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Abstract

:

In the fields of biology and medicine, nanoproducts such as nanoparticles (NPs) are specifically interesting as theranostic tools, since they offer the double capacity to locally deliver active drugs and to image exactly where the product is delivered. Among the many described possibilities, silica nanoparticles (SiNPs) represent a good choice because of their ease of synthesis, the possibility of their vast functionalization, and their good biocompatibility. However, SiNPs’ passive cell internalization by endocytosis only distributes NPs into the cell cytoplasm and is unable to target the nucleus if SiNPs are larger than a few nanometers. In this study, we demonstrate that the cell penetration of SiNPs of 28–30 nm in diameter can be strongly enhanced using a physical method, called electroporation or electropermeabilization (EP). The uptake of fluorescently labelled silica nanoparticles was improved in two different cancer cell lines, namely, HCT-116 (human colon cancer) cells and RL (B-lymphoma) cells. First, we studied cells’ capability for the regular passive uptake of SiNPs in vitro. Then, we set EP parameters in order to induce a more efficient and rapid cell loading, also comprising the nuclear compartment, while preserving the cell viability. In the final approach, we performed in vivo experiments, and evidenced that the labeling was long-lasting, as confirmed by fluorescence imaging of labeled tumors, which enabled a 30-day follow-up. This kind of SiNPs delivery, achieved by EP, could be employed to load extensive amounts of active ingredients into the cell nucleus, and concomitantly allow the monitoring of the long-term fate of nanoparticles.
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1. Introduction


Since the twentieth century, innovative aspects in the nanosciences have been growing. Indeed, in the fields of biology and medicine, nanoproducts such as nanoparticles (NPs) are of particular interest. They are specifically interesting as theranostic tools because they can offer the possibility to deliver locally and specifically active drugs (and thus act as a therapeutic tool) while having the ability to image anatomical or pathological structures (and therefore also serve as diagnostic tools). This double capacity of NPs makes them promising devices, particularly useful in the management of many pathologies such as cancers, whose current therapies are frequently limited [1].



Besides their obvious interest, toxicity generated by metallic nanoparticles such as gold, iron, or silver [1,2,3,4,5] has been reported and might sometimes be of concern for therapeutic applications. Silica NPs (SiNPs) represent a nanomaterial of choice, because of their ease of synthesis [6]; their possibility of being covalently functionalized with fluorescent moieties; their biocompatibility (as evidenced in murine models) [7]; their biodistribution [8]; and their biodegradability in vivo, as tissues degrade silica to orthosilicic acid [9], which is eliminated from the body. These characteristics make silica a perfect material for biomedical use, and SiNPs have been used for a number of pharmaceutical applications [10,11,12,13,14,15,16,17].



As mentioned above, SiNPs are biofunctionalizable [18], which means their surface can be chemically modified, giving them additional properties such as interaction specificities, better stabilization against aggregation, or imaging properties. For example, the functionalization of NPs with folic acid confers them the property to specifically target tumor cells [7], while polyethylene glycol (PEG) coating allows NPs to persist in the bloodstream [8] or be invisible to the immune system, preventing their opsonization by macrophages [19]. Moreover, synthesis procedures allow the incorporation of fluorophores or contrast agents within the nanoparticle matrix during the NPs’ synthesis protocols, making fluorophores an integral part of the nanostructure [20], and thus resulting in a completely traceable NP, both in vitro or in vivo.



The mechanism of the uptake of silica-based NPs by cells appears to be mediated by an active endocytosis process. Indeed, cellular uptake is inhibited by a decrease in temperature to 4 °C and incubation with metabolic inhibitors [21]. The endocytosis of SiNPs may also vary from one cell type to another, and might be difficult in certain cases. Moreover, NPs’ internalization by cells following endocytosis pathways only distributes NPs inside the cell cytoplasm, and is unable to target the nucleus if NPs are bigger than few nanometers [22], which may represent a problem for efficient drug delivery [23]. However, SiNPs’ cell penetration can be enhanced by a physical method called electroporation or electropermeabilization (EP) [24,25].



EP consists of the application of electric field pulses to cells, which causes a transient permeabilization of the cellular plasma membrane and increases the intracellular passage of hydrophilic molecules [26,27,28]. EP allows the precise targeting, and thus treatment, of the tissue (or cells) in between the electrodes [29]. In addition to its ease and speed of application, this technique is inexpensive and has low toxicity. These advantages currently allow this method to undergo a significant expansion, and EP is increasingly being used in clinics [30,31].



The parameters of the electrical pulses applied are the voltage (in volts), the duration (in micro or milliseconds), the frequency (in Hertz), and the number of pulses [32]. Electrical parameters are chosen according to the type of molecule that has to be transferred. Since nucleic acids are large and charged macromolecules, they cannot enter cells by diffusion across the plasma membrane. The optimized electric field parameters are called electrogenotherapy (EGT) parameters. In EGT, long-lasting electrical pulses are usually preferred to allow the electrophoretic forces to push nucleic acids into the cells during the electric field application [28,33]. When the molecule to be transferred is a small hydrophilic molecule such as bleomycin, which is used in electrochemotherapy (ECT), its entry into cells mainly occurs by diffusion via transient permeabilization structures within cell membranes [34]. Thus, the application of a calibrated electric field to on cells (in vitro) or tissues (in vivo) allows the free access of several types of molecules into the cytoplasm or nucleus of cells. However, the molecular mechanisms are still unknown, and the permeabilization structures (or membrane pores) are poorly characterized. Kim, et al. [24] performed a quantitative screening and direct visualization of uptake directionality for a set of fluorescent molecules and fluorescence-doped NPs using electric-pulsation. They observed that the uptake intensities of fluorescent-doped NPs depended upon their sizes and the external electric voltages applied. Their studies suggest that nanoparticle entry pathways may be different depending on NPs’ composition, size, and fate in the cell.



Taken together, NPs’ clinical use is still limited, and could potentially be improved by increasing the penetration efficiency into the cells of interest. Namely, in the absence of an electric field, endocytic pathways were described, but no access to the nucleus was observed [35,36].



In this study, we aimed to improve fluorescent SiNPs’ uptake in two different cancer lines: HCT116 (human colon cancer) cells and RL (follicular lymphoma) cells. We used two types of fluorescent SiNPs provided by the ChromaLys Company. The first one, called LumiLys 650, embeds a ruthenium fluorescent complex, which is well-adapted for in vitro microscopy in the visible light range (λex = 365–500 nm; λem = 650 nm). The second one encapsulates a Cy7 dye, which is specially dedicated to in vivo imaging in the near-infrared (NIR) range (λex = 750 nm; λem = 780 nm). First, we studied the cell lines’ capability for natural SiNPs uptake in vitro. Subsequently, we set EP parameters in order to increase SiNPs’ uptake without affecting cell viability. After successful and significant in vitro transfer of SiNPs to cells, we performed in vivo experiments to study the labeling stability. Future perspectives of the use of these new SiNPs were finally explored for the diagnosis or treatment of tumors.




2. Results


2.1. SiNPs Characterizations


SiNPs (LumiLys 650 and LumiLys 780) were visualized by transmission electron microscopy (TEM) and appeared spherical and mono-dispersed with an average diameter of 28 nm (±2 nm) for LumiLys 650 and 30 nm (±2 nm) for LumiLys 780 (Figure 1), which was confirmed by dynamic light scattering (DLS) analyses (Figure S1).



Ruthenium complex and Cy7 content were optimized in order to maximize the brilliancy of NPs. When too diluted, the brilliancy was weaker due to the small number of encapsulated chromophores, but embedding too many fluorophore molecules also led to a drastic brilliancy decrease caused by confinement and the self-quenching effect (Figure S2A).



Photoluminescence properties of both SiNPs types were studied in water at a concentration of 1 mg/mL. The photo-luminescence (PL) spectra of LumiLys 650 NPs showed a broad emission band at 650 nm and two broad excitation bands centered at 365 nm and 488 nm, respectively (Figure S3A). Consequently, this compound was efficiently excited in a broad wavelength range from 350 to 530 nm. In addition, emission intensity was monitored continuously over a 6 h period of time (Figure S2B). The emission intensity did not vary significantly during this period of time, indicating that the encapsulation of the dye inside these SiNPs allowed a good protection against photo-bleaching. In LumiLys 780 NPs, PL spectra showed a broad emission band at 780 nm and a broad excitation band centered at 750 nm (Figure S3B). As excitation and emission maxima are located in the NIR range, corresponding to the transparency window for biological tissues, they are particularly well-adapted for in vivo experimentation. Moreover, LumiLys 780 NPs were found not sensible to photo-bleaching.




2.2. Passive Incorporation of LumiLys 650 NPs into Cancer Cell Lines


2.2.1. Effect of LumiLys 650 NPs Concentrations on Cancer Cell Viability


Toxicity of SiNPs on HCT-116 and RL cells was determined by measuring cell viability after the passive incorporation of increasing SiNP concentrations. For HCT-116, no toxicity was observed below 160 μg/mL. In the case of LumiLys 650 NPs at concentrations up to 160 μg/mL, more than 90% of the cells remained alive (Figure 2A,B). The viability reached 75% at 300 μg/mL and became less than 50% at 600 μg/mL, 72 h after incubation. Thus, a SiNPs concentration of 160 μg/mL was used for further experiments. In RL cells, a more drastic effect of LumiLys 650 NPs was observed. Cell viability became less than 60% at 100 μg/mL 24 h after incubation (data not shown). The viability reached 80% at 75 μg/mL 24 h after incubation (Figure 2C,D). Thus, a SiNPs concentration of 75 μg/mL was chosen for further studies.




2.2.2. LumiLys 650 NPs Incorporation Kinetics into HCT-116 and RL Cells


HCT-116 and RL cells were incubated with or without LumiLys 650 NPs in the culture medium and observed by fluorescence microscopy (Figure 3). At t0, a slight adsorption of the LumiLys 650 NPs to the plasma membrane and the presence of aggregates outside the cells were observed. Over time, LumiLys 650 NPs accumulated inside the cells. After 24 h, LumiLys 650 NPs were clearly observed in the cell cytoplasm of both cell lines.



The results obtained both on HCT-116 and RL cells showed that LumiLys 650 NPs interacted with the plasma membrane of cells in the first minutes of incubation and were able to enter passively into the cytoplasm without reaching the nucleus. LumiLys 650 NPs intensity signals in RL cells were lower in comparison with those observed in HCT-116 cells. The labeling was stable but decreased as a function of time upon cell division (data not shown).




2.2.3. Subcellular NP Localization in Cancer Cell Lines


In order to determine the subcellular localization of SiNPs after passive loading, lysosomes of HCT-116 cells were labelled with a commercial Lysotracker® kit. HCT-116 cells were incubated with the LumiLys 650 NPs (100 μg/mL) for 48 h, and lysosomes were labeled. As shown in Figure 4, a co-labelling between lysosomes and LumiLys 650 NPs was observed by fluorescence microscopy, indicating that LumiLys 650 NPs accumulated in lysosomes over time following a perinuclear localization. As extensively reported by other authors [21], this specific NPs localization relied on a mechanism of passive incorporation by endocytosis. Of note, no SiNPs penetrated the nucleus.





2.3. Effect of Electric Field Application on SiNPs’ Incorporation into Cancer Cells


2.3.1. Determination of Electrical Parameters for HCT-116 and RL Cells


EP is known to facilitate molecule uptake [27,28,33,37] by cells. We first performed an experiment using EGT (electrogenotherapy) parameters that induced a higher macromolecule uptake than ECT (electrochemotherapy) parameters [30,31,38,39]. Each cell line has specific characteristics, and thus are more or less sensitive to electric pulses. It was therefore necessary to determine the optimal amplitude of electric field E (V/cm) to use on the HCT-116 and RL cell lines. Permeability and viability tests were performed using either 10 pulses of 5 ms (EGT parameters) or 8 pulses of 100 µs (ECT parameters) at 1 Hz frequency on HCT-116 and RL cells suspended in HEPES buffer (Figure 5).



From Figure 5A, the percentage of permeabilized HCT-116 cells was proportional to the increase of the electric field, and inversely proportional to cell viability. With EGT parameters, a viability higher than 50% was observed between 0 and 600 V/cm, whereas the permeability was higher than 50% between 600 and 1000 V/cm. The curve resulting from the equation giving the percentage of permeable and viable cells showed a peak at 600 V/cm corresponding to a maximum of 40% of viable permeabilized cells for HCT-116 cells EGT electropermeabilization in suspension. From Figure 5B, 800 V/cm was selected for HCT-116 for ECT parameters, corresponding to 50% of viable permeabilized cells.



The same experiments were performed with RL cells using EGT (Figure 5C) and ECT (Figure 5D) parameters. The selected values were 700 V/cm for EGT parameters, corresponding to a maximum of 50% of viable permeabilized RL cells, and 1500 V/cm for ECT parameters, corresponding to a maximum of 60% of viable permeabilized RL cells.



The difference of the electric field amplitude between HCT-116 and RL cells was in agreement with the fact that the size of the RL cells was smaller than the size of HCT-116 cells in suspension [37].




2.3.2. SiNPs Intracellular Localization after Cancer Cell Electropermeabilization


Microscopic observation allowed us to directly observe the transfer of LumiLys 650 NPs into the cells following the application of PEF (Pulsed Electric Field). Figure 6A,B shows fluorescence micrographs of HCT-116 and RL cells before and after EP. The fluorescence signal increased after EP, suggesting that LumiLys 650 NPs entered into the cells immediately after EP. Importantly, both cytoplasm and nucleus were labeled (Figure 6A,B), indicating that LumiLys 650 NPs not only penetrated into the cytoplasm, but could also reach the nucleus; while in absence of EP, SiNPs’ uptake was observed only in the lysosomes (Figure 4).



Quantitative analysis of SiNPs incorporated into the cells was determined by measuring the fluorescence intensity by flow cytometry 24 h after EP, as shown in Figure 6C. For HCT-116 cells, experimental conditions without LumiLys 650 NPs (control and ECT or EGT) displayed a weak fluorescence intensity. When LumiLys 650 NPs were incubated 24 h with cells (SiNPs), the fluorescence intensity was much higher. EP enhanced LumiLys 650 NPs uptake, as the mean fluorescence intensity showed a significant increase in comparison to LumiLys 650 NPs alone. Indeed, a 1.5-fold and a 2-fold increase were observed when EGT and ECT parameters were applied, respectively. Similar results were observed with RL cells with a 1.5-fold increase when EGT and ECT parameters were applied.



Considering SiNPs incorporation-associated cell viability, we observed that both EGT and ECT treatments alone slightly affected the viability of the HCT-116 and RL cells (80% viability). In the presence of SiNPs, the two cell lines displayed different behavior. Indeed, while EGT and ECT parameters induced a small decrease in the viability of HCT-116 cells, RL cells were less affected by ECT than EGT parameters.



Altogether, these results showed that ECT parameters gave a better SiNPs uptake/viability ratio. Indeed, a better SiNPs uptake was shown with an equivalent viability for HCT-116 cells as when treated by EGT, while a comparable SiNPs uptake with a better viability occurred for RL cells. Therefore, EP represents a rapid and efficient way to transfer SiNPs in various cell lines while preserving their viability. This kind of cell labeling prior cell (re)injection in vivo could be important in advanced therapy medicinal products, such as in somatic-cell therapy medicines, where cells or tissues are taken from donors, subsequently manipulated/altered, and introduced into the patient to cure, diagnose, or prevent disease.




2.3.3. Effect of Electropermeabilization on SiNPs Trafficking into Cells


In order to address the question of whether LumiLys 650 NPs were sensitive to EP itself, we designed an additional set of experiments. Indeed, SiNPs subjected to an electric field could disintegrate and thus release the ruthenium (Ru) complex. When the Ru complex alone was incubated with cells, we observed that the Ru complex was by itself capable of entering the cell in a few seconds, even before the application of the PEFs with ECT parameters (Figure 7A). In order to test the Ru complex release hypothesis, a LumiLys 650 NPs suspension alone was subjected to an electric field of 800 V/cm as it was applied to cells. The SiNPs suspension was then deposited on HCT-116 cells and immediately observed by fluorescence microscopy (Figure 7B). Over 10 min, no signal was observed inside the cell, and LumiLys 650 NPs were only adsorbed to the outer membrane of the cell, proving that SiNPs were not affected by the electric field and did not release any Ru complex (Figure 7B). When the same cells were then electropermeabilized, LumiLys 650 NPs entered quickly into HCT-116 cells (Figure 7B). The same experiments were performed with RL cells (data not shown). These experiments clearly indicated that LumiLys 650 NPs remained intact after being exposed to electric field pulses.



A time lapse acquisition was performed on HCT-116 and RL cells in the presence of the LumiLys 650 NPs and pulsed directly under the microscope. In videos, we could see a uniform cell labelling (see Supplementary Data videos 1 and 2). No asymmetry was observed, as was already described for nucleic acids or propidium iodide [28,33].





2.4. In Vivo Monitoring of LumiLys 780 NPs Labelled Cells


EP represents an original way of concentrating SiNPs inside tumor cells for new vectors development, for diagnosis or treatment in cancer therapies. In order to see if labelled cells could be detected in vivo by small animal optical imaging, SiNPs-labeled RL cells were grafted into immunodeficient mice. For these experiments, LumiLys 650 NPs were replaced by LumiLys 780 NPs, which are more suitable for in vivo imaging. Additional questions were addressed: are labelled cells able to develop tumors? How long could SiNPs efficiently label a tumor in vivo without being destroyed, metabolized, or excreted? Finally, can SiNPs-labeled cells be used for longitudinal tumor detection?



EP was used for ex vivo rapid cell loading by LumiLys 780 NPs on RL tumor cells. Then, labeled RL cells were subcutaneously injected into the flank of the nude and SCID mice. Tumor detection was assessed by small animal optical imaging with IVIS spectrum for visualization of SiNPs fluorescence (Figure 8).



The monitored tumor growth showed that 90% of nude mice (N = 10) developed a tumor. The tumor growth follow-up using fluorescence emission of labelled cells was possible in the NIR range for at least 1 month (Figure 8). Clearly, cell labeling with SiNPs did not impair tumor growth behavior.





3. Discussion


The results presented in this study provide evidence that the EP of SiNPs allowed a better and more efficient cell loading, and a rapid entry into the cell with penetration to the nucleus while preserving the cell viability. This labeling was long-lasting, as demonstrated with in vivo fluorescence imaging of labeled tumors over a period of one month.



The in vitro labeling of cells with SiNPs by an endocytotic process led to efficient uptake and remained acceptable since cell behavior was not altered. Yet, in some cell lines (i.e., RL), the SiNPs endocytosis process was not efficient, and did not lead to a satisfactory NP internalization rate. Nevertheless, EP could be favorable in these cases, and could drastically increase NP loading into the cells, provided that the optimal electrical parameters are applied, to maintain cell viability even for important cell loading. Here, we showed that ECT parameters (already used in clinics) could enhance SiNPs uptake, while preserving the viability of the cells.



Moreover, a rapid entry of SiNPs was observed upon application of EP. This could be of relevant importance when cells are injected in vivo or when very sensitive cell lines (e.g., primary cells) are concerned, and thus low NP concentration labeling conditions are favored. Indeed, we showed that EP allowed rapid ex vivo cell loading, thus accelerating the cell labeling process. This result is very important for in vivo applications, when specific labeling is envisaged in organs other than the liver and the spleen. Generally, NPs are promptly captured by the reticuloendothelial system (mainly local macrophages, which engulf NPs in a few minutes to a few hours), and are stored in the spleen and liver [23]. Yet, the application of different techniques that could allow a specific homing of nanoparticles to zones located elsewhere in the body would represent an additional therapeutic advance. Indeed, nanoparticle functionalization has often been proposed to bypass nanoparticle sequestration by the liver and spleen, but surface ligands are often stripped off nanoparticles, or covered by opsonins. Thus, nanoparticles capture by the liver and spleen is generally only a matter of time. Physical means to deliver nanoparticles elsewhere are thus required, and would surely complement the chemical means for a targeted delivery. In such cases, we could achieve an in vivo cell labeling procedure, which would be governed by a very fast internalization technology and could bypass the standard clearance paths. Surely, EP represents a solution of choice for this kind of application, when specific design of the set of electrodes is used to target the cancerous tissue [40]. Another important observation of this study was the penetration of the SiNPs into the nucleus of the cell. As already mentioned, nucleus-targeted drug delivery is a promising strategy for anticancer therapy, and in vivo nucleus targeting using SiNPs as Trojan horses would be very challenging. Limited by the channel size of the nuclear pores, vehicles that enter the nucleus via the nucleopore should be very small and decorated with a nuclear localization signal (NLS) [41]. However, the tiny size may promote leakage of vehicles or a rapid renal clearance, and the positively charged NLS can lead to strong non-specific interactions in vivo. In the present study, we demonstrate that cell EP should be a very interesting alternative for in vivo nucleus targeting.



According to the literature, the entry of small exogenous molecules such as propidium iodide is asymmetric, mainly because the permeabilized zones of the cell are more important on the anode-facing side [33]. For larger macromolecules such as nucleic acids (i.e., DNA, SiRNA), electrophoretic processes are involved, pushing the negatively charged molecules toward the cathode [28]. The entry of SiNPs into cells during EP did not evidence this asymmetry, as they were positively charged (see videos 1 and 2). We therefore concluded that LumiLys 650 NPs entry was achieved by passive diffusion following EP and not by electrophoresis. This was already proposed by Kim and coworkers [24,25].



The entry of LumiLys 650 NPs into the nucleus indicated that the size of the nuclear pores was large enough to allow the passage of the SiNPs. Interestingly, Bellard and Teissié [42] showed that the application of EP can induce a 70% increase in cell nucleus size and can potentially increase the size of nuclear pores. Therefore, under EP, after diffusion across the permeabilized plasma membrane, the 28 nm LumiLys 650 NPs could easily cross the nuclear barrier. This is another very important result of this work, and this property could be widely exploited in therapeutic applications where the vectorization of a drug acting directly on nuclear DNA is required. However, the mechanism involved remains to be fully elucidated, and several questions still remain: is the entry of NPs by EP dependent on NPs size? Beyond a certain NPs size, is the process inhibited? Is the surface charge of NPs an important parameter? Further work needs to be done to answer these important questions.



Finally, we showed that SiNPs labeling of cells by EP allowed tumor cell tracking over 30 days, as demonstrated with in vivo fluorescence imaging, and that tumor growth was not impaired. This was due to one of the important characteristics of SiNPs, which is their excellent resistance to metabolic degradation, thus allowing a long-lasting cell labeling. Coupled with the above-mentioned characteristics of EP, one can thus hope for very beneficial uses of this technology in many theranostic applications. However, before being able to effectively use all the above-mentioned advantages of EP in vivo, a certain number of questions will have to be explored to determine if this technology makes it possible to precisely quantify the tumor size as well as the processes of tumor progression or regression, associated with the administration of a treatment, for instance.




4. Materials and Methods


4.1. Materials


Acetonitrile, 3-aminopropyltriethoxysilane (APTES), diethylenetriaminepentaacetic acid (DTPA), gadolinium chloride hexahydrate, and dimethylsulfoxide (DMSO) were purchased from Sigma Aldrich (St Quentin Fallavier, France). Acetic acid was obtained from Fluka. Ethanol was obtained from Panreac. All SiNPs were provided by Chromalys (Toulouse, France). They consisted of 25 nm diameter SiNPs, incorporating different fluorophores. LumiLys 780 NPs incorporated the cyanine 7 fluorophore, which confers a near-infrared fluorescence to the SiNPs, with an emission centered on 780 nm under 750 nm excitation. This wavelength range is well-adapted for in vivo experiments. LumiLys 650 NPs incorporated a silylated ruthenium tris-bipyridine complex (Figure 1), which confers a red fluorescence to the nanoparticles, centered at 648 nm under 365–500 nm excitation (two maxima at 365 and 488 nm). For a better dispersion in water, LumiLys NPs used for experiments were functionalized with Gd-DTPA (Gadolinium- DiethyleneTriaminePentaacetic Acid) (Figure 9). Moreover, this paramagnetic functionalization allows the use of these particles in magnetic resonance imaging (MRI), which could be very useful in the future.




4.2. Grafting of Gd-DTPA


Gd-DTPA grafting on LumiLys NPs was described by Lechevallier et al. [43]. This grafting plays two roles: (i) improves SiNPs’ stability in aqueous media and (ii) gives in vivo MRI detection capability (not used in this study, but useful for further in vivo investigations). Briefly, 50 mg of LumiLys NPs were suspended by sonication in 15 mL of acetonitrile. Two hundred and fifty microliters of APTES were added dropwise, and the suspension was agitated at 50 °C for 24 h. The NPs were recovered by centrifugation (4000 g for 10 min) and washed three times in ethanol. Then, amine-modified nanoparticles were suspended in 12 mL of a mixture ethanol/acetic acid (1/1). The DTPA (15 mg) was added and the suspension was aged under reflux at 85 °C overnight. Nanoparticles were collected by centrifugation (4000 g for 10 min), washed three times with an acetone/acetic acid mixture (1/1), and washed three more times with water to remove any unreacted DTPA molecules. The purified nanoparticles were re-suspended in 10 mL of water, and 13.35 mg of Gd chloride was added. A limpid suspension was obtained while shaking at room temperature for 24 h (and purified by centrifugation: 17,000 g for 1 h). Zeta potentials of as-functionalized SiNPs were measured at +17 mV (in water) for both SiNPs types.




4.3. Instrumentation


Particle shape and size were examined via transmission electron microscopy (TEM), using a Philips Model CM20 microscope (Eindhoven, The Netherlands). Size distribution was assayed by measuring the size of 200 NPs using Image J software. Size and zeta potential measurements were analyzed by dynamic light scattering (DLS) using a Zetasizer Nano (Malvern instruments, Malvern, UK). The luminescence of samples in suspension at a water concentration of 1 mg/mL was studied with a Jobin-Yvon Model Fluorolog FL3-22 spectrometer (HORIBA Scientific, Montpellier, France) equipped with a R928 Hamamatsu photomultiplier and a 450-W Xe excitation lamp. UV-visible absorption spectrum for Ru complex concentration evaluation was performed on a Varian Cary 5000 (Agilent Technologies, Santa Clara, CA, USA).




4.4. Cell Culture, Cytotoxicity Tests, and Fluorescence Imaging


Adherent Human Colorectal Carcinoma (HCT-116) cells from the American Type Culture Collection (ATCC, Rockville, MD, USA) were cultivated in DMEM medium containing 4.5 g/L d-glucose, 1% antibiotic (penicillin/streptomycin) and supplemented with 10% decomplemented fetal bovine serum (FBS), and maintained at 37 °C under 5% CO2. The HCT-116 cells in suspension were collected after trypsin treatment. The human follicular lymphoma cell line RL obtained from the ATCC was cultured in suspension in complete RPMI 1640 medium at 37 °C in a humidified atmosphere containing 5% CO2. For experiments, RL cells were used in the exponential phase of growth.



Before all experiments, HCT-116 cells were seeded in two-well plates, 150,000 cells/well, and maintained in a 95% humidified atmosphere, 5% (v/v) CO2, at 37 °C overnight. For viability test, SiNPs were then incubated at different concentrations ranging from 0 to 600 µg/mL. After 24, 48, and 72 h of incubation, cell viability was determined by the 3,4,5-dimethylthiazol-2,5 diphenyl tetrazolium bromide (MTT) assay. Thirty microliters of MTT solution (5 mg/mL in PBS) were added to each well and incubation was carried out for 3 h at 37 °C. The culture medium was then removed, and 1 mL dimethyl sulfoxide (DMSO) was added. The absorbance was monitored by a spectrophotometer with a microplate reader at a wavelength of 575 nm. For SiNPs uptake, the same experiments were performed as described for viability. For microscopy observations, the medium was removed and the cells were rinsed twice with phosphate-buffered saline (PBS) with Ca2+ and Mg2+. For lysosomal labeling, 24 h after SiNPs incubation, an equal volume culture medium of dye working solution of lysosome staining kit (Lysotracker®; AAT Bioquest Inc., Sunnyvale, CA, USA) was added for 1 h. The medium was then removed, and cells were rinsed once with PBS for microscopy observations.



For RL viability, cells were incubated on 96-well-plates at a density of 40,000 cells overnight. Then, particles were incubated at different concentrations (0–100 µg/mL). After 24, 48, and 72 h, cell viability was determined by CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Madison, WI, USA), 100 μL of CellTiter-Glo solution were added to each well, and incubation was carried out for 30 min at 37 °C. The luminescence was monitored by a luminometer with a microplate reader (TRISTAR2 LB942, Berthod Technologies). For in vitro labelling of RL cells, 150,000 cells/well were or were not (untreated-0 µg/mL) held overnight with SiNPs at different concentrations. At 24 h, the medium was removed by centrifugation and the cells were rinsed once with PBS for microscopy observations.




4.5. Electroporation of Cells


A high-voltage pulse generator electro cell S20 (Leroy Biotech, St Orens, France) was used to deliver pulses of given amplitude U (V/cm), number N, duration T (µs–ms), and frequency F (Hertz). The application of a potential difference U (Volts) across two flat electrodes (parallel 1 cm long, 1 mm thick, and with distance from d = 0.4 cm (or 1 cm)) generated calibrated electric field pulses. Cells in suspension were placed between electrodes brought into contact at the bottom of a petri dish and between which 150,000–500,000 cells (according to the experiment) were placed, suspended in 100 μL of HEPES pulsation buffer (100 mM HEPES, 10 mM MgCl2, and 2500 mM sucrose).



Cells were electropermeabilized according to the electric parameters determined by the team for electrogenotherapy (EGT) [28]: 10 pulses lasting 5 ms at a 1 Hz frequency; or the clinically used parameters for electrochemotherapy (ECT) [26]: 8 pulses lasting 100 µs at a 1 Hz frequency. Optimal amplitude was determined to preserve the cell viability.



To determine the cell permeability, cells (500,000 cells) were suspended in 100 μL of pulsation buffer containing 100 μM of propidium iodide (PI, Sigma Aldrich). Cells were then electropermeabilized with various electric field intensities ranging from 0 to 1800 V/cm. Cell suspension was transferred in 300 µL of PBS (GIBCO) without calcium or magnesium to determine the percentage of permeabilized cells by flow cytometry analysis (FACScalibur, Becton Dickson, Franklin Lakes, NJ, USA).



To determine the cell viability, cells were electropermeabilized as described above and placed in the incubator for 24 h or more. Cell viability was then performed 24 h after EP.



These experiments allowed determination of the optimized amplitude (E (V/cm)) giving the best compromise between viability and cell permeability. The following formula was used to calculate the percentage of permeable and viable cells [44]:


%viable cells+%permeabilized cells−100=%viable cells permeabilized.











To determine the SiNPs uptake rate, suspended cells were electropermeabilized with optimized EGT or ECT parameters and either put into culture for further analysis or analyzed by flow cytometry to determine the fluorescence intensity of SiNPs in cells.




4.6. Microscopic Acquisition and Data Processing


Images were obtained using a Leica DRMIRB fluorescence microscope by using different types of filters: UV (λexc: 340–380 nm, λem: 425 LP) or H3 (λexc: 420–490 nm, λem: 515 nm LP), and L4 (λexc: 460–500 nm, λem: 512–542 nm BP). These filters allowed selective detection of LumiLys 650 NPs (UV or H3) and lysosomal compartments (L4).



Image acquisitions were realized using Metavue software. These acquisitions were then transferred and processed by ImageJ software. Autoscale acquisitions being disabled, it was necessary to process images to reduce saturating colors and make them exploitable. When several acquisitions were made on the same experiment, the intensities of “lightness/brightness” were identical between them in order to be able to correctly study the observed changes.




4.7. In Vivo Experiments


Two and a half million RL Cy7 labeled cells were injected subcutaneously (sc) into the right flanks of 8–10 week-old female nude mice, according to the INSERM Animal Care and User Committee-approved protocol (n° 2016-090212091849). Tumor growth was followed using IVIS Spectrum in vivo imaging (Perkin Elmer, Waltham, MA, USA) of fluorescence (at 780 nm).




4.8. Statistical Analysis


Statistical analyses were performed with Prism 5 software (GraphPad Software, San Diego, CA, USA). Normality of the samples was verified before using a parametric test (ANOVA, Tuckey) or a non-parametric test (Kruskal–Wallis, Wilcoxon/Mann–Whitney, and a Bonferroni correction). Data were considered statistically significant from a p-threshold of less than 0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001).





5. Conclusions and Perspectives


Our work provides the evidence that EP allows a more efficient and rapid cell loading with SiNPs. This loading is not limited to the cytoplasm, but also includes the nuclear compartment, while preserving the cell viability. The described labeling procedure is long-lasting, as demonstrated by in vivo fluorescence imaging of labeled tumors. This kind of SiNPs delivery, achieved by EP, could be employed to load extensive amounts of active ingredients, loaded within the core of SiNPs. In this way, active ingredients could be delivered into the cell nucleus, while the particles’ localization could be concomitantly monitored over a period of at least several weeks.








Supplementary Materials


The following are available online at http://www.mdpi.com/1996-1944/12/1/179/s1, Figure S1: Physical characterization of LumiLys 650 NP. (A) LumiLys 650 NPs size distribution measured from TEM micrographs and (B) DLS measurements. Figure S2: Spectroscopic characterization of LumiLys 650 NP. (A) LumiLys 650 NPs luminescence intensity evolution with various amounts of ruthenium complex. Ruthenium complex amount was expressed as a molar ratio of silicium precursor. (B) Emission intensity monitored for 6 h at 650 nm under 365 nm excitation. Figure S3: Spectroscopic characterization of LumiLys SiNPs. Excitation and emission spectra of (A) LumiLys 650 and (B) LumiLys 780 NPs. Video S1: A time-lapse acquisition of 100 s was performed on HCT-116 cells, incubated with LumiLys 650 NPs and then visualized by wide field fluorescence microscopy (63× magnification). Fluorescence observations were performed before EP, during and just after ECT parameters (8 pulses lasting 100 µs at 700 V/cm). Video S2: A time-lapse acquisition of 100 s was performed on RL cells, incubated with LumiLys 650 NPs and then visualized by wide field fluorescence microscopy (63× magnification). Fluorescence observations were performed before EP, during and just after ECT parameters (8 pulses lasting 100 µs at 800 V/cm).





Author Contributions


E.P. carried out all in vitro experiments, provided data analysis and prepared the figures, S.L. carried out SiNPs synthesis and characterization experiments and contributed to the writing of the manuscript; A.F. provided critical revision and revised the manuscript; M.-P.R. provided critical analysis and revised the manuscript, C.B. carried out in vivo experiments and contributed to the writing of the manuscript; M.V. conceived and supervised the global study project and contributed to the writing of the manuscript; M.G. conceived and supervised the experiments presented in the manuscript, provided data analysis and interpretation, and wrote the manuscript. All authors reviewed and approved the final manuscript.




Funding


This research was funded by Region Midi-Pyrénées Project grants NanoRAD 2015-2016 and MULTIMAGE N° 30062015.




Acknowledgments


This work was conducted within the scope of the Electroporation in Biology and Medicine European Associated Laboratory (LEA EBAM) and resulted from the networking efforts of the COST Action TD1104 (http://www.electroporation.net). We thank the Toulouse Réseau Imagerie (namely Dr Elisabeth Bellard) and Anexplo core IPBS facilities (Genotoul, Toulouse, France). Authors thank also the Banque Public d’Investissement (BPI) of Occitanie Region for ChromaLys funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Brigger, I.; Dubernet, C.; Couvreur, P. Nanoparticles in cancer therapy and diagnosis. Adv. Drug Deliv. Rev. 2002, 54, 631–651. [Google Scholar] [CrossRef]

	



AshaRani, P.V.; Kah Mun, G.L.; Hande, M.P.; Valiyaveettil, S. Cytotoxicity and Genotoxicity of silver nanoparticles in human cells. ACS Nano 2009, 2, 279–290. [Google Scholar] [CrossRef] [PubMed]

	



Jia, Y.P.; Ma, B.Y.; Wei, X.W.; Qian, Z.Y. The in vitro and in vivo toxicity of gold nanoparticles. Chin. Chem. Lett. 2017, 28, 691–702. [Google Scholar] [CrossRef]

	



Vazquez-Muñoz, R.; Borrego, B.; Juárez-Moreno, K.; García-García, M.; Mota Morales, J.D.; Bogdanchikova, N.; Huerta-Saquero, A. Toxicity of silver nanoparticles in biological systems: Does the complexity of biological systems matter? Toxicol. Lett. 2017, 276, 11–20. [Google Scholar] [CrossRef] [PubMed]

	



Sadeghi, L.; Tanwir, F.; Babadi, V.Y. In vitro toxicity of iron oxide nanoparticle: Oxidative damages on Hep G2 cells. Exp. Toxicol. Pathol. 2015, 67, 197–203. [Google Scholar] [CrossRef] [PubMed]

	



Stöber, W.; Fink, A.; Bohn, E. Controlled growth of monodisperse silica spheres in the micron size range. J. Colloid Interface Sci. 1968, 26, 62–69. [Google Scholar] [CrossRef]

	



Jie, L.; Liong, M.; Li, Z.; Zink, J.I.; Tamanoi, F. Biocompatibility, biodistribution, and drug-delivery efficiency of mesoporous silica nanoparticles for cancer therapy in animals. Small 2010, 6, 1794–1805. [Google Scholar] [CrossRef]

	



He, X.; Nie, H.; Wang, K.; Tan, W.; Wu, X.; Zhang, P. In vivo study of biodistribution and urinary excretion of surface-modified silica nanoparticles. Anal. Chem. 2008, 80, 9597–9603. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.A.; Choi, S.; Jeon, S.M.; Yu, J. Silica nanoparticle stability in biological media revisited. Sci. Rep. 2018, 8. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, M.N.V.R.; Sameti, M.; Mohapatra, S.S.; Kong, X.; Lockey, R.F.; Bakowsky, U.; Lindenblatt, G.; Schmidt, H.; Lehr, C.M.J. Cationic Silica Nanoparticles as Gene Carriers: Synthesis, Characterization and Transfection Efficiency In vitro and In vivo. Nanosci. Nanotechnol. 2004, 4, 876–881. [Google Scholar] [CrossRef]

	



Graf, C.; Dembski, S.; Hofmann, A.; Ruhl, E. A General Method for the Controlled Embedding of Nanoparticles in Silica Colloids. Langmuir 2006, 22, 5604–5610. [Google Scholar] [CrossRef] [PubMed]

	



Vestal, C.R.; Zhang, Z.J. Synthesis and Magnetic Characterization of Mn and Co Spinel Ferrite-Silica Nanoparticles with Tunable Magnetic Core. Nano Lett. 2003, 3, 1739–1743. [Google Scholar] [CrossRef]

	



Tago, T.; Hatsuta, T.; Miyajima, K.; Kishida, M.; Tashiro, S.; Wakabayashi, K. Novel synthesis of silica-coated ferrite nanoparticles prepared using water-in-oil microemulsion. J. Am. Ceram. Soc. 2004, 85, 2188–2194. [Google Scholar] [CrossRef]

	



Grasset, F.; Labhsetwar, N.; Li, D.; Park, D.C.; Saito, N.; Haneda, H.; Cador, O.; Roisnel, T.; Mornet, S.; Duguet, E.; et al. Synthesis and magnetic characterization of zinc ferrite nanoparticles with different environments:  powder, colloidal solution, and zinc ferrite−silica core−shell nanoparticles. Langmuir 2002, 18, 8209–8216. [Google Scholar] [CrossRef]

	



Barbe, C.; Bartlett, J.; Kong, L.; Finnie, K.; Lin, H.Q.; Larkin, M.; Calleja, S.; Bush, A.; Calleja, G. Silica particles: A novel drug-delivery system. Adv. Mater. 2004, 16, 1959–1966. [Google Scholar] [CrossRef]

	



Nann, T.; Mulvaney, P. Single quantum dots in spherical silica particles. Angew. Chem. Int. Ed. 2004, 43, 5393. [Google Scholar] [CrossRef] [PubMed]

	



Ow, H.; Larson, D.R.; Srivastava, M.; Baird, B.A.; Webb, W.W.; Wiesner, U. Bright and stable core-shell fluorescent silica nanoparticles. Nano Lett. 2005, 5, 113. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Wu, M.; Zhao, J.X. Recent development of silica nanoparticles as delivery vectors for cancer imaging and therapy. Nanomedicine 2014, 10, 297–312. [Google Scholar] [CrossRef] [PubMed]

	



Jokerst, J.V.; Lobovkina, T.; Zare, R.N.; Gambhir, S.S. Nanoparticle PEGylation for imaging and therapy. Nanomedicine 2011, 6, 715–728. [Google Scholar] [CrossRef]

	



Rossi, L.M.; Shi, L.; Quina, F.H.; Rosenzweig, Z. Stöber synthesis of monodispersed luminescent silica nanoparticles for bioanalytical assays. Langmuir 2005, 21, 4277–4280. [Google Scholar] [CrossRef]

	



Bharti, C.; Nagaich, U.; Pal, A.K.; Gulati, N. Mesoporous silica nanoparticles in target drug delivery system: A review. Int. J. Pharm. Investig. 2015, 5, 124–133. [Google Scholar] [CrossRef] [PubMed]

	



Huo, S.; Jin, S.; Ma, X.; Xue, X.; Yang, K.; Kumar, A.; Wang, P.C.; Zhang, J.; Hu, Z.; Liang, X.J. Ultrasmall gold nanoparticles as carriers for nucleus-based gene therapy due to size-dependent nuclear entry. ACS Nano 2014, 8, 5852–5862. [Google Scholar] [CrossRef] [PubMed]

	



Bourquin, J.; Milosevic, A.; Hauser, D.; Lehner, R.; Blank, F.; Petri-Fink, A.; Rothen-Rutishauser, B. Biodistribution, Clearance, and Long-Term Fate of Clinically Relevant Nanomaterials. Adv. Mater. 2018, 30. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.; Kim, J.A.; Lee, S.G.; Lee, W.G. Seeing the electroporative uptake of cell-membrane impermeable fluorescent molecules and nanoparticles. Nanoscale 2012, 4, 5051–5058. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.A.; Lee, W.G. Role of weakly polarized nanoparticles in electroporation. Nanoscale 2011, 3, 1526–1532. [Google Scholar] [CrossRef] [PubMed]

	



Mir, L.M. Therapeutic perspectives of in vivo cell electropermeabilization. Bioelectrochemistry 2001, 53. [Google Scholar] [CrossRef]

	



Chabot, S.; Teissié, J.; Golzio, M. Targeted electro-delivery of oligonucleotides for RNA interference: siRNA and antimir. Adv. Drug Deliv. Rev. 2015, 81, 161–168. [Google Scholar] [CrossRef]

	



Paganin-Gioanni, A.; Bellard, E.; Escoffre, J.M.; Rols, M.P.; Teissié, J.; Golzio, M. Direct visualization at the single-cell level of siRNA electrotransfer into cancer cells. Proc. Natl. Acad. Sci. USA 2011, 108, 10443–10447. [Google Scholar] [CrossRef]

	



Teissie, J.; Golzio, M.; Rols, M.P. Mechanisms of cell membrane electropermeabilization: A minireview of our present (lack of ?) knowledge. Biochim. Biophys. Acta 2005, 1724, 270–280. [Google Scholar] [CrossRef]

	



Di Monta, G.; Caracò, C.; Benedetto, L.; La Padula, S.; Marone, U.; Tornesello, M.L.; Buonaguro, F.M.; Simeone, E.; Ascierto, P.A.; Mozzillo, N. Electrochemotherapy as “new standard of care” treatment for cutaneous Kaposi’s sarcoma. Eur. J. Surg. Oncol. 2014, 40, 61–66. [Google Scholar] [CrossRef]

	



Rotunno, R.; Campana, L.G.; Quaglino, P.; De Terlizzi, F.; Kunte, C.; Odili, J.; Gehl, J.; Ribero, S.; Liew, S.H.; Marconato, R.; et al. Electrochemotherapy of unresectable cutaneous tumours with reduced dosages of intravenous bleomycin: Analysis of 57 patients from the International Network for Sharing Practices of Electrochemotherapy registry. J. Eur. Acad. Dermatol. Venereol. 2018, 32, 1147–1154. [Google Scholar] [CrossRef] [PubMed]

	



Neumann, E.; Schaefer-Ridder, M.; Wang, Y.; Hofschneider, P.H. Gene transfer into mouse lyoma cells by electroporation in high electric fields. EMBO J. 1982, 1, 841–845. [Google Scholar] [CrossRef]

	



Golzio, M.; Teissie, J.; Rols, M.P. Direct visualization at the single-cell level of electrically mediated gene delivery. Proc. Natl. Acad. Sci. USA 2002, 99, 1292–1297. [Google Scholar] [CrossRef] [PubMed]

	



Teissié, J.; Escoffre, J.M.; Paganin, A.; Chabot, S.; Bellard, E.; Wasungu, L.; Rols, M.P.; Golzio, M. Drug delivery by electropulsation: Recent developments in oncology. Int. J. Pharm. 2012, 423, 3–6. [Google Scholar] [CrossRef] [PubMed]

	



Costanzo, M.; Carton, F.; Marengo, A.; Berlier, G.; Stella, B.; Arpicco, S.; Malatesta, M. Fluorescence and electron microscopy to visualize the intracellular fate of nanoparticles for drug delivery. Eur. J. Histochem. 2016, 60, 2640. [Google Scholar] [CrossRef] [PubMed]

	



Walker, W.A.; Tarannum, M.; Vivero-Escoto, J.L. Cellular Endocytosis and Trafficking of Cholera Toxin B-Modified Mesoporous Silica Nanoparticles. J. Mater. Chem. B 2016, 4, 1254–1262. [Google Scholar] [CrossRef] [PubMed]

	



Rols, M.P.; Teissie, J. Electropermeabilization of mammalian cells to macromolecules: Control by pulse duration. Biophys. J. 1998, 75, 1415–1423. [Google Scholar] [CrossRef]

	



Mlakar, V.; Todorovic, V.; Cemazar, M.; Glavac, D.; Sersa, G. Electric pulses used in electrochemotherapy and electrogene therapy do not significantly change the expression profile of genes involved in the development of cancer in malignant melanoma cells. BMC Cancer 2009, 9, 299. [Google Scholar] [CrossRef]

	



Frandsen, S.K.; Gehl, J. A Review on Differences in Effects on Normal and Malignant Cells and Tissues to Electroporation-Based Therapies: A Focus on Calcium Electroporation. Technol. Cancer Res. Treat. 2018, 17. [Google Scholar] [CrossRef]

	



Pavliha, D.; Kos, B.; Zupanič, A.; Marčan, M.; Serša, G.; Miklavčič, D. Patient-specific treatment planning of electrochemotherapy: Procedure design and possible pitfalls. Bioelectrochemistry 2012, 87, 265–273. [Google Scholar] [CrossRef]

	



Jorritsma, S.H.T.; Gowans, E.J.; Grubor-Bauk, B.; Wijesundara, D.K. Delivery methods to increase cellular uptake and immunogenicity of DNA vaccines. Vaccine 2016, 34, 5488–5494. [Google Scholar] [CrossRef] [PubMed]

	



Bellard, E.; Teissie, J. Double Pulse Approach of Electropulsation: A Fluorescence Analysis of the Nucleus Perturbation at the Single Cell Level. IEEE Trans. Dielectr. Electr. Insul. 2009, 16, 1267–1272. [Google Scholar] [CrossRef]

	



Lechevallier, S.; Mauricot, R.; Gros-Dagnac, H.; Chevreux, S.; Lemercier, G.; Phonesouk, E.; Golzio, M.; Verelst, M. Silica-Based Nanoparticles as Bifunctional and Bimodal Imaging Contrast Agents. ChemPlusChem 2017, 82, 770–777. [Google Scholar] [CrossRef]

	



Gabriel, B.; Teissié, J. Control by electrical parameters of short- and long-term cell death resulting from electropermeabilization of Chinese hamster ovary cells. Biochim. Biophys. Acta 1995, 1266, 171–178. [Google Scholar] [CrossRef]








[image: Materials 12 00179 g001 550]





Figure 1. Physical characterization of LumiLys silica nanoparticles (SiNPs). Transmission electron microscopy micrographs of (A,B) LumiLys 650 NPs functionalized with Gd-DTPA (Gadolinium- DiethyleneTriaminePentaacetic Acid) and (C,D) LumiLys 780 NPs. 
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Figure 2. Comparison of cell proliferation in presence of increasing LumiLys 650 NPs concentrations. HCT-116 and RL cells were incubated in the presence of increasing concentrations of LumiLys 650. (A,C) Contrast phase micrographs of (A) HCT-116 and (C) RL cells as a function of SiNPs concentration at 24 h. (B,D) Percentage of viability for various concentrations of SiNPs for (B) HCT116 as a function of time and (D) RL cells 24 h after incubation. Histograms represent the mean +/− S.D. of three independent experiments. 
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Figure 3. Visualization of HCT-116 and RL cells in the presence of LumiLys 650 NPs. HCT-116 and RL cells were incubated with or without LumiLys 650 NPs in the culture medium and visualized by wide field fluorescence microscopy (63× magnification). After 24 h of incubation, cells were first imaged by phase contrast and then by UV excitation using a UV filter (λexc: 340–380 nm, λem: 425 nm long-pass filter). Under UV excitation, cell autofluorescence appeared in blue while SiNPs’ fluorescence appeared in red. (A) HCT-116 were incubated with or without LumiLys 650 NPs (at 160 μg/mL) and (B) RL cells (at 75 µg/mL) in the culture medium. 
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Figure 4. Lysosomal localization of LumiLys 650 NPs in HCT-116 cells. HCT-116 cells were incubated with the LumiLys 650 NPs (100 μg/mL) for 48 h, and lysosomes were labeled with a commercial Lysotracker® lysosome tracking kit. (A) Phase contrast and (B) green fluorescence images of Lysotracker were obtained at 63× magnification. (C) LumiLys 650 NPs appear in red. (D) Merge channels showed co-localization of both signals in yellow. Scale bar corresponds to 20 µm. 
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Figure 5. Percentages of viability, permeabilization, and permeable/viable cells as a function of the electric field intensity. (A,C) Electrogenotherapy (EGT) parameters: 10 pulses lasting 5 ms at 1 Hz frequency were applied to (A) HCT-116 and (C) RL cells in suspension. (B,D) Electrochemotherapy (ECT) parameters: 8 pulses lasting 100 µs at 1 Hz frequency were applied to (B) HCT-116 and (D) RL cells in suspension. Viability (round symbol) and permeability curves (square symbol) as a function of electric field (E) amplitude are plotted on each graph. The permeable and viable cells curve (triangle symbol) results from Equation (1). Graphs represent the mean +/− S.D. of three independent experiments. 
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Figure 6. LumiLys 650 NPs uptake in cells and viability upon electropermeabilization. (A,B) Visualization of the electrotransfer of LumiLys 650 NPs after EGT (10 pulses 5 ms, 700 V/cm, 1 Hz) in (A) HCT-116 and (B) RL cells. (C) Histogram representing the average fluorescence intensity of HCT-116 and RL cells 24 h after treatment. For HCT-116 cells, EGT (10 pulses 5 ms, 700 V/cm, 1 Hz) and ECT (8 pulses 100 µs, 800 V/cm) parameters were applied in the presence of 100 μg/mL SiNPs. For RL cells, EGT (10 pulses 5 ms, 700 V/cm, 1 Hz) and ECT (8 pulses 100 µs, 1500 V/cm) parameters were applied in the presence of 75 μg/mL LumiLys 650 NPs. (D) Histogram representing the average HCT-116 and RL cell viability 24 h after treatment for the corresponding experimental conditions. Histograms represent the mean +/− S.D. of three independent experiments. Data were considered statistically significant from a p-threshold of less than 0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 7. Visualization of cell labelling in HCT-116 cells. HCT-116 cells were incubated with (A) Ruthenium complex alone and (B) electroporated LumiLys 650 NPs and then visualized by wide field fluorescence microscopy (63× magnification). Phase contrast (first column) and fluorescence observations were performed 10 min after incubation with SiNPs before EP (second column) and just after ECT parameters (8 pulses lasting 100 µs at 700 V/cm) (third column). Under UV excitation (λexc: 340–380 nm, λem: 425 long-pass filter), cell autofluorescence appeared in blue while SiNPs’ fluorescence appeared in red. Scale bars correspond to 20 µm. 






Figure 7. Visualization of cell labelling in HCT-116 cells. HCT-116 cells were incubated with (A) Ruthenium complex alone and (B) electroporated LumiLys 650 NPs and then visualized by wide field fluorescence microscopy (63× magnification). Phase contrast (first column) and fluorescence observations were performed 10 min after incubation with SiNPs before EP (second column) and just after ECT parameters (8 pulses lasting 100 µs at 700 V/cm) (third column). Under UV excitation (λexc: 340–380 nm, λem: 425 long-pass filter), cell autofluorescence appeared in blue while SiNPs’ fluorescence appeared in red. Scale bars correspond to 20 µm.



[image: Materials 12 00179 g007]







[image: Materials 12 00179 g008 550]





Figure 8. In vivo tumor monitoring by fluorescence macroscopy. For this, 2.5 × 106 RL Cy7-labeled cells were injected subcutaneously (sc) into the right flanks of Nude mice (n = 10). Tumor growth was followed by in vivo imaging fluorescence (λex = 750 nm; λem = 780 nm). Images show each individual mouse at different time points. 
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Figure 9. Schematic representation of a LumiLys 650 NP functionalized with Gd-DTPA (Gadolinium- DiethyleneTriaminePentaacetic Acid). 
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