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Abstract

:

Featured Application


Functionalized Halloysite Nanotubes for Targeted Drug Delivery.




Abstract


Systemic toxicity is an undesired consequence of the majority of chemotherapeutic drugs. Multifunctional nanoparticles with combined diagnostic and therapeutic functions show great promise towards personalized nanomedicine. Halloysite clay nanotubes (HNTs) have shown potential as a drug delivery vehicle, and its surface can be modified and tailored as a targeted drug delivery system. In this short report, we modified the HNT surface by covalently bonding folic acid (FA) and fluorescein isothiocyanate (FITC). The modification of HNTs with folic acid imparts the potential to target tumor cells selectively. The addition of FITC offers a method for quantifying the effectiveness of the FA tagged HNTs ability to target tumor cells. We documented cell uptake of our bi-functionalized HNT (bHNT) through phase contrast and epi-fluorescent microscopy. bHNTs showed no signs of cytotoxicity up to a concentration of 150 µg/mL. The increase in cell death with increased bHNT concentration may be due to induced cytotoxicity resulting from intracellular bHNT accumulation that disrupts cellular function leading to cell death. With HNTs recognized as having the ability to serve as both a nanocontainer and nanocarrier, we envision our construct as a potential modular platform for potential use in cancer therapeutics. The HNT interior can be loaded with a variety of anti-cancer drugs (or other chemotherapeutics) and serve as a “death cargo” designed to kill cancer cells while providing feedback imaging data on drug efficacy. The surface of the HNT can be modified with gold or silver nanoparticles and used in photothermal therapy by converting light to heat inside tumors. Our HNT-based drug delivery system has the potential to provide localized and targeted therapies that limit or reduce side effects, reduce patient costs and length of hospital stays, and improve quality of life. However, further research is needed to validate the potential of this new chemotherapeutic drug delivery system.
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1. Introduction


For patients who are suffering from advanced or highly invasive cancer and have lost the opportunity for surgery, chemotherapy remains the best treatment option. One of the biggest limitations to current cancer therapeutics is their lack of a specific targeting mechanism that avoids nonspecific toxicity to healthy tissue [1]. Nanotechnology offers a unique opportunity for overcoming non-specific tissue targeting and the unwanted toxic side effects of current chemotherapeutics [2,3,4]. Of the nanopharmaceuticals currently on the market, very few are designed to treat cancer [5,6]. To decrease the toxic effects associated with paclitaxel, for example, a nanoparticle formulation for paclitaxel was introduced under the trade name Abraxane [5,6]. A reduction in toxicity was accomplished by binding paclitaxel with albumin in a protein-bound nanoparticle followed by nanoparticle dissolution and release of an albumin-bound drug complex [6,7,8]. While this system has been successful and has been on the market since 2005, its major drawback is that it lacks a targeting system [5,6]. This design limitation has led to intense research directed towards the fabrication of nanoparticles with surface ligands capable of targeting a specific tumor [9,10,11]. Furthermore, nanoparticles are being designed that not only deliver a drug to the tumor site but also have a tracking moiety bound to the surface of the nanoparticle itself [5]. With the combination of tracking and targeting moieties, it is expected that cancer treatments will lead to significantly improved patient outcomes [10,11].



Different types of nanoparticles designed for multi-functionality have been investigated. Some systems are capable of carrying two separate drugs in one nanocarrier [1,3,4,12]. Other nanocarrier systems are bi-functionalized so they are capable of targeting cancerous tissue and delivering a cancer drug [7,13]. Other nanocarriers contain a third functionality that enables real-time monitoring of the nanoparticle’s movement through the body [14]. These systems are of particular interest because they permit monitoring of the effectiveness of the targeting system as well as drug release [2,9,11]. One nanocarrier that has potential to become a critical component of bi-functional nanoparticle systems are halloysite clay nanotubes (HNTs). HNTs are naturally occurring clay nanoparticles that have emerged as a potent nanocontainer and nanocarrier for drug delivery [15,16,17]. HNTs are formed through strain caused by lattice mismatch between the adjacent silicon dioxide and aluminum oxide layers [15,16,17]. HNTs have found numerous commercial applications as additives in polymers and plastics, electronics components, cosmetics and personal care products [17,18]. HNTs are unique and versatile nanomaterials that are composed of a double layer of aluminum, silicon, hydrogen, and oxygen [15,16,17]. HNTs are ultra-thin hollow tubes with diameters typically smaller than 100 nanometers, with lengths typically ranging from 500 nanometers to over 1.2 microns [15,19].



Due to the chemical makeup of the HNT lumen, it is capable of being doped with a diverse set of substances including antibiotics, chemotherapeutics, growth factors, RNA and DNA, and used as a vehicle for drug transportation and sustained release [20,21,22,23]. Additionally, several recent studies have demonstrated that HNTs are cytocompatible [20,24,25,26]. In one study, HNTs were added to cultures of epithelial adenocarcinoma and human breast cancer cells up to a concentration as high as 75 µg/mg) and cell proliferation was not affected [24]. In fact, most studies have shown that the HNTs do not produce cytotoxic effects [20,24,25,26]. Recently, Cervini-Silva et al. in 2012 showed that HNTs also have anti-inflammatory properties [27].



Research interest in the surface modification of HNTs has grown significantly in recent years [28]. The majority of these efforts have been directed towards improving HNT dispersion within a polymer, polymer/nanoclay composite compatibility, and functionalizing the HNT surface [28,29]. Joo et al. (2012), for example, modified hydroxyl groups on the HNT surface to carboxylic acids to show the potential of these hydroxyl groups [30]. The HNT surface has been successfully altered with a variety of organosilanes. Du et al. (2006) functionalized the HNT surface with γ-aminopropyltriethoxysilane and then polypropylene chains were grafted onto the HNT surface with a resultant increase in mechanical properties compared with polypropylene alone or polypropylene/unmodified HNTs [31]. HNTs were successfully modified with different functionalized organosilanes, and interestingly, the analysis indicated that HNT dispersion in poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) led to various structures depending on the clay organomodifier [32]. The authors concluded that the mechanical properties of HNT/PHBV composites could be altered with the final composition dependent on the clay organomodifier [32]. Furthermore, silane-functionalized HNTs have been developed for many applications in polymer matrices, such as epoxy resin [33], polypropylene [31], natural rubber [34], and ethylene-propylene-diene rubber [35].



In contrast, the area of chemical modification of HNTs via covalent bonding for drug delivery applications is an area that has seen only a few studies using bioactive molecules [36]. In one study, modification of the inner surface using phosphonic acid was reported to produce an increase in drug loading capacity [24]. Another study used molecules grafted onto the surface to create sulfur bridges as a means of glutathione selectivity in addition to pH sensitivity demonstrating an efficient chemotherapeutic delivery system [37].



Here, we describe the synthesis of a bi-functionalized HNT with two different molecules covalently bound to the outer HNT surface. In contrast to healthy cells, tumor cells overexpress specific receptors and tumor-associated surface antigens [38]. Among these, the folate receptor (FR) is overexpressed by a wide range of tumors such as ovary, kidney, colon, breast, and lung cancers [39,40,41]. Folic acid (FA), an oxidized form of folate, can bind to the membrane-anchored FRs and increase cellular uptake, which makes it a specific ligand to target FR-overexpressing tumor cells. The addition of FA to the surface of the HNTs will allow for selective targeting of tumors [39,40]. Furthermore, the addition of fluorescein isothiocyanate (FITC) to the surface creates a method by which the effectiveness of the targeted system can be determined via in vivo imaging [16]. Additionally, this study describes a washing process for the HNTs, post modification, that is not reported in similar studies [24,33,37,42,43,44,45]. The resulting modified HNTs were characterized via FTIR, 13C{H1}CPMAS NMR, and UV-Vis spectroscopy. As a proof of concept, bi-functionalized HNTs (bHNTs) were assessed for cytotoxicity and evaluated for their ability to be internalized by murine colon cancer cells through fluorescent microscopy.




2. Materials and Methods


2.1. Materials


All cell culture reagents including a LIVE/DEAD™ Viability/Cytotoxicity Kit were purchased from ThermoFisher, Waltham, MA, USA. All glassware and reagents were purchased from Sigma Aldrich, St. Louis, MO, USA, and were used as is unless indicated below. Cell culture dishes, pipettes and other disposable plastics were purchased from Mid Sci., St. Louis, MO, USA, Murine colorectal cancer cells (CT26.WT, ATCC® CRL-2638™) were purchased from American Type Culture Collection (ATCC) Manassas, VA, USA.




2.2. Methods


2.2.1. HNT-DAS-FA/FITC Synthesis


Briefly, a three-neck flask affixed with a Dean-Stark trap, 8.0014 g HNTs was suspended in 200 mL toluene. To the suspension, 35 mL of N-[3-(trimethoxysilyl)propyl) ethylenediamine (DAS) was added and refluxed at 115 °C for 24 h. After the reaction was complete, the suspension was then removed, washed and filtered using methanol, sodium chloride solution, sodium bicarbonate solution, and distilled water (DI) water. Following the addition of the DAS, 5.0049 g of washed HNT-DAS was suspended in the minimum amount of DI water necessary. To this suspension, 4.5 mg of FA was added followed by the addition of 2.6 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to the suspension. The reaction was stirred at room temperature overnight.



The resulting compound was washed in the same manner as the HNT-DAS. Following the synthesis of HNT-DAS-FA, a small portion was exposed to 3 M NaOH overnight and the resulting solution was filtered. After the conjugation of FA to the HNT-DAS, 2.4979 g of HNT-DAS-FA was removed and added to 0.0025 g of FITC in acetone. The suspension was allowed to stir overnight at room temperature. The resulting compound was washed and filtered in the same manner as previously described. Following the synthesis of HNT-DAS-FA/FITC, a small portion was reacted with 3 M NaOH overnight to cleave the covalent bonds and release the FA and FITC from the surface of the HNTs. A schematic representation of the synthesis process is presented in Figure 1.



Briefly, HNTs were reacted at reflux with DAS in toluene for 24 h. The HNT-DAS was then reacted with FA in the presence of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) in DI water overnight.



Following the synthesis of HNT-DAS-FA, the complex was reacted with FITC in acetone overnight. After each synthetic step, the complex was washed and filtered. To wash the products, they were subsequently suspended in a sodium chloride solution, sodium bicarbonate solution, and methanol. This was followed by a wash using DI water.




2.2.2. HNT-DAS-FA/FITC Characterization


The nanoparticles were characterized via FTIR, 13C{H1}CPMAS, and UV-Vis. FTIR spectra were obtained using a Thermo Scientific (Waltham, MA, USA) IR100 and KBr IR spectra were acquired with a Mattson Genesis II FTIR. A Shimadzu 2401 UV-Vis spectrometer (Tokyo, Japan) operating with the UVProbe software package, supplied as standard with Shimadzu UV-VIS Spectrophotometers. The UVProbe software was used to identify the presence of FA and FITC in solution. Additionally, a Thermo-Fisher NanoDrop 2000 was used to acquire UV-Vis data. All UV-Vis samples were placed in standard 1 cm quartz cuvettes. Solution state 1H NMR was obtained using a Bruker AVIII HD 500 MHz spectrometer (Bruker, Milton, ON, Canada) with a Prodigy probe. All experiments were done at ambient temperature (300 K). Spectra were obtained for the starting material (HNT), intermediates (HNT-DAS and HNT-DAS-FA), and final product (HNT-DAS-FA/FITC). The 13C{H1}CPMAS analyses were run at 4 kHz for 156,000 scans.




2.2.3. Cell Culture


Cytotoxicity of bi-functionalized (coated) HNTs were studied in CT-26 murine colorectal cancer cells. Murine colorectal cancer cells (CT-26) came cryopreserved from ATCC. Cryovials were thawed and allowed to equilibrate in a water bath within a humidified CO2 incubator at 37 °C, 95% air and 5% CO2. Cells were cultured in T25 culture flasks, maintained in Roswell Park Memorial Institute (RPMI 1640 medium containing 10% FBS and 1% penicillin (complete medium) through passage four and then frozen down and maintained in a liquid nitrogen Dewar until use. A trypsin-EDTA (0.25% trypsin, 1 mM EDTA) was used to detach cells from the culture flasks.



For all experiments (n = 3), CT-26 cells were thawed as described above, plated in T25 culture flasks and maintained in RPMI 1640 medium until cultures were subconfluent. For cytotoxicity and uptake experiments, cells were enzymatically detached as described above, rinsed in complete medium, and centrifuged to collect the liberated cells. CT-26 cells (1 × 105 cells/96 well) were then resuspended in complete medium and cultured for 24 h. Then, the medium was removed and replaced by RPMI 1640 medium with bHNTs at concentrations of 25, 50, and 150 µg/mL. Cells cultured without NPs were used as control. All cultures were maintained for an additional 24 h before testing for potential cytotoxicity.




2.2.4. Live/Dead Cytotoxicity Assay


CT26 cells were cultures and exposed to bHNTs as described above. Cell viability after exposure to bHNTs was performed using a LIVE/DEAD® Viability/Cytotoxicity Kit (ThermoFisher). The kit contains the polyanionic dye calcein, which is retained within living cells and produces an intense uniform green fluorescence (ex/em ~495 nm/~515 nm) and EthD-1, which enters cells with damaged membranes and produces a bright red fluorescence in dead cells (ex/em ~495 nm/~635 nm). For viability studies staining solution was prepared by mixing 5 μL of 4 mM Calcein AM Solution and 20 μL of 2 mM EthD-III Solution to 10 mL of DPBS. Cell culture plates were washed twice with DBSS and then 100 μL of staining solution was added to each well plate. These substrates were then incubated at room temperature for 30 min. Each cytotoxicity experiment was repeated three times. Images were captured using an Olympus BX51 fluorescence microscope (Olympus Corporation, Tokyo, Japan) equipped with an Olympus DP11 digital camera system.






3. Results and Discussion


3.1. Fabrication and Analysis of the HNT-DAS-FA/FITC Complex


After each synthetic step, an FTIR spectrum was obtained from the product. Upon sample inspection, IR analysis showed peeks associated with the grafting of the molecule DAS on the HNTs outer surface, and this result agrees with reported spectra published in previous studies. 42–46 Peeks of interest included N-H2 scissoring at 1556 cm−1, Si-CH deformation at 1329 cm−1, and the bending associated with NH at 1654 cm−1 as depicted in Figure 1 part b. Additionally, the 13C{H1}CPMAS showed aliphatic carbons associated with DAS and is illustrated in the supplemental information 2. The 13C{H1}CPMAS of unmodified HNTs is presented in supplemental information 1 for comparison.



Upon conformation that the DAS was successfully grafted to the HNT surface, FA was tethered to the primary amine of the DAS via amide bond formation (Figure 1). The signals normally associated with the primary amine of DAS were reduced, and the appearance of a noisy signal between 1500–1300 cm−1 was attributed to the attachment of FA to the DAS/HNT (Figure 2). In addition to the FTIR data, the 13C{H1}CPMAS spectrum showed the presence of carbonyl peeks as well as carbons associated with a conjugated ring. Additionally, after the HNT-DAS-FA was thoroughly washed to remove any unreacted material bound to the surface via weak interactions, a sample was exposed to 3 M NaOH to cleave the bonds tethering the FA to the surface of the HNTs. This reaction would release any compound chemically attached to the HNT surface remaining after the washing procedure. A solitary peek at 280.83 nm was observed in solution and is attributed to folic acid. Due to the reduction of the amine peaks, and the presence of only the folic acid after the wash phase, we conclude that folic acid had been successfully grafted to the DAS.



Following successful formation of the HNT-DAS-FA complex, a fluorescent tag (FITC) was then added to the remaining DAS molecules that were not reacted with the FA in the previous step. Analysis of the sample via FTIR did not show a change from the last IR obtained of HNT-DAS-FA. However, upon decomposition of the samples with 3 M NaOH, both FA and FITC were present in the solution. It can be concluded that the FA was covalently bound to the DAS because it was not removed through washing or during the reaction with the FITC and subsequent washing process. Upon inspection of the 13C{H1}CPMAS of HNT-DAS-FA/FITC, little change was observed. This is not unexpected in that the carbons found in FITC are similar to those found in FA. Therefore, the peek positions would not change.



The signals in both FTIR and 13C{H1}CPMAS were weak when compared to the spectra present in the literature [13]. However, when coupled with the FTIR data, our group concludes that the number of molecules capable of grafting to the surface of the HNTs is lower than that reported in other similar studies [42,43,44,45]. In previously reported studies, the solvents used for the reaction were used to wash the compounds after the synthesis [42,43,44,45]. While this would remove some excess material, this method is ineffective at removing the material bound to the surface of the HNTs that is deposited in layer-by-layer self-assembly [20,46,47]. This would lead to greater amounts of compounds being retained on the surface of the HNTs, and thus a larger signal for FTIR and NMR would result. The method for cleaning described would overcome this problem by removing any non-covalently bound compounds from the surface of the HNTs. Coupling the FTIR and NMR data the presence of the compounds post decomposition is evidence that the FITC and FA were covalently attached to the HNT surface (see Supplementary Materials data). Additionally, upon inspection of the ratio of FA to FITC fond in the decomposition of the final product, it was found to be approximately a 1:1 ratio that fits with our synthetic design.




3.2. Cellular Uptake of bHNTs


CT-26 cancer cells were exposed to unmodified HNTs at concentrations ranging from 50 to 150 µg/mL. When viewed under phase contrast or bright field light, CT-26 cells cellular morphology was unaffected (Figure 3A). Under the epifluorescent light, the brown accumulations within cells correspond to a similar concentration of bHNTs tagged with FITC (Figure 3A). When a brightfield image in Figure 3A is compared with fluorescent images of the same field (Figure 3B), the correspondence between the green fluorescence areas and the brown accumulations is striking (Figure 3).




3.3. Cytotoxicity Testing of bHNTs


Cytotoxicity of bHNTs was studied in CT-26 murine colorectal cancer cells at concentrations up to 150 µg/mL. Control cells cultured with unmodified HNTs at all concentrations showed no signs of cytotoxicity based on Live/Dead analyses (Figure 4). CT-26 cells cultured with bHNTS at concentrations up to 150 µg/mL also showed little evidence of cell death. When the same visual fields were observed with epifluorescence microscopy, live cell showed a green fluorescence while dead cells fluorescence a reddish orange (Figure 4). After 150 µg/mL, the number of dead cells observed increased with increased bHNT concentration. There are two possible explanations for this observation. Cell death may be due to induced cytotoxicity due to exposure to increased concentrations of bHNTs. However, numerous in vitro and in vivo studies have shown that HNTs are cytocompatible and biocompatible [48,49,50,51,52]. Sun et al. (2016) showed that osteosarcoma cells exposed to HNTs at a concentration of 2000 µg/mL suffered no cytotoxic effect after exposure [20]. An alternative explanation is that intracellular bHNTs accumulation disrupts cellular function. The cell interior is a crowded space and once inside the cells BHNTs may accumulate leading to cell death. Nanoparticle uptake and accumulation in cells can disrupt critical intracellular transport pathways and organellar functions as detailed in Panariti et al. (2012) [53].



Recently, Hu et al. (2017) used halloysite as a vehicle for developing an anti-cancer drug delivery system [54]. They described the synthesis of an HNT nanodelivery system modified with thiol groups, which served as a binding site for the B-cyclodextrin used to cap the ends of the HNTs. Disulfide bonds, which can be cleaved at both acidic and basic pH environments, were used to bind the B-cyclodextrin to the ends of the HNTs in order to entrap the doxorubicin (DOX) within the HNT lumen. Following this procedure, PEG conjugated with FA was deposited on the outer HNT surface. This HNT complexed DOX system accelerated the apoptosis of cancer cells as compared to non-targeted HNTs.



While their system does impart a dual functionality to the HNTs, it does differ from our HNT drug delivery system. First, the HNTs were capped using cyclodextrin and our system does not include a capping system but a means to entrap the cargo and regulate its release could be can be added [52,54,55]. Instead, the HNT-DAS-FA/FITC includes both an imaging and targeting agent covalently attached to the surface of the HNTs. By incorporating an imaging moiety in the system, the efficacy of the treatment option can be monitored. Additional, the HNT-DAS-FITC/FA is modular and was designed to attach bioactive molecules that use amide bonds as well as similar bonding moieties, thus allowing the system to be applied to a range of cellular targets.



Secondly, the system proposed by the Hu group uses FA-conjugated to PEG deposited on the outer surface of the HNTs. Acidic and basic conditions are commonly used in the layer-by-layer surface coatings applied to devices to dissociate the bonds linking the various polyelectrolytes together [56]. Our system prevents the dissociation of FA from the surface by covalently linking it to the DAS. Furthermore, the lumen of HNTs makes them a particularly interesting nanocarrier for the loading and release of various biologically active molecules, including small molecules, enzymes, and proteins including chemotherapeutic payloads [54,55,56,57,58,59,60,61]. We envision our construct as a potential modular platform for use in anti-cancer therapies. The HNT interior can be doped with anti-cancer drugs (or other chemotherapeutics) and serve as a “death cargo” designed to kill cancer cells and provide imaging data on the drug’s effects. The HNT surface can also be modified with gold, silver or iron nanoparticles. The metal-coated bHNTs could then be used in photothermal therapy by converting light to heat inside tumors. Iron-coated bHNTs aimed for anti-cancer therapies based on magnetic hyperthermia is another possibility. Our bi-functionalized HNT drug delivery system can target cancer cells without injuring normal cells providing localized and targeted therapies that limit or reduce side effects, reduce patient costs and length of hospital stays, and improve the quality of life.



However, several questions regarding this anti-cancer nanoparticle remain to be answered and are the basis for current and future studies. Is the observed increase in cell death with exposure to concentrations greater than 150 µg/mL to a cytotoxic response or due to disruption of cell function? Do the bHNTs accumulate or are they degraded in the cell? Is their accumulation toxic to cells? What is the mechanism of cell death, necrosis or apoptosis? Furthermore, the mechanism by which bHNTs enter the cells has important implications not only for their ultimate fate but also for adding a “death cargo”, a drug or additional surface modifications (i.e., gold nanoparticles) that will kill the tumor directly. At present, our continuing research efforts are directed towards testing the HNT-DAS-FA/FITC in osteosarcoma cell culture as a means of validating and assessing the utility of the system as a targeted drug delivery vehicle. Additionally, other bioactive molecules are being explored for attachment to the system in hopes of building a modular drug delivery system.





4. Conclusions


A novel functionalization of the outer surface of HNTs using the cancer-targeting molecule folic acid (FA) and the imaging agent fluorescein isothiocyanate (FITC) bound to the surface of the HNTs using the molecule 3-(2-aminoethyl) aminopropyltrimethoxysilane (DAS) was synthesized. We observed fewer DAS molecules bound to the HNT surface than has been reported in the literature by other studies and suggest this is due to incomplete washing methods used in these studies. Cytotoxicity studies indicated that bHNTs were not cytotoxic until CT26 cells were exposed to bHNT concentrations greater than 150 µg/mL. Microscopic studies showed that bHNTs were taken up by CTH 26 cells at all concentrations. The modification of HNTs with folic acid imparts the desired ability to target tumor cells selectively. The addition of FITC offers a method for quantifying the effectiveness of the bi-functionalized HNTs ability to actively target tumor cells, deliver a payload of chemotherapeutics loaded within the HNT lumen, and provide imaging data on drug efficacy. Additionally, the use of covalently bound molecules to functionalize the HNTs alleviated the aggregation that limits the LBL-modified HNTs. This work offers an alternative to LBL functionalization of the outer HNT surface for drug delivery applications.
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Supplementary materials are available online at http://www.mdpi.com/2076-3417/8/2/281/s1.
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Figure 1. Schematic representation of the conjugation of both FA and FITC to DAS which is attached to the surface of the HNTs. DAS = N-[3-(trimethoxysilyl)propyl) ethylenediamine, FA = folic acid, FITC = fluorescein isothiocyanate. 
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Figure 2. FTIR obtained of (a) HNT; (b) HNT-DAS; (c) HNT-DAS-FA; (d) HNT-DAS-FA/FITC. 
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Figure 3. Cellular Uptake Assay (A) Phase contrast image of CT-26 cells after exposure to bHNTs (50 µg/mL). Brown intracellular accumulation indicates presence of bHNTs within the cell cytoplasm; (B) The same field of view (black circles in A) observed under epifluorescent light. Brown intracellular accumulation as seen in A correspond to FITC-tagged bHNTs in B showing up take by CT-26 cells. 
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Figure 4. Live/Dead Assay. CT-26 cells were culture in the presence of bHNTs at 0, 25, 50, 100 and 150 µg/mL. From left to right, brightfield, green filter (live cells) and red filter (dead cell) images. Bar = 100 microns. 






Figure 4. Live/Dead Assay. CT-26 cells were culture in the presence of bHNTs at 0, 25, 50, 100 and 150 µg/mL. From left to right, brightfield, green filter (live cells) and red filter (dead cell) images. Bar = 100 microns.



[image: Applsci 08 00281 g004]








© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
------

= & & § § & °





nav.xhtml


  applsci-08-00281


  
    		
      applsci-08-00281
    


  




  





media/file2.png
O |
PLU N.
oS N TH






media/file5.jpg





media/file3.jpg
2000 350 300 0 0 1500 1000 500





media/file1.jpg
+A
[E9
oK






media/file7.jpg
1004g/ml






media/file0.png





media/file8.png
LIVE






media/file6.png





