PL spectra, typically characterized by a broadened vibronic progressions and new emission bands significantly redshifted compared to free dyes. For example, DPP2@BNNT excited at 690 nm and 800 nm show emission bands that are clearly shifted at around 900 nm and 1050-1200 nm, respectively. A similar behavior, although not as drastic, is seen with 6T@BNNT solutions (P3). A more direct comparison of the spectral shifts with that of free dyes is presented in Figure S9, Supporting Information. The unusual redshift could be explained by different phenomena, such as charge transfer, photoinduced electrochromism, structural changes, but these effects have been ruled out by experimental evidences. Charge transfer is impeded considering the good insulating capability of the BNNT sheath from the environment. The wide gap of the BNNTs minimizes also the presence of electronic traps in the proximity of the encapsulated dyes. The selected dyes are rigid and planar and they are not prone to conformational changes and photochromism. Furthermore, the mild conditions used for the encapsulation procedure (see Supporting Information) prevent chemical reaction between dyes.

Such drastic changes in optical properties strongly suggest that the inner space of the BNNT has templated the encapsulated dyes into well-defined aggregates. To test this hypothesis, we examine the morphological arrangements of the dyes using high-resolution transmission electron microscopy (HRTEM). Figure 2 shows images of double-and multiwalled BNNTs deposited onto a molybdenum-SiO 2 (Mo/SiO 2 ) TEM grid after applying a filling process in solution with 6T molecules. More examples of HRTEM are also shown in Figures S11 andS12, Supporting Information. To determine that the filling material is composed of 6T molecules, preliminary experiments were performed using scanning transmission electron microscopy and energy electron loss spectroscopy (STEM-EELS) recorded at 80 kV to gain information on the chemical composition (core-loss) and the near-band edge response (low-loss) of the filling materials with a spatial resolution of around 2.5 nm (Figure S10, Supporting Information). The HRTEM image in Figure 2b provides distinct responses in the empty and filled regions (open circles 1 and 2, respectively), which are presented in Figure 2c-e. The boron K-edge from the shell structure of the BNNT at 192 eV is measured, as expected, in both regions 1 and 2, but a new contribution is detected only in region 1 at the energy corresponding to the L2,3-edge of the sulfur atoms in a 6T molecule. Local energy loss measurements in regions 1 and 2 (Figure 2e) show the expected transitions at around 3 eV (region 1) for the HOMO-LUMO gap of 6T molecules and at 5.5 eV (region 2) for the BNNT bandgap. Consistent to other HRTEM studies on similar oligothiophenes encapsulation inside SWCNTs, [19,20,33,34] the EELS results presented here confirm that the 6Ts are encapsulated inside BNNTs. The HRTEM images in Figure 2f show a progressive ordering of the 6T dyes, from disordered assemblies to well-aligned individual molecules, for inner diameters (d inner ) from 7 nm down to 0.9 nm, respectively. A key result for this study is the presence of single and double aggregates of 6T molecules inside BNNTs having the smallest d inner . These aggregates are nicely resolved in Figure 2f as short sticks (pointing orange arrows) located inside BNNTs of d inner = 0.90, 1.00, and 1.55 nm for single, double, and triple aggregates, respectively. Note that the double aggregate is schematically shown in Figure 2a. It is clear from the TEM experiments that high confinement low d inner ) induces molecular ordering and alignment along the nanotube axis. A cavity of d inner = 4 nm is, for instance, much larger (about twice) than the length of the molecule and provides higher degrees of freedom to accommodate various assemblies, whereas d inner = 0.9 nm (the smallest diameter observed in our samples) provides just enough space to fit one molecule in a head-to-tail type of stacking.

The assembly of elongated dyes inside BNNTs into aligned and structured aggregates is consistent with what was observed previously with SWCNTs. [19][20][21][22]33,35] However, the distribution of the inner dimeters in our BNNT samples is much wider than SWCNTs, which adds complexity to the population distribution of aggregates. Depending on the diameter, both complex or simple alignments between adjacent molecular transition dipole moments are formed, which lead de facto to a mixture of aggregation states in our samples. As seen in the HRTEM images (Figure 2f), the head-to-tail stacking of the encapsulated dyes in small-diameter BNNTs coexists in solution with face-to-face arrangements in larger diameter BNNTs, giving in some cases double and triple rows of molecules. The former morphology corresponds to the emblematic J-aggregation state, while the latter is consistent with a H-aggregate, each promoting specific intermolecular interactions. [36,37] Considering the diversity of morphologies in our samples, one should therefore expect specific optical signatures associated to possible H-like, J-like, and HJ-states, as well as other photophysical phenomena such as Davidov splitting, excimers and energy transfers. [32,36,37] By shifting the excitation wavelengths well below the gap of free dyes (arrows, Figure 1), we clearly see for instance new vibronic bands that are strongly shifted toward the NIR. This reflects subpopulations of aggregation states that are consistent with J-or HJ-like bright emitters in small-diameter BNNTs. [32,38,39] Such J-aggregation fingerprints with large redshifts have been previously observed by Sun et al. in self-assembled nitroazo dyes or cyanine dyes and applied in demonstrations of in vivo bioimaging in the NIR II. [40,41] The case of P7 is of particular interest because the emission is redshifted by more than 600 nm, which is surprising for dyes that normally fluoresce in the visible. Understanding the bands and vibronic structures in such a complex mixture of aggregates is obviously not straight forward and clearly outside the scope of this work. Ongoing work explores approaches to disentangle each population of aggregates using for instance sorted BNNTs by inner diameters.

Using CdSe/ZnS quantum dots as quantum yield (QY) internal reference, [42,43] we estimated a lower bond value between 8% and 16% for 6T@ BNNTs on Si/SiO 2 (see details in Figure S13, Supporting Information). The QY value is significantly higher than 0.5%, which is a typical for 6T films, [44] and it is close to the values measured on individual 6T in solution or assemble as J-aggregates. [45] The passivation of the dyes with the crystalline dielectric sheath of the BNNT walls is tested next using stability measurements against photobleaching and chemical reactions. To do so, we compared in Figure 3 the PL properties of free dyes with that of individual or small bundles of 6T@BNNTs deposited on an inert Si/SiO 2 substrate in ambient conditions. A typical AFM image is shown in Figure S2, Supporting Information. Note that an oxide thickness of ≈300 nm was chosen to avoid destructive optical interference with the substrate. To gain statistics, a global hyperspectral imager (RIMA, Photon etc.) was used to photoexcite uniformly a large area of the sample (200 × 200 µm 2 ) with continuous laser light [46] at λ ex = 532 nm. This configuration has given us a large statistical ensemble of measurements on individualized bundles of 6T@BNNT as a function of exposure time and fluence conditions. As an example, Figure 2a shows a zoomed view of the PL image of a 5 µm long bundle at a laser fluence typical for bioimaging (1.2 µW µm -2 ). In Figure 3b, the PL signal of the bundle shows no noticeable intensity loss with exposure time, even after exposure for more than 8 h in air. This interesting result indicates a clear resistance against photobleaching, which is also demon strated with the DPP nanohybrids in Figure 3b. The result contrasts with the fast fading PL signal (in red) of free dyes (not encapsulated) dispersed on the substrate. As expected, the half lifetime of the integrated emission (τ 1/2 ) of free dyes is only few minutes, which is typical for an organic dye, whereas individual dyes@BNNT bundles produce unaltered PL after more than 30 h. The measurement is only Fluorescence image recorded at 1300 nm (4 nm of spectral interval) from a DPP2@BNNT deposited on a Si/SiO 2 substrate (λ ex = 800 nm). The acquisition time is 10 s at a fluence of 1.0 µW µm -2 . Right panel: Integrated luminescence imaging of a typical microbundle of a 6T@BNNT deposited on a Si/SiO 2 substrate (λ ex = 532 nm). The time acquisition is 0.2 s and the laser fluence is 1.2 µW µm -2 . b) Time evolution of the integrated PL of isolated bundles of 6T@BNNTs (blue) and DPP2@BNNTs (green) on a Si/ SiO 2 surface, compared to free DPP2 (red) photoexcited under a fluence of 1.2 µW µm -2 at λ ex = 532 nm (long pass filter at 533 nm). c) PL intensity recorded at time intervals of 0.5 s. d) PL spectra (λ ex = 473 nm) of free 6T and 6T@BNNT deposited on a substrate recorded before (left) and after (right) a 100 W treatment to oxygen plasma for 10 min.

limited here by our setup to a factor of 1 × 10 4 . Furthermore, PL images taken at the level of a single dye nanohybrid with a frame rate of 0.5 s indicate no blinking under a fluence of 1.2 µW µm -2 at λ ex = 532 nm (Figure 2c). These photostability results are impressive considering that this is a lower bound estimate.

The chemical stability of the nanohybrids is tested using individualized 6T@BNNT bundles on Si/SiO 2 exposed to an oxygen plasma of 100 W for 10 min. No significant change in the PL spectral shape and intensity is detected after this treatment, whereas free 6T molecules on Si/SiO 2 have completely vanished (Figure 3d). The enhanced stability of the encapsulated dyes has also been observed upon thermal annealing up to 350 °C in air and using piranha solutions (not shown). These results demonstrate that the 6T@BNNT is far more stable than free 6T dyes. The chemical and physical stability experiments have been repeated on a number of Dyes@BNNT nanohybrids of different lengths deposited on substrates or dispersed in a solution (see, e.g., Figures S5 andS6, Supporting Information). All of the results lead us to the same conclusion, which underlines the tremendous gain in stability inferred by the confinement of the 1D cavity of BNNTs.

The impressive robustness and fading-free properties of the Dyes@BNNT are appealing for bioimaging applications. Figure 4 presents an example of the use of nanohybrids to make optical nanoprobes for imaging living Daphina Pulex microorganisms in water-see bright-field image in Figure 4a#1. Daphnia (also called water fleas) are common planktonic crustaceans, which find use as chemical sensors in ecotoxicology studies, thanks to their high sensitivity to water quality. [47] To acquire the bioimages (Figure 4a#2-5), we first solubilized the Dyes@BNNTs in a water-based living medium called FLAMES, [48] using a poly (ethylene) glycol derivative (mPEG-DSPE) (Section S2.9, Supporting Information). We then performed a first incubation test by placing a Daphnia in different FLAMES containing either free 6T, only PEG-BNNTs, or PEG-dyes@BNNTs (see Table S1 and Figure S3, Supporting Information). After an incubation time of only a few minutes, all daphniids exposed to free 6T were found dead. This is consistent with the known toxicity of the dyes to living organisms, as evidenced already in the twentieth century by many studies on drugs and contrast agents. [49] On the contrary, all of the Daphnia assays incubated with both PEG-BNNT and PEGdyes@BNNT remain alive and active after incubation times ranging from a few minutes to 36 h at concentrations between 10 and 50 µg mL -1 (see video in Figure S4, Supporting Information). This underlines the multiple roles of the BNNT host: i) stabilizing the PL signal from the nanoprobe, ii) acting as a protective barrier against ROS, and iii) reducing dye toxicity to the living organisms. Living daphniids were imaged under a fluorescence microscope equipped with UBG filter and a 10× objective. D. Pulex incubated with PEG-BNNTs (i.e., no dye, Figure 4a#2 down) presents similar signal than that observed from non-incubated Daphnia (Figure 4a#2 top). This natural blue-green signal originates from the autofluorescence of the tissues in FLAMES through the UBG filter, which disappears after death or after a few minutes only of photobleaching. In contrast, Daphniids incubated with PEG-Dyes@BNNTs (Figure 4a#3-5) exhibit a distinct digestive tube emitting bright signals assigned to the spectral lineshape of each PEG-Dyes@ BNNTs nanohybrids.

In a second set of experiments, we investigated the photostability of the nanoprobes during in vivo PL imaging of D. Pulex under continuous light excitation. Daphniids were maintained alive during the first 3 h of the time-lapse by adding more FLAMES to maintain temperature and compensate water evaporation under the microscope. The PL intensity, recorded every 3 min at six different points of the digestive tube (Figure 4a), remains flat with time, which indicates that bleaching is suppressed in such continuous photoexcitation despite the fact that the nanoprobes are in close contact with the ROS present in the water-based medium of the digestive tube of Daphniids. The brief and temporary drops of signal at 1 h and 3 h are attributed to sudden movements of the Daphnia in the exiguous swimming pool under the microscope objective (Figure 4b). Even after death, which is typically caused by a drying of the FLAMES medium, the signal of the nanoprobes remain stable for an additional 12 h of continuous excitation/ imaging without any noticeable loss of signal (Figure 4b). Interestingly, the Raman spectra in Figure 4c, recorded at the level of the digestive tube of Daphnia #4 and #5, show that the specific vibrational fingerprint of the encapsulated 6T (or DPP) in BNNTs remain intact. This signal can be readily extracted and identified from the luminescence signal, thanks to the resonance enhancement of the dyes at λ ex = 532 nm. This experiment demonstrates that the encapsulated dyes are not altered in the digestive tube of the living Daphnia and that they are highly photostable, giving further statistics of the effective passivation by the BNNT hosts.

The capability to probe in situ both the fluorescence and Raman scattering of different nanoprobes over a timescale of many hours is interesting for bioimaging using multimodal probes. Similar to the work on carbon nanotubes based NIR nanoprobes, [50][START_REF] Welsher | Proc. Natl. Acad. Sci[END_REF][START_REF] Danné | [END_REF][53] which emit at wavelengths beyond 900 nm, we performed experiments using a DPP3@BNNT incubated in Daphnia. By changing the dyes, we were able to easily extend the PL emission of the nanoprobes (Figure 4d) to the NIR I optical biowindow. [54,55] From this and the results in Figure 1, it is clear that the emission properties of DPP2@BNNT allows excitation in the NIR I and detection in the NIR II, which is of interest for deep imaging studies on animals such as mice.

To further assess a possible toxicity of the Dyes@BNNT, we performed an additional set of experiments at the scale of individual cells. We incubated 10 µg mL -1 of a PEG-6T@ BNNT solution for 24 h with human hepatoblastoma HuH6 cells, which is one of the model cell lines used for toxicology studies. [56,57] After removal of the media containing Dyes@ BNNTs, the cells membranes was revealed using 5 µL mL -1 of DiA fluorophore for 10 min (see Supporting Information). Figure 5a,c show fluorescence spectra consistent with DiA (green) and PEG-6T@BNNT (red) separated in the regions 2 and 1, respectively. In these conditions, we observe that the DiA are fixed, as expected in the cell membranes, while the nanoprobes are internalized by the cells and accumulated in endocytoplasmic compartments. [57] In addition, a positive green Calcein staining assay shows no lethality of the cells in this time scale (Figure S7, Supporting Information). In Figure 5b, we investigated the imaging capability and photostability of the PEG-6T@BNNT using two-photon imaging techniques on HuH6 cells fixed after an incubation of nanoprobes followed by DiA at a concentration of 10 µg mL -1 and 5 µL mL -1 , respectively (see Supporting Information). The fluorescence of both the DiA and PEG-6T@BNNT, as a function of the excitation wavelength between 740 and 1020 nm, is shown in Figure 5d. Consistent with the work by Ruthazer et al., [58] the resonance maximum of DiA is measured at 880 nm, which is distinct from the resonance of the PEG-6T@BNNT located at ≈740 nm, a position similar to that of functionalized polythiophene. [59] A wavelength centered at 860 nm was used in Figure 5a to expose simultaneously DiA and PEG-6T@BNNT in the bleaching test area highlighted (dashed line) with two-photon imaging conditions during 30 min (400 Hz, laser output power of 2.55 W). To directly compare exposed and non-exposed cells, Figure 5b presents a two-photon hyperspectral fluorescence image taken in a field of view slightly larger than the photobleaching test area. The exposed DiA have been significantly photobleached, while the PEG-6T@BNNTs are still strongly fluorescent without loss of signal. This result highlights the photostable response of the Dyes@BNNT against the stringent two-photon illumination conditions. This result demonstrates long term (day-scale) monitoring without the need of periodic injection of contrast agents.

Finally, the last experiment tracks individual Dyes@BNNT in cellular environment. Because of their 1D architectures, these nanoprobes should have similar diffusion properties than individual SWCNTs, which are advantageous for studies in biological media. [60,61] Using another solution of PEG-6T@ BNNT with an excess of PEG to lower the interaction with the cell membrane (0.5 µg mL -1 in DMEM), we incubated the nanoprobes for 24 h followed by rinsing to remove non-interacting nanoprobes with the confluent cell mat (see Supporting Information). Time-lapse luminescence during 30 min with a time interval ∆t of 650 ms between two images is shown in Figure 5e. The superposition of few sequential fluorescence images of a single 6T@BNNT nanoprobe, extracted for clarity from the datacube every ≈10 s, is displayed in the top panel of Figure 5e. By using a single object tracking algorithm, [62] we reconstructed the trajectory of four individual nanoprobes in the Figure 5e (bottom panel). As expected, the nanoprobes are clearly photostable and the diffusion length is larger than the size of the cells. We do not observe internalization of the nanoprobes in this case, which is probably due to the high coverage of PEGs promoting higher biological furtivity of the nanoprobes.

Previous works on the functionalization of multiwalled BNNTs have shown that BNNTs are outstanding as templates to develop biocompatible nanostructures for drug delivery. [26,63,64] In this work, we have shown that small-diameter BNNTs can template active organic molecules for: 1) unlocking and stabilizing naturally unfavorable aggregation states with dyes that will gain access to complex fluorescence engineering on the nanometer scale for the design of bright emitters; 2) protecting the dyes against photobleaching and chemical degradation mechanisms; 3) reducing the inherent toxicity of organic dyes on living tissues; 4) enabling both chemical processing and easy functionalization of the dyes aggregates, thanks to the BNNT carriers. Capitalizing on these synergetic advances, we have finally highlighted the use of the dyes@BNNTs as fluorescence nanoprobes. Since the preparation of dyes@BNNT is simple and general, we trust that the approach can be further expanded to include other dyes and diameter-sorted BNNTs so as to produce a library of nanoprobes with tuneable colors from the visible down to the NIR I and II for deeper imaging into living organisms.

Experimental Section

The boron nitride nanotubes (BNNTs) used in this work are provided by BNNT. See Sections S2.1 and S2.2, Supporting Information, for details on cleaning and encapsulation of BNNTs. Briefly, the BNNT powder was sonicated in DMF until complete dispersion, and filtrated on a poly(tetrafluoroethylene) (PTFE) filter (0.2 µm pore size). The obtained film was annealed at 800 °C for 2 h under atmospheric conditions. About 5 mg of dyes and 20 mg of purified BNNTs were dispersed sequentially in 20 or 300 mL of toluene, depending on the dye used, by sonication. The solution was then refluxed at 80 °C or 115 °C, again depending of the dyes used, to activate the encapsulation. The solution was finally washed in toluene and DMF at least 10 times to remove the free dyes molecules, until the filtrate became colorless. The absorption spectra presented in Figure 1 were acquired using a Bruker vertex v80 spectrometer with CaF 2 beamsplitter and Si and GaP detector. The fluorescence spectra presented in Figure 1 were recorded using a spectrofluometer from Horiba JY equipped with PMT and InGaAs detectors.

For experiments on individualized Dyes@BNNTs on surface, the Dyes@BNNTs were suspended in N,N-dimethylformamide (DMF) and diluted as needed, typically at a concentration of ≈0.1 mg mL -1 . This solution was spin-coated at 3000 rpm on a cleaned Si/SiO 2 substrate with aminopropyltriethoxysilane functionalization.

For experiment with Daphnia, an incubation solution was prepared by dispersing Dyes@BNNT in FLAMES culture medium at a concentration ranging from 5 to 100 µg mL -1 . Adult individuals of D. Pulex (clones DISP 1312) were kept at 22 °C in FLAMES with algae for 4 days before the experiment, allowing for a new reproducing cycle. Then, the specimens were transferred to a FLAMES medium algae-free and remained there for 1 day at minimum to clean the digestive system and limit any PL from algae during the images/time lapse acquisition. Daphniids were then Figure 5. Imaging of Dyes@BNNTs in a HuH6 cells mat. a) Hyperspectral and confocal fluorescence imaging of liver cells incubated with PEG-6T@BNNT for 24 h and with DiA for 10 min before imaging. The red and green channels correspond to the integrated intensity from 600 to 780 nm and 490 to 520 nm, respectively. b) Hyperspectral two-photon fluorescence image of fixed hepatoblastoma cells previously incubated for 24 h with PEG-6T@BNNTs. The dashed line highlights a bleaching test area where the DiA and the PEG-6T@BNNTs were illuminated in twophoton imaging conditions at λ ex = 860 nm for 30 min. The red and green channels correspond to the integrated intensity from 645 to 715 nm and from 500 to 530 nm, respectively. c) Fluorescence spectra extracted from the hyperspectral datacube of regions 1 and 2 in (a). d) Two-photon fluorescence excitation profiles of the DiA and PEG-6T@BNNT extracted from an hyperspectral fluorescence image datacube. e) Top: Tracking of a single PEG-6T@BNNT nanoprobe in confluent HuH6 cells using a superposition of luminescence images extracted every 30 s from a time-lapse datacube (∆t = 650 ms, λ ex = 488 nm). Bottom: Full trajectory reconstruction using a tracking algorithm (see Supporting Information) of the four PEG-6T@BNNTs detected within the field of view. placed in the incubation solution for the required time. More details on the experiments with Daphnia and characterizations of the samples are provided in Sections S2.9 and S3, Supporting Information.

The AFM images were produced using a Dimension 3100 microscope. The Raman/PL measurements were taken from different set-up depending on the experiments and these instruments and conditions are summarized in Table S2, Supporting information. In summary, luminescence images and photobleaching experiments were performed at λ ex = 532 nm using the Raman/PL mapping system RIMA (Photon etc.) using a 100× objective and a laser power ranging from 0.5 to 80 µW µm -2 . The fluorescence images on Daphnia were acquired with an Olympus confocal microscope equipped with a U-RFL-T mercury light source, a BX-UCB controller and a DP71 digital camera. The images were acquired with a 10× objective and UBG, TRITC and TXRED filters. The acquiring conditions were an exposure time of 1/20 s and ISO 200 sensitivity. Z-stack of 20 images to probe the volume of the Daphnia was acquired by confocal imaging and stacked using the Auto-blend function in Photoshop. The hyperspectral and confocal fluorescence images on confluent HuH6 hepatoblastoma cells, previously incubated for 24 h with PEG-6T-BNNT at a concentration ranging from 0.5 to 10 µg mL -1 , were recorded on two different setup: a Leica microscope SP8 WLL2 using a HCX Plan Apo CS2 63× oil NA 1.40 objective or a HC PL FLUOTAR 10×/0.30 DRY objective and a Leica TCS SP5, using either Argon laser or Mai Tai HP laser (SpectraPhysics, Irvine, USA) and a HC PL APO CS2 40.0 × 1.30 oil objective.

Figure 1 .

 1 Figure 1. Absorption and fluorescence properties of 6T@BNNTs, DPP2@BNNTs, and DPP3@BNNTs. a) Schematic view of the encapsulation of DPP2 dye in a double-wall BNNT and the resulting color change before and after encapsulation in DMF. b) Absorption (dashed) and fluorescence (continuous) spectra at room temperature of the solutions P1 and P3-P7. The excitation wavelength used for each PL spectrum is indicated by a vertical black arrow. c) Schematics of 6T and DPP-based dyes molecules (left) and pictures of the solutions in DMF before and after a liquid phase (toluene) encapsulation at different temperatures: 25 °C (P2) and 115 °C (P3) for 6T; 80 °C for DPPs (P5 and P7). P1, P4, and P6 are solutions of free dyes (no BNNT) in DMF.

Figure 2 .

 2 Figure 2. Structural properties of α-sexithiophene (6T) encapsulated inside a double-walled boron nitride nanotubes (6T@BNNTs). a) Schematic view of the structure of 6T molecules encapsulated in double-wall BNNTs. b) HRTEM image of a partially filled 6T@BNNT suspended on a molybdenum-SiO 2 TEM grid. c,d) Chemical analysis of selected areas (1) and (2) in (b) using core-loss STEM-EELS at the boron K-edge (192 eV) and sulfur L2,3-edge (165 eV). e) Measurements of the energy levels in the same two areas by STEM-EELS in the 1-10 eV energy range. f) HRTEM images of 6T molecules inside BNNTs of different diameters. The HRTEM and STEM-EELS data are recorded at 80 kV.

Figure 3 .

 3 Figure3. Photostability and chemical resistance of 6T@BNNTs. a) Left panel: Fluorescence image recorded at 1300 nm (4 nm of spectral interval) from a DPP2@BNNT deposited on a Si/SiO 2 substrate (λ ex = 800 nm). The acquisition time is 10 s at a fluence of 1.0 µW µm -2 . Right panel: Integrated luminescence imaging of a typical microbundle of a 6T@BNNT deposited on a Si/SiO 2 substrate (λ ex = 532 nm). The time acquisition is 0.2 s and the laser fluence is 1.2 µW µm -2 . b) Time evolution of the integrated PL of isolated bundles of 6T@BNNTs (blue) and DPP2@BNNTs (green) on a Si/ SiO 2 surface, compared to free DPP2 (red) photoexcited under a fluence of 1.2 µW µm -2 at λ ex = 532 nm (long pass filter at 533 nm). c) PL intensity recorded at time intervals of 0.5 s. d) PL spectra (λ ex = 473 nm) of free 6T and 6T@BNNT deposited on a substrate recorded before (left) and after (right) a 100 W treatment to oxygen plasma for 10 min.
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 4 Figure 4. Dyes@BNNTs as hypermodal nanoprobes illustrated for Vis-NIR bioimaging of Daphnia Pulex. a) Z-reconstructed confocal optical image of a Daphnia immobilized in Leica medium (#1). PL images recorded through a fluorescence microscope mounted with a UBG filter and 10× objective lens of living starved Daphnia (top #2) and after incubation in a solution of unfilled BNNTs (bottom #2), 6T@BNNTs (#3), DPP2@BNNTs (#4), and DPP3@BNNTs (#5). b) Luminescence intensity time-lapses of dyes@BNNTs: i) in living conditions, ii) in post-mortem conditions. c) Raman spectra at λ ex = 532 nm taken in the region of the digestive tube of Daphnia for #3 and at λ ex = 633 nm for #4 and #5. d) PL image of a living Daphnia collected at a wavelength of 900 nm using an excitation at λ ex = 532 nm. Inset: Optical image of the Daphnia. The scale bar is 200 µm for images #1, #3-#5 and 400 µm for #2.
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