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Abstract

:

Salecan is a microbial polysaccharide suitable to obtain hydrogel for biomedical applications due to the excellent hydrophilicity and biocompatibility properties. In this work, Salecan of different concentrations was introduced into polymethacrylic acid (PMAA) in the presence of clay to form novel semi synthetic hydrogel nanocomposites systems and loaded afterwards with doxorubicin (DOX). The physical–chemical characteristics of the nanocomposites systems and their effect on the viability, and morphology of MDBK (Madin–Darby bovine kidney), HT-29 human colorectal adenocarcinoma and Colo 205 human colon adenocarcinoma cell lines were investigated. DOX release from the nanocomposite systems, cell up-take and subsequent effect on cell proliferation was also analyzed. It was found that Salecan concentration determined the swelling behavior, structural parameters and morphological features of the nanocomposite systems. The hydrogen bonds strongly influenced the formation of PMAA–Salecan–clay systems, each component bringing its own contribution, thus demonstrating the achievement of an advanced crosslinked network and a more compacted hydrogel nanocomposite morphology. All the synthesized nanocomposites had negligible toxicity to normal MDBK cells and chemoresistent HT-29 cell line, whereas in the case of Colo 205 cells a decrease by 40% of the cell viability was obtained for the sample containing the highest amount of Salecan. This effect was correlated with the lowest pore size distribution leading to highest available specific surface area and entrapped amount of DOX which was further released from the nanocomposite sample. Corroborating all the data it can be suggested that the synthesized nanocomposites with Salecan and clay could be good candidates as vehicles for chemotherapeutic agents.
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1. Introduction


To improve efficiency and specificity of anti-tumoral drug delivery while reducing therapeutic drugs side effects and toxicity, encapsulation of chemotherapeutic compounds represents an attractive approach. Additionally, by encapsulating active compound in nanocomposites, the desideration in nanomedicine is to reduce the drug toxicity in normal host tissues and increase its bioactive effect in tumor tissue.



Incorporation of nanoclays into polymeric complex networks as hydrogels may create promising systems with enhanced capacity of drug retaining and releasing. Hydrogels are three dimensional structures of crosslinked macromolecules, capable of holding high water content or physiological solutions while maintaining their undissolved original structure [1,2,3,4]. However, in swollen state, hydrogels present weak mechanical properties restricting their widespread application. This problem has been addressed over the years by several methods, such as for example to add to hydrogel formulation inorganic nanoparticles [5,6]. By adding clay as inorganic component, hydrogel nanocomposites acquired improved features of principally-enhanced and thermo-mechanical properties, increased swelling capacity, and water permeability. Moreover, their great specific surface and charging make clay nanoparticles able to adsorb bioactive molecules and thus to increase their stability [7,8,9,10]. Several studies proved that the encapsulation of clay layers into hydrogels influenced the burst release phenomena and induced a long term sustained drug delivery. These findings are closely linked with the dispersion degree of the silicate sheet inside the macromolecular crosslinked system as well as to the silicate type and its hydrophobic–hydrophilic features [5,8,11].



Another method of counteracting the weak mechanical features of hydrogels, especially natural biopolymer-based hydrogels, is by adding a second polymer network. Thus, synthetic polymer chains which are generally more rigid, can be crosslinked within natural hydrogels, resulting in an interpenetrated network of rigid/flexible polymer chains, where the favorable properties of each polymeric component can be combined to achieve the desired characteristics for specific application [3,12,13]. In this respect, natural biopolymers such as polysaccharides represent suitable candidates for the synthesis of semisynthetic hydrogels for biomedical application due to their very good biocompatibility and availability. Among them, Salecan, a polysaccharide produced by a microorganism namely, Agrobacterium sp., was demonstrated to be very attractive compound for biomaterials fabrication considering its biological but also physical–chemical properties, such as hydrophilic nature, high viscosity, pseudo-plasticity, biocompatibility, and biodegrability. Being obtained from renewable sources with high production rates and simple purification conditions in microorganisms, Salecan may display also economic advantages when used in combination with synthetic polymers. Moreover, the morphology and mechanical strength of several semisynthetic hydrogels containing Salecan were precisely designed by using different Salecan amounts during the synthesis process [14].



In our previous works, Salecan was interpenetrated with polymethacrylic acid chains, a pH sensitive synthetic polymer, to obtain new semisynthetic hydrogel-clay nanocomposites. The biopolymer linear chains were physically entrapped between cross-linked polymer chains in the presence of clay inorganic filler. It was shown that the concentration of the biopolymer and the type of clay influenced the final nanocomposites structure and properties [15,16,17,18].



The nanocomposite hydrogel prove to be a suitable formulation when controlled release of the is required and the hydrogel should reach the target unaltered.



Thus, the dynamic mechanical tests revealed higher values of storage modulus and stiffness registered for the previously reported semi-interpenetrated Salecan nanocomposite systems against those obtained for Salecan free hydrogel nanocomposites. This beneficial mechanical effect brought by Salecan was attributed to its elastic properties but also to its OH groups’ interactions with the OH groups from clay surface. Moreover, inorganic filler addition led also to stronger hydrogels as indicated by the increasing values of the storage module with frequency and time. As a result of the intermolecular forces between the silicate and the polymeric networks, the nanocomposites behaved like an elastic solid being able to store energy and remain intact when subjected to stress [13,16].



Considering these findings, our aim was to investigate the potential of pH sensitive hydrogel based nanocomposites to post-encapsulate a chemotherapeutic drug intended to be further released to cancer cells from gastrointestinal tract. Doxorubicin (DOX) is a strong chemotherapeutic agent used in colon cancer and various types of drug delivery systems such as polymeric nanoparticles and conjugates, micelles, exosomes, and paramagnetic nanoparticles have been developed and evaluated for their ability to release DOX at the tumor site [18,19,20,21,22]. Although injectable hydrogels containing DOX for local delivery have been reported [23,24], hydrogel for oral dosage forms are the most preferred delivery route for colon-specific delivery due to their convenience, greater degree of flexibility in manufacturing, improved patient adherence and relatively safe administration [25]. All these findings reveal the need for continuous optimization of hydrogel formula as a vehicle targeted drug delivery.



Thus, our present study mainly focuses on the in vitro biocompatibility of Salecan–PMMA–clay hydrogel nanocomposite previously described [16] loaded with doxorubicin was analyzed. Its effect on the viability, proliferation and morphology of MDBK (Madin–Darby bovine kidney), HT-29 human colorectal adenocarcinoma and Colo 205 human colon adenocarcinoma cell lines was evaluated using colorimetric method and fluorescence microscopy. DOX release from the nanocomposite hydrogel, cell up-take, and subsequent effect on tumor proliferation was investigated by immunofluorescence microscopy and flow cytometry.




2. Material and Methods


2.1. Reagents


The monomer—(methacrylic acid from Janssen Chimica), biopolymer—Salecan (Suzhou Chemicals, Suzhou, China), crosslinker—N, N-methylenebisacrylamide (Sigma Aldrich, St. Louis, MO, USA), initiator—ammonium persulfate (Sigma Aldrich, St. Louis, MO, USA) and drug—DOX (doxorubicin hydrochloride, Cayman Chemical, Ann Arbor, MI, USA) were used as received. Commercial clay-Cl 93A (Southern Clay Products Inc., Gonzales, TX, USA) is an organomodified clay with ammonium salts of fatty acids (methyl, tallow, bis-2-hidroxyethyl (methyl, dehydrogenated tallow)-(Cloisite® 93A, 90 meg/100 g)), was used without further purification.




2.2. Hydrogel Nanocomposites Preparation


The hydrogel composites were synthesized the polymerization process of methacrylic acid in the presence of Salecan and commercial clay-Cl 93A. Clay amount was maintained constant with respect to the monomer-methacrylic acid, while varying biopolymer concentration. In order to assure a good swellability together with improved mechanical properties and based on the previously published results [15,16,17], the concentration of clay was selected to be 10% w/v in monomer; ~1% from the total mass and was kept constant for all the hydrogel nanocomposites samples. Thus, four systems were synthesized (Table 1) and their physical–chemical-biological features were followed.



The preparation of semi-synthetic nanocomposites systems was described elsewhere and adjusted to specific conditions [16,17]. Briefly, a dispersion of 0.6 g Cl 93A clay in 42 mL of deionized water was obtained through magnetically stirring at ambient temperature. An advanced dispersion was obtained further through the use of an ultrasound probe. Salecan powder (0.06, 0.24, or 0.48 g) was added and the system was exposed again to ultrasonication. Six milliliters of methacrylic acid (MAA) and 6 mL sol. 1% w/v N, N’-methylene bis acrylamide (BIS), were introduced in the system under mechanical stirring and nitrogen gas. Further, the dispersion was placed in an ice bath and ultrasonicated. Six milliliters of sol 1.2% w/v pf ammonium persulfate (APS) was gently poured and the dispersion. The initial reaction system was introduced by syringe into an artisanal glass mold. The mold that was placed into a water bath with controlled temperature. After 6 h, the obtained hydrogel composite samples were washed for the elimination of residual reactants. No degradation of the samples was registered the samples remaining stable and intact during the washing process with deionized water during 10 days. Cylinder hydrogels were shaped with an eyelet punch and further dried by lyophilization.



The hydrogels were weighed beforehand (8.5–10 µg) and places in a vial with 1.5 mL of doxorubicin solution (100 µg/mL) at room temperature for 24 h. Subsequently, unabsorbed and superficially adsorbed DOX solution was removed from the swollen hydrogel samples with deionized water. The absorbance at 481 nm of DOX remained in the DOX solution after drug entrapment, was measured using a UV-Vis Thermo Scientific spectrophotometer. The efficiency of DOX loading in the nanocomposite hydrogel samples was determined using the equation:


Efficiency (weight, %) = (W0 − We)/W0 × 100.



(1)







W0 and We are the total amounts of DOX in the initial immersion solution and the solution remained after removing the loaded samples. Charging efficiency was calculated as the average of 20 measurements.




2.3. Physical–Chemical Analysis


Swelling tests were conducted using the lyophilized samples. The samples were placed in vials in deionized water at 37 °C the swollen samples being weighted at pre-settled times. The swelling degree (SD) was determined by the equation:


SD = (Wh − Wi)/Wi.



(2)







Wh is the weight of hydrated sample at the pre-established time and Wi the weight of the dried sample. Swelling degree was calculated as the average of three measurements.



FT-IR spectra were registered on powdered in the range 400–4000 cm−1, with Tensor 37 from Bruker, Woodstock, NY, USA in ATR mode.



X-Ray diffractograms were obtained using Rigaku Ultima IV X-ray diffractometer, Tokyo, Japan. The measurements were performed on powdered samples at room temperature. The equipment was set in parallel beam geometry system in two specific configurations for the wide angle and low angle range.



Transmission electron microscopy images were obtained using Tecnai™ G2 F20 TWIN Cryo-TEM instrument from FEI Company™ (Eindhoven, The Netherlands) Thin slices (~100 nm) of epoxy included samples were examined from carbon film grids.




2.4. Cell Culture


The MDBK cell line (Madin–Darby bovine kidney) obtained from ECACC (European Collection of Animal Cell Culture, Porton Down, UK), HT-29 human colorectal adenocarcinoma cell line (a kind gift from Dr. Frank-Dietmar Bohmer, Institute of Molecular Cell Biology, Medical Faculty Friedrich-Schiller University, Jena, Germany) and Colo 205 human colon adenocarcinoma cell line (gift from Dr. Ana Calugaru, I. Cantacuzino Institute, Bucharest, Romania) were maintained in RPMI 1640 or DMEM medium respectively (37 °C, 5% CO2) supplemented with stable glutamine, 10% fetal bovine serum (FBS) and 100 U/mL penicillin, 100 μg/mL streptomycin (all from Gibco® by Life Technologies, NY, USA).



Cells with more than 90% viability as determined by trypan blue staining were used in this work (passage nr. 8–10).




2.5. Sterilization


For biological in vitro experiments all nanocomposite systems were subjected to sterilization using an ethanol solution 70% in PBS (phosphate buffered saline pH 7.4). After 2 min of treatment the samples were rinsed in PBS three times and finally immersed in culture medium.




2.6. DOX Release


For all experiments involving DOX release, the composite hydrogels previously loaded with Dox (PC, PCS1, PCS2, PCS3) were immersed in 1 mL PBS with pH resembling tumoral (pH = 5.5) and normal physiologic conditions (pH 7.4). All experiments were performed at 37 °C with continuous stirring at 100 rpm. At specific time points 100 μL of supernatant were collected and transferred in a 96 wells plate with opaque walls. The absorbance at 480 nm, which is directly correlated with the level of DOX released into the supernatant, was measured using a FLUOStar Omega spectrofluorimeter (BMG Labtech) equipped with Omega acquisition software v3.00.R2. The volume of supernatant collected for point measurements was returned into the final volume to determine the cumulative DOX release from the nanocomposites systems. The quantity of DOX was calculated by data extrapolation using a standard curve of DOX and reported as percent of initial quantity of DOX in the systems tested.




2.7. Cytotoxicity Assay


5 × 104 cells/well were cultured in 24-well plate for 24 h before addition of hydrogel systems. Then, the cells were incubated with nanocomposite hydrogels for 30 min and 3 h. After these time points cell viability was determined by MTS ([3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt]) colorimetric method (CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay, Promega, Fitchburg, WI, USA) colorimetric method. Briefly, a mixture of cell culture medium and MTS compound was added to each well for 30 min, then 100 μL of solution was removed, transferred to a 96-well plate clear bottom (Nunc, Thermo Fisher Scientific, CA, USA) for optical measurement at 450 nm (Mithras LB 940 DLReady, Berthold, Bad Wildbad, Germany). Cell viability was expressed as percent of control (untreated cells).




2.8. Immunofluorescence Microscopy


MDBK, HT-29 and Colo 205 cells grown for 24 h on coverslip in 24 wells plate (5 × 104 cells/well) were treated with the nanocomposites systems, 30 min and 3 h at 37 °C. Cells washed with PBS, fixed for 10 min with p-formaldehyde (4%) were permeabilized with 0.2% Triton-X-100 (3 min at room temperature-RT). Unspecific sites were blocked for 1 h with 0.5% bovine serum albumin (BSA) solution in PBS. Cells were labelled with anti-Ki67 antibodies (RM-9106-S SP6, Thermo Fisher Scientific, CA, USA) dil. 1:100 in 0.5% PBS-BSA) for 30 min at RT and then for 1 h with anti-rabbit Alexa-Fluor 488 antibodies (R37116 ready-to-use, Invitrogen, Thermo Fisher Scientific, CA, USA). The nuclei were counterstained with Hoechst fluorescent dye (blue) (dil. 1:3000 in PBS, H 21492) for 1 min at RT. The negative control (Ki67- absent) was obtained by treating the cells with 70% ethylic alcohol (3 min) while untreated cells represent the positive control (Ki67+).



ProLong Gold antifade (Molecular Probes, Life Technologies, Eugene, OR, USA) was used for samples mounting on microscope slide DOX internalization (red) was visualized using 40× lens of Zeiss Axiocam ERc5s Apotom microscope (Jena, Germany) with ApoTome.2 cursor mode and AxioVision4.8 software (Zeiss, Jena, Germany).




2.9. Flow Cytometry


One day before the experiment, MDBK, HT-29 sand Colo 205 cells were seeded in 24 wells plate (80% confluence). Next day cells were incubated with hydrogels systems for 30 min or 3 h at 37 °C, and after the incubation time washed with PBS buffer to remove unbound DOX. Cells were trypsinized (Trypsin-EDTA 0.05%), fixed with 4% PFA (10 min, RT), washed and resuspended in FACS buffer (1 × 106 cells/mL in 2% BSA-PBS). Acquisition was carried out on 10,000 events using BD FACSCalibur™ (Becton Dickinson, NJ, USA) cytometer and was restricted to live-dead discrimination on forward scatter/side scatter (FSC/SSC) dot plot to exclude dead cells. Specific Dox internalization was evaluated as a median fluorescence intensity using BD FACS CellQuestPro (Becton Dickinson, NY, USA). Data were exported and analyzed using the web-based application Cytobank [26].




2.10. Statistical Analysis


Results were expressed as an average ± S.D of values obtained from triplicate samples were analyzed with GraphPad Prism software (version 5; La Jolla, CA, USA) using one-way ANOVA with Tukey’s Multiple Comparison test or two-way ANOVA. p-value < 0.05 are consider statistically significant.





3. Results and Discussions


Physical–chemical and biological properties, including structural parameters, swelling behavior, morphological features, cell viability, proliferation, and internalization are the key factors which determine hydrogels further applications.



3.1. Nanocomposite Hydrogels Characterization


Swelling properties. Chemically crosslinked hydrogels were synthesized in water proved swelling-resistant behavior conserving their shape without dissolution for more than 1 year. The swelling behavior of the composite samples throughout 72 h is displayed in Figure 1. During 180 min the composite hydrogels swelled rapidly and reached almost the equilibrium state in 360 min. After that, the samples retained less water following a semi-constant plateau. A noticeable diminution of swelling degree was determined for all Salecan-containing composite samples, compared to the blank composite sample. Obviously, the substitution of the synthetic polymer and clay with Salecan, despite concentration, does not equal their initial contribution to the degree of swelling. At a pH of 5.4, the carboxyl groups in the polymethacrylic acid network undergo an ionization process, the polymethacrylic acid chains being negatively charged, thus influencing the swelling degree [27,28]. The number of carboxylic groups from the synthetic polymer in the semi-interpenetrating network decreases with the addition of Salecan. Moreover, a reaction of condensation between the COOH groups specific to polymethacrylic acid and the OH groups of the biopolymer may occur, leading to a decrease in swelling for Salecan containing composites.



This dropdown behavior may be explained also by the formation of supplementary physical/chemical crosslinks between the components with consequences on their morphological features and further swelling behavior. Salecan, but also clay, were demonstrated earlier to function as physical/chemical crosslinking agents owing to their OH groups, thus leading to the generation of additional crosslinking points [29,30,31,32]. Thereby, the mobility of polymer networks was restricted with direct implications on the hydrogel porosity. Low network porosity caused lessened absorption of water molecules, consequently, the decrease of the swelling degree.



Morphological analysis. SEM images (Figure 2) showed that the morphology of composite xerogels were different depending on the Salecan presence and concentration used in the synthesis. The composite materials presented interconnected macropores separated by thin walls with clay aggregates distributed throughout the polymeric matrix. PMAA based composite xerogel with Cl 93A presented the largest and most uniformly distributed pores.



According to SEM images, the presence of Salecan induced an entangled morphology containing smaller pores arranged irregularly when compared with the blank sample. As well, SEM images revealed small size pores as function of Salecan concentration. Unlike other studies that reported an increased porosity of the hydrogels when incorporating Salecan chains [33,34], in our case, the nanocomposite sample with the greatest Salecan concentration presented a more compacted morphology with the smallest size of pores. This phenomenon was caused very probably because Salecan interacted with the layered silicate through their OH groups. Both have potential to generate an advanced crosslinked network, thus influenced their distribution within the polymeric matrix. These findings correlate very well with the swelling studies, where the low values of the swelling degree were obtained for all the composite samples containing Salecan.



Even though no clear variation could be observed from the swelling studies between the samples containing Salecan at different concentrations, SEM images showed differences in the morphologies of each sample, especially at the highest Salecan concentration. As we will notice further, the morphological features will determine doxorubicin encapsulation and release from the nanocomposite samples.



FTIR studies. FTIR spectra revealed the structure of the synthesized composites granting the possibility to check if the layered silicate was included in the polymeric matrix but also to follow the possible interactions occurred between the system components. The FTIR spectra of the obtained composite samples were compared with those of Cl93A and Salecan.



The characteristic peaks of clay were identified (Figure 3, sample C) at 1009 cm−1 ascribed to the Si–O–Si stretching vibration, whereas peaks at 518 cm−1 correspond to bending vibration of Si–O–Al and at 442 cm−1 to bending vibration of Si–O–Si from clay structure [35]. Peaks at 2921–2856 cm−1 are assigned to the asymmetric stretching vibration of methylene groups and respectively methyl, resulting from the compound used for organomodification of clay, namely quaternary ammonium salt [36]. The absorption band observed at 3634 cm−1 was ascribed to the hydroxyl molecule in stretching mode [37].



Salecan FTIR curves revealed at 3000–3650 cm−1 a broad peak due OH stretching vibrations. Stretching frequencies of C-OH were observed at 1031 cm−1 and of CH2 groups from the glucopyranose ring at 2889 cm−1 [33,34].



Composite xerogels spectra displayed in Figure 3 revealed for PCS3 sample the peaks characteristic of polymethacrylic acid, namely C=O and C-O from carboxylic groups, identified at 1733 cm−1 and correspondingly at 1371 cm−1. The specific peaks of clay were found to be shifted in the composite FTIR curves, specifically the peak from 1009 cm−1 shifted towards ~1047 cm−1 and the peaks from 442 cm−1 and 518 cm−1 shifted to 458 cm−1 and 523 cm−1. Other changes were observed in the 2750–3750 cm−1 range. These shifts are possible due the possible hydrogen bonding between OH located at clay edges and PMMA hydroxyl moieties [38].



The presence of Salecan brought modifications in the spectra of composite hydrogel. Thus, the C-OH stretching vibration from Salecan glucopyranose ring was reduced in intensity and was partly covered at 1047 cm−1 and 1025 cm−1 with Si–O–Si peak from clay due asymmetric stretching vibration, determining its shifting. Moreover, when Salecan content increased, the intensity of the specified peaks became greater. These results suggest that interaction between the OH groups of biopolymer and inorganic compound obviously took place.



Thereby, FTIR modifications observed for the composite xerogels obtained in the presence of Salecan indicated the participation of the hydroxyl groups present in PMAA, clay and Salecan to the formation of crosslinking sites. These results demonstrated that hydrogen bonds had an essential contribution in the design of PMAA-Salecan-clay semi-interpenetrated hydrogels, each component bringing its own contribution, and thus demonstrating the achievement of an advanced crosslinked network.



XRD studies. XRD spectra of Salecan powder showed only one peak at 2theta = 21° (WA), which was ascribed to the semi-crystalline areas of biopolymer due to hydrogen bonds of Salecan which may intra and inter-molecular interact [34]. X-Ray diffractograms obtained for clay, Salecan, composite hydrogel and Salecan composite hydrogels are presented in Figure 4.



As reported by other researchers, the loss of crystalline structure in the composite samples could be caused by electrostatic interaction occurred between monomers or their interaction with clay [34,39].



In the case of Cl 93A, XRD spectra showed the presence of the characteristic diffraction peak at 2θ ~ 3.28° which corresponds to the interlayer spacing of the crystalline structure d001. Specific rearrangements related to polymer/biopolymer insertion between clay layers lead to changes in the clay basal spacing values (d001) thus, indicating if intercalation and/or exfoliation of clay were achieved. Clay characteristic peak broadened and shifted toward lower angles in the case of composite samples thereby increased (d001) dimensions were registered demonstrating polymer insertion between clay layers and consequently the formation of intercalated/exfoliated composites. At lower values of Salecan concentration, the difference in peak intensity and displacement is imperceptible. While the Salecan concentration increased a slight increase of peak intensity and minor shifting toward higher values were observed. These results indicated that the presence of Salecan induced a more compacted structure.



TEM studies. TEM analyses can provide a qualitative understanding of dispersion of the clay inside polymer matrix by direct visualization [40]. In Figure 5, the dark lines show the clay galleries and the light region corresponds to the PMAA-Salecan matrix. TEM images recorded on the PCS3 sample evidenced intercalated but also exfoliated clay layers as a result of the loss of clay ordered stacking structure during nanocomposites synthesis. These observations correlate very well with XRD analyses which showed changes in the clay basal spacing values as a consequence of polymer insertion.




3.2. Dox Loading in Nanocomposite Systems


High DOX loading in the composite systems were achieved ranging from 79 to almost 97% DOX (Figure 6). The composite samples based on PMAA reached almost 92% because of the electrostatic interactions occurred between the composite hydrogels negatively charged and DOX molecules which are positively charged. The DOX efficiency of PCS1 decreased, possibly due the drop down of the swelling degree and the formation of a more compacted structure in the presence of Salecan as observed from SEM images (Figure 2). It is known that the presence of Salecan is important for the structure and dimensions of pore sizes of the resulted hydrogel [14,23,41,42]. In our case, the efficiency of DOX loading increases with the concentration of Salecan, a behavior which could be related with the decrease in pore size dimensions, captured for PCS2 and PCS3 samples. The decrease of pores size leads to an available greater specific surface of the porous hydrogel based composite structures, which favors the loading of DOX molecules.




3.3. DOX Release from Nanocomposites Systems


The hydrogels systems are predicted to be used in the treatment of gastro-intestinal cancer. For this purpose it was of interest to determine DOX release from these systems at pH values corresponding to the tumoral (pH 5.5) and normal environment (pH 7.4), respectively. All systems were analyzed for DOX release after 1, 2, and 3 h, for both pH value (Figure 7). The results obtained at physiologic pH after 1 h of incubation showed a quick kinetic of DOX release from all the systems. After this time point a plateau is reached for all formulations, with small differences between samples regarding the DOX release. This behavior is maintained after 24 h probably due to non-sink conditions experiments (data not shown).



Unlike physiological conditions, a more controlled release of the active compound from the systems was detected in the case of the acidic pH. In an acidic environment the carboxyl groups from PMMA structure are protonated and disrupt the electrostatic interactions between hydrogel and DOX favoring its release. However, unlike the observation of Liang et al. [23], in our study the DOX release behavior was inversely connected with the ratio swelling and pore size dimensions, and a direct correlation with the amount of Salecan was observed. Thus, PCS1 sample which contains the lowest quantity of Salecan from all systems revealed a slower release of DOX, as compared to the system without Salecan (PC). The systems containing increased amount of Salecan, PCS2, and PCS3 led to a more DOX released from the system, the highest amount being obtained for PCS3 sample after 3 h. Notably, at tumoral environment pH value the differences regarding DOX release between the tested formulations are also small.



Generally, it can be stated that at acidic pH DOX release from the nanocomposites systems is positively correlated with the concentration of Salecan in the samples, while at pH 7.4 the system which contains the lowest concentration of Salecan released the highest quantity of DOX, as compared to the other systems (Figure 7). This behavior was reported by other groups when investigated pH-sensitive composite hydrogel containing Salecan as drug carrier for DOX [14,34,42].



Taking into consideration that the differences between samples regarding DOX release are small, all hydrogel based nanocomposites have been investigated for DOX cellular up-take and cytotoxic capacity against normal and tumoral cells.




3.4. In Vitro Studies


Cytotoxicity. The effectiveness of the DOX release from different hydrogel systems (PC, PCS1, PCS2, PCS3) on normal (MDBK) and tumoral (HT-29 and Colo 205) cells was investigated at 30 min and 3 h and compared with control (untreated cells) (Figure 8). Previously we showed that biopolymer modified clays were non-toxic and had no effect on morphology and proliferation of normal (MDBK) and adenocarcinoma cells (HT-29) irrespective of time of incubation, thus system components do not interfere with nanocomposites system biocompatibility [17]. In the present work we investigated additionally on Colo 205 cells, a model for colon cancer, previously used by our group to investigate the chitosan-coated PLGA-NPs uptake and the potential use as drug delivery system in cancer therapy [43].



The results presented in Figure 8 revealed a time-dependent cytotoxic effect of DOX released from the systems, especially for normal and Colo 205 cell lines. Thus, in MDBK cells the viability was 90–92% at 30 min and ~80% at 3 h for all the tested systems. The cytotoxicity assay revealed a decrease (p < 0.001) in Colo 205 cell viability for longer period of time (3 h), with no difference between the samples detected, except PCS3 (highest concentration of Salecan) which reached a drop in tumor cell viability of ~40%. This feature may be related to the capacity of PCS3 system to release the highest amount of DOX at acidic conditions compared to the other systems analyzed (Figure 7). HT-29 cells exhibited a good viability at both 30 min and 3 h time points.



The different effect of hydrogels systems on the two human colon cancer cell lines might be explained by (i) HT-29 cells capacity to become more resistant to chemotherapeutic drug [44] and also by (ii) increased cell surface exposure with Colo-205 metastatic cells of released DOX since they are a heterogeneous cell line exhibiting both adherent and suspended states [45].



In our experiments, performed in similar conditions, equivalent concentrations of free DOX and PCS3 released DOX revealed same inhibitory effect of cell viability in the case of tumoral Colo205 cells. This demonstrates that DOX entrapment in hydrogel nanocomposites does not affect its antitumoral activity. However, free DOX exhibited a cytotoxic effect in the case of normal MDBK cells, as opposed to DOX included in hydrogel nanocomposites (data not shown). These findings show that hydrogel based nanocomposite containing DOX, with the highest amount of Salecan (PCS3), is nontoxic on normal cells, but at the same time is efficient in decreasing the cancer cells proliferation.



Cell proliferation and internalization. Nanocomposites systems need to be efficient regarding the release and subsequent cellular up-take of DOX by tumoral cells. Ki-67 protein is present during all active phases of the cell cycle, but is absent in resting cells (phase G0). This makes it an excellent marker for actively proliferating cells detection when analyzing different cell populations [46]. Importantly, in proliferating cells the Ki-67 protein is present in small foci in the cytoplasm, where the sites for protein synthesis are located.



Normal MDBK and tumoral HT-29 and Colo 205 cells were treated with the four nanocomposites systems for 30 min and 3 h at 37 °C and the compound internalized was visualized by fluorescent microscopy. In Figure 9 are depicted fluorescent and differential interference contrast (DIC) microscopy images. For all cell lines, the red fluorescence emitted by DOX can be observed overlapping the nuclei labeled with Hoechst (blue), suggesting DOX nuclear localization. This observation was recorded after 30 min of treatment. An enhancement of red fluorescence intensity at the intranuclear level was observed in the case of cells treated for 3 h with nanocomposites systems. Moreover, an accumulation of the antitumor compound at the nuclear level was detected in the case of tumoral cells HT-29 and Colo 205.



The treatment with nanocomplex systems led to a mild decrease of the number of proliferating cells in the case of MDBK cells, with the most significant results in the PCS1 and PCS2 systems after only 30 min of treatment (Figure 9A,B). The other two systems, PC and PCS3, have a less pronounced anti-proliferative effect, since in these samples a growing number of Ki67 positive cells were observed. After 3 h of treatment with PCS2 system, an increased anti-proliferative effect was detected (Figure 9B).



Interestingly, although HT-29 cell line was found to internalize high amount of Dox at both time points (Figure 9C,D), the antiproliferative effect of the compound released from the hydrogel systems is less evident. These results are in accordance with the absence of cytotoxic effect previously depicted in Figure 8.



All these observations were in agreement with previous studies performed on human intestinal epithelial HT-29 cell line, which revealed that Dox accumulates in HT-29 cells as early as 1 h after incubation, but despite extensive incubation up to 24 h, a decrease in viability was not detected [47].



Fluorescence microscopy investigations revealed a decrease in the number of Colo 205 tumor cells—a cell line of adenocarcinoma derived from metastatic situs—in the microscopy slides at 3 h compared to 30 min of treatment. The treatment with PC and PCS1 systems led to a high anti-proliferative effect, as shown by a reduced number of Ki67+ cells (Figure 9E,F). Additionally, PCS2 system revealed an increased cytotoxic effect after 3 h of treatment on Colo 205 cell line. Among the tested systems, PCS3 led to a higher anti-proliferative capacity which correlates with an increase nuclear DOX distribution and cytotoxic effect.



DOX internalization into cells was confirmed by flow cytometry experiments (Figure 10A,B). The recordings of mean fluorescence intensity of DOX measured by FACS and presented in the histograms showed that, in the case of MDBK cells, DOX released from all systems containing Salecan (PCS1, PCS2, and PCS3) exhibits a slower kinetic of internalization, as compared with the system without Salecan (PC), for both time of incubation. The up-take of DOX decreases with the increase of Salecan amount in systems composition. This behavior was accentuated in the case of PCS2 and PCS3 samples, where the intensity of DOX florescence was 50% reduced as compared to PC. Generally, for all hydrogel systems, the Dox internalization is dose-dependent of Salecan and correlates with the good viability observed in the case of normal cells (Figure 8).



In the case of HT-29 tumor cell line, a rapid kinetic of DOX internalization released from the systems was observed (Figure 10A) and the amount of DOX internalized is significantly increased than those obtained for MDBK cells, especially after 3 h of treatment. These results can be better evaluated in Figure 10B where the data for Dox up-take in HT-29 are depicted as histograms. Thus, it is showed that the highest amount of DOX internalized at 3 h is in HT-29 cell line (gray scale gradient: 252 in HT-29 versus 82 in Colo 205 versus 41 in MDBK) from all the cell lines tested.



Interestingly, the rate of DOX up-take slightly decreases with the amount of Salecan, a feature observed at 3 h time point. This observation concerns especially PCS1 (p < 0.001), where an accentuated increase of DOX internalized by HT-29 tumoral cells was detected. Although HT-29 internalized the highest amount of Dox released from the systems, its viability is not affected. These results correlate with a low cytotoxicity observed in Figure 8, a reduced anti-proliferative effect in Figure 9C,D and its reported chemoresistance to DOX [44].



Unlike HT-29 cells, a rapid cellular DOX up-take by Colo 205 cells and a direct correlation with Salecan amount was observed for short period of time (30 min) the highest amount of compound being recorded in the case of PCS3 samples (high concentration of Salecan), as compared to PC control (no Salecan) (Figure 10A). As it was shown, PCS3 has also the highest capacity to release the quantity of DOX at acidic pH and to decrease the viability (under 60%) of tumor Colo 205 cells. These suggest an important role of Salecan in the release of the active compound into cells and are in agreement with the cytotoxicity results revealing an inverse correlation with the increase in Salecan concentration in the samples. The values of DOX fluorescence intensity recorded after 3 h of treatment showed a slightly increase in cell internalization for PCS1 compared to the other systems with or without Salecan. Interestingly, in the case of PCS3 sample a decrease in DOX internalization in Colo 205 cells from 160% at 30 min to 100% versus PC control at 3 h was observed. These data can be explained by the decrease in cell viability, as DOX intracellular quantification by flow cytometry was performed only with intact cells. All these results are better depicted in Figure 10B as histograms. Thus, it is showed that higher amount of DOX is internalized at 3 h in Colo205 cell line as compared to normal MDBK cell line (82 in Colo205 versus 41 in MDBK). Moreover, unlike HT-29 cells, for this cell line a cytotoxic effect was obtained (Figure 8).



The methods used in the present study underscore the evidence that all cell lines employed (normal or tumoral) internalized the active compound DOX released from nanocomposites systems with a nuclear localization. However, it is important to mention the difference observed between DOX internalization processes in the two tumor cell lines. Thus, for HT-29 cells the highest amount of DOX was internalized after 3 h, the compound being released by the system with the lowest Salecan (PCS1) in composition. On the contrary, in Colo 205 cells, DOX internalization was higher at 30 min and correlates directly with the amount of Salecan in the tested systems (maximum for PCS3). These can be partially explained by a larger cell surface exposed in direct contact with nanocomposites systems, due to the morphological features characteristic for Colo 205 metastatic cell line, such as low adherent, partial suspension cell.





4. Conclusions


In this study, novel nanocomposites systems based on semi synthetic networks in the presence of organomodified clay were successfully prepared and investigated. It was found that Salecan concentration determined the swelling behavior, the structural parameters and the morphological features of the nanocomposite systems. The results underline the important role played by hydrogen bonds design of PMAA-Salecan-clay hydrogels, each component bringing its own contribution, and thus demonstrating the achievement of an advanced crosslinked network and more compacted hydrogel nanocomposite morphology.



The efficiency of DOX loading and its release from the synthesized nanocomposites systems, the cellular up-take by normal and tumor cells and the effect of the drug on cell proliferation were further investigated. DOX loading efficiency was found to increase with the concentration of Salecan due to the decrease of pores size which favored DOX molecules entrapment. At acidic conditions, DOX release was positively correlated with the concentration of Salecan in the samples, while at physiological conditions (pH 7.4) the system which contained the lowest concentration of Salecan released the highest quantity of DOX, as compared to the other systems. Toxicity assays confirmed that the blank sample (PC) had negligible toxicity to normal MDBK cells whereas the DOX-loaded Salecan nanocomposites (PCS1, PCS2, PCS3) were cytotoxic after 3 h, especially for Colo 205 cell line where the system containing the highest amount of Salecan (PCS3) determined a decreased by 40% of the cell viability.



The experiments of intracellular DOX localization by fluorescence microscopy correlate with the results obtained by quantification of the chemotherapeutic compound using flow cytometry. The data revealed different behaviors of the two tumor cell lines, HT-29 cells being more resistant to DOX internalization and its cytotoxic effect. In the case of Colo 205 cells, it was found that an increase in Salecan composition in nanocomposites system can promote an antiproliferative effect on the tumor cell line. PCS3 system which contains the highest amount of Salecan was internalized and induced a high cytotoxic effect (up to 40%) in Colo 205 cells, being at the same time well tolerated by normal MDBK cells. This effect was correlated with the lowest pore size distribution leading to highest available specific surface area and entrapped amount of DOX which was further released from the nanocomposite sample.



Corroborating all the data it can be suggested that the synthesized nanocomposites with Salecan and clay could be good candidates as vehicles for chemotherapeutic agents.







Author Contributions


Conceptualization, A.R. and R.I.; Project administration, R.I. and A.R.; Methodology; P.E.F., M.I., R.I. and A.R.; Validation P.E.F., M.I. and R.I.; Formal Analysis, P.E.F., M.I., C.M.N., E.A., S.P. and B.T.; Investigation, P.E.F., M.I., C.M.N., E.A., S.P. and B.T.; Writing—Original Draft Preparation, P.E.F., M.I., R.I. and C.M.N.; Writing—Review and Editing, A.R. and R.I.; Supervision, R.I. and A.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


This work was supported by a Grant of the Romanian National Authority Scientific Research an Innovation, CNCS/CCCDI-UEFISCFI, project number PN-III-P2.1-PED-2016-1896 and project number PN-III-P2-2.1-PED-2019-4216, within PNCDI III. The authors acknowledge the financial support of project number 4/2020 of the Institute of Biochemistry of the Romanian Academy research program. We thank and acknowledge the support of Livia Sima for analyzing the flow cytometry data using Cytobank application.




Conflicts of Interest


The authors declare no conflict of interest.




Patents


Ianchis: R.; Gifu, I.C.; Ninciuleanu, C.M.; Alexandrescu, E.; Petcu, C.; Nistor, L.C.; Niţu, S. Compositions and Synthesis Procedures of Hydrogel Clay Nanocomposites. Patent request No. 12 133753-A2, 30 December 2019.




References


	



Chen, H.; Ruckenstein, E. Nanoparticle aggregation in the presence of a block copolymer. J. Chem. Phys. 2009, 131, 244904. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Ruckenstein, E. Aggregation of nanoparticles in a block copolymer bilayer. J. Colloid Interface Sci. 2011, 363, 573–578. [Google Scholar] [CrossRef] [PubMed]

	



Wang, K.; Hao, Y.; Wang, Y.; Chen, J.; Mao, L.; Deng, Y.; Chen, J.; Yuan, S.; Zhang, T.; Ren, J.; et al. Functional hydrogels and their application in drug delivery, biosensors, and tissue engineering. Int. J. Polym. Sci. 2019, 2019, 3160732. [Google Scholar]

	



Chyzy, A.; Tomczykowa, M.; Plonska-Brzezinska, M.E. Hydrogels as potential nano-, micro- and macro-scale systems for controlled drug delivery. Materials 2020, 13, 188. [Google Scholar] [CrossRef]

	



Li, J.; Mooney, D.J. Designing hydrogels for controlled drug delivery. Nat. Rev. Mater. 2016, 1, 1–17. [Google Scholar] [CrossRef]

	



Das, R.; Bhattacharjee, C. 23-Hydrogel nanocomposite for controlled drug release. In Applications of Nanocomposite Materials in Drug Delivery; Woodhead Publishing Series in Biomaterials; Inamuddin, A.M., Asiri, A.M., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 575–588. [Google Scholar]

	



Nakahama, K.; Kawano, D.; Oyama, N.; Takemoto, A.; Kumano, T.; Kawakami, J. Self-assembling polymer micelle/clay nanodisk/doxorubicin hybrid injectable gels for safe and efficient focal treatment of cancer. Biomacromolecules 2015, 16, 880–889. [Google Scholar] [CrossRef]

	



Murugesan, S.; Scheibel, T. Copolymer/clay nanocomposites for biomedical applications. Adv. Funct. Mater. 2020, 30, 1–28. [Google Scholar] [CrossRef]

	



Pereira, K.A.B.; Aguira, K.L.N.P.; Oliveira, P.F.; Vicente, B.M.; Pedroni, L.G.; Mansur, C.R.E. Synthesis of hydrogel nanocomposites based on partially hydrolyzed polyacrylamide, polyethyleneimine, and modified clay. ACS Omega 2020, 5, 4759–4769. [Google Scholar] [CrossRef]

	



Ianchis, R.; Ninciuleanu, C.M.; Gifu, I.C.; Alexandrescu, E.; Nistor, C.L.; Nitu, S.; Petcu, C. Hydrogel-clay nanocomposites as carriers for controlled release. Curr. Med. Chem. 2020, 27, 919–954. [Google Scholar] [CrossRef]

	



Liu, J.; Boo, W.-J.; Clearfield, A.; Sue, H.-J. Intercalation and exfoliation: A review on morphology of polymer nanocomposites reinforced by inorganic layer structures. Mater. Manuf. Process. 2007, 21, 143–151. [Google Scholar] [CrossRef]

	



Zorrato, N.; Matricardi, P. Semi-IPN- and IPN-based hydrogels. Adv. Exp. Med. Biol. 2018, 1059, 155–188. [Google Scholar]

	



Kozlovskaya, V.; Chen, J.; Zavgorodnya, O.; Hasan, M.B.; Kharlampieva, E. Multilayer hydrogel capsules of interpenetrated network for encapsulation of small molecules. Langmuir 2018, 34, 11832–11842. [Google Scholar] [CrossRef] [PubMed]

	



Qi, X.; Wei, W.; Dong, W.; Shen, J. Salecan polysaccharide-based hydrogels and their applications. A review. J. Mater. Chem. 2019, 7, 2577–2587. [Google Scholar] [CrossRef] [PubMed]

	



Munteanu, T.; Ninciuleanu, C.M.; Gifu, I.C.; Trica, B.; Alexandrescu, E.; Gabor, A.R.; Preda, S.; Petcu, C.; Nistor, C.L.; Nitu, S.G.; et al. The effect of clay type on the physicochemical properties of new hydrogel clay nanocomposites. In Current Topics in the Utilization of Clay in Industrial and Medical Applications; Zoveidavianpoor, M., Ed.; IntechOpen: London, UK, 2018; pp. 147–165. [Google Scholar]

	



Ianchis, R.; Gifu, I.C.; Ninciuleanu, C.M.; Alexandrescu, E.; Petcu, C.; Nistor, L.C.; Niţu, S. Compositions and Synthesis Procedures of Hydrogel Clay Nanocomposites. Patent No. 12 133753-A2, 30 December 2019. [Google Scholar]

	



Ianchis, R.; Ninciuleanu, C.M.; Gifu, I.C.; Alexandrescu, E.; Somoghi, R.; Gabor, A.R.; Preda, S.; Nistor, C.L.; Nitu, S.; Petcu, C.; et al. Novel hydrogel-advanced modified clay nanocomposites as possible vehicles for drug delivery and controlled release. Nanomaterials 2017, 7, 443. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, N.; Woodle, M.C.; Mixson, A.J. Advances in delivery systems for doxorubicin. J. Nanomed. Nanotechnol. 2018, 9, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Calabrese, I.; Cavallaro, G.; Scialabba, C.; Licciardi, M.; Merli, M.; Sciascia, L.; Liveri, M.L.T. Montmorillonite nanodevices for the colon metronidazole delivery. Int. J. Pharm. 2013, 457, 224–236. [Google Scholar] [CrossRef]

	



Shen, N.; Hu, J.; Zhang, L.; Zhang, L.; Sun, Y.; Xie, Y.; Wu, S.; Liu, L.; Gao, Z. Doxorubicin-loaded zein in situ gel for interstitial chemotherapy of colorectal cancer. Acta Pharm. Sin. B 2012, 2, 610–614. [Google Scholar] [CrossRef]

	



Nishikawa, M.; Mizuno, Y.; Mohri, K.; Matsuoka, N.; Rattanakiat, S.; Takahashi, Y.; Funabashi, H.; Luo, D.; Takakur, Y. Biodegradable CpG DNA hydrogels for sustained delivery of doxorubicin and immunostimulatory signals in tumor-bearing mice. Biomaterials 2011, 32, 488–494. [Google Scholar] [CrossRef]

	



Gholamali, I.; Yadollahi, M. Doxorubicin-loaded carboxymethyl cellulose/Starch/ZnO. Int. J. Biol. Macromol. 2020, 160, 724–735. [Google Scholar] [CrossRef]

	



Liang, Y.; Zhiao, X.; Ma, P.X.; Guo, B.; Du, Y.; Han, X. pH-responsive injectable hydrogels with mucosal adhesiveness based on chitosan-grafted-dihydrocaffeic acid and oxidized pullulan for localized drug delivery. J. Colloid Interface Sci. 2019, 536, 224–234. [Google Scholar] [CrossRef]

	



Zheng, Y.; Wang, W.; Zhao, J.; Wu, C.; Ye, C.; Huang, M.; Wang, S. Preparation of injectable temperature-sensitive chitosan-based hydrogel for combined tumor therapy. Carbohydr. Polym. 2019, 222, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Seth, A.; Brown, J.E.; Dave, V.S. Colon-targeted oral drug delivery systems: Design trends and approaches. AAPS Pharm. Sci. Tech. 2015, 16, 731–741. [Google Scholar]

	



Kotecha, N.; Krutzik, P.O.; Irish, J.M. Web-based analysis and publication of flow cytometry experiments. Curr. Protoc. Cytom. 2010, 53, 10.17.1–10.17.24. [Google Scholar] [CrossRef] [PubMed]

	



Pacelli, S.; Paolicelli, P.; Moretti, G.; Petralito, S.; Di Giacomo, S.; Vitalone, A.; Casadei, M.A. Gellan gum methacrylate and laponite as an innovative nanocomposite hydrogel for biomedical applications. Eur. Polym. J. 2016, 77, 114–123. [Google Scholar] [CrossRef]

	



Ravve, A. Physical properties and physical chemistry of polymers. In Principles of Polymer Chemistry; Springer: New York, NY, USA, 2012; pp. 17–67. [Google Scholar]

	



Sahakaro, K. Mechanism of reinforcement using nanofillers in rubber nanocomposites, progress in rubber nanocomposites. In Composites Science and Engineering; Woodhead Publishing Series: Cambridge, UK, 2017; pp. 81–113. [Google Scholar]

	



Sirousazar, M.; Kokabi, M.; Hassan, Z.M.; Bahramian, A.R. Dehydration kinetics of polyvinyl alcohol nanocomposite hydrogels containing Na-montmorillonite nanoclay. Sci. Iran. 2011, 18, 780–784. [Google Scholar] [CrossRef]

	



Hu, X.; Feng, L.; Xie, A.; Wei, W.; Wang, S.; Zhang, J.; Dong, W. Synthesis and characterization of a novel hydrogel: Salecan/polyacrylamide semi-IPN hydrogel with a desirable pore structure. J. Mater. Chem. B 2014, 2, 3646–3658. [Google Scholar] [CrossRef]

	



Wei, W.; Qi, X.; Li, J.; Zuo, G.; Sheng, W.; Zhang, J.; Don, W. Smart Macroporous salecan/poly(N,N-diethylacrylamide) semi-IPN hydrogel for anti-inflammatory drug delivery. ACS Biomater. Sci. Eng. 2016, 2, 1386–1394. [Google Scholar] [CrossRef]

	



Wei, W.; Hu, X.; Qi, X.; Yu, H.; Liu, Y.; Li, J.; Zhang, J.; Dong, W. A novel thermo-responsive hydrogel based on Salecan andpoly(N-isopropylacrylamide): Synthesis and characterization. Colloid Surf. B Biointerface 2015, 125, 1–11. [Google Scholar] [CrossRef]

	



Hu, X.; Zhang, J.; Zhang, L.; Xu, M.; Dong, W.; Zhang, J. Redox/pH dual stimuli-responsive degradable Salecan-g-SS-poly(IA-co-HEMA) hydrogel for release of doxorubicin. Carbohydr. Polym. 2017, 155, 242–251. [Google Scholar] [CrossRef]

	



Bao, Y.; Ma, J. Polymethacrylic acid/Na-montmorillonite/SiO2 nanoparticle composites structures and thermal properties. Polym. Bull. 2011, 66, 541–549. [Google Scholar] [CrossRef]

	



Lv, X.; Liu, C.; Song, S.; Qiao, Y.; Hu, Y.; Li, P.; Li, Z.; Sun, S. Construction of a quaternary ammonium salt platform with different alkyl groups for antibacterial and biosensor applications. RSC Adv. 2018, 8, 2941–2949. [Google Scholar] [CrossRef]

	



Ray, L.; Frost, L.; Vassallo, A.M. The dehydroxylation of the kaolinite clay minerals using Infrared Emission Spectroscopy. Clays Clay Miner. 1996, 40, 635–651. [Google Scholar]

	



Mohd, S.S.; Abdullah, M.A.A.; Amin, K.A.M. Gellan gum/clay hydrogels for tissue engineering application: Mechanical, thermal behavior, cell viability and antibacterial properties. J. Bioact. Compatib. Polym. 2016, 31, 648–666. [Google Scholar] [CrossRef]

	



Hua, X.; Wang, Y.; Zhang, L.; Xu, M. Formation of self-assembled polyelectrolyte complex hydrogel derived from Salecan and chitosan for sustained release of Vitamin C. Carbohydr. Polym. 2020, 234, 115920–115931. [Google Scholar] [CrossRef] [PubMed]

	



Jinnai, H.; Spontak, R.J. Transmission electron microtomography in polymer research. Polymer 2009, 50, 1067–1087. [Google Scholar] [CrossRef]

	



Qi, X.; Wei, W.; Li, J.; Zuo, G.; Pan, X.; Su, T.; Zhang, J.; Dong, W. Salecan-based pH-sensitive hydrogels for insulin delivery. Mol. Pharm. 2017, 14, 441–470. [Google Scholar] [CrossRef]

	



Hu, X.; Wang, Y.; Zhang, L.; Xu, M.; Zhang, J.; Dong, W. Design of a pH-sensitive magnetic composite hydrogel based on Salecan graft copolymer and Fe3O4@SiO2 nanoparticles as drug carrier. Int. J. Biol. Macromol. 2018, 107, 1811–1820. [Google Scholar] [CrossRef]

	



Trif, M.; Florian, P.E.; Roseanu, A.; Moisei, M.; Craciunescu, O.; Astete, C.E.; Sabliov, C.M. Cytotoxicity and intracellular fate of PLGA and chitosan-coated PLGA nanoparticles in Madin–Darby bovine kidney (MDBK) and human colorectal adenocarcinoma (Colo 205) cells. J. Biomed. Mater. Res. Part A 2015, 10311, 3599–3611. [Google Scholar] [CrossRef]

	



Riganti, C.; Miraglia, E.; Viarisio, D.; Costamagna, C.; Pescarmona, G.; Ghigo, D.; Bosia, A. Nitric oxide reverts the resistance to doxorubicin in human colon cancer cells by inhibiting the drug efflux. Cancer Res. 2005, 65, 516–525. [Google Scholar]

	



Geng, Y.; Chandrasekaran, S.; Agastin, S.; Li, J.; King, M.R. Dynamic switch between two adhesion phenotypes in colorectal cancer cells. Cell. Mol. Bioeng. 2014, 7, 35–44. [Google Scholar] [CrossRef]

	



Scholzen, T.; Gerdes, J. The Ki-67 protein: From the known and the unknown. J. Cell. Phys. 2000, 182, 311–322. [Google Scholar] [CrossRef]

	



Kang, T.; Cho, Y.; Park, C.; Soo-Dong, K.; Euichaul, O.; Jing-Hao, C.; Qing-Ri, C.; Beom-Jin, L. Effect of biomimetic shear stress on intracellular uptake and cell-killing efficiency of doxorubicin in a free and liposomal formulation. Int. J. Pharm. 2016, 510, 42–47. [Google Scholar] [CrossRef] [PubMed]








[image: Materials 13 05389 g001 550] 





Figure 1. Swelling profiles of the composite samples. 
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Figure 2. SEM images showing the morphology of several samples; (A) Cl 93A (×2000), (B) Salecan (×8000), (C) PC, (D) PCS1, (E) PCS2, (F) PCS3 (×500). 
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Figure 3. FTIR spectra of clay-C, Salecan-S and composite hydrogels without-PC Salecan and with Salecan-PCS3. 
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Figure 4. XRD patterns (wide angle—I and low angle—II) for clay, Salecan and synthesized nancomposite samples. 
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Figure 5. TEM images recorded on the polymethacrylic acid (PMAA)–Salecan xerogel matrix—sample PCS3. 
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Figure 6. Efficiency of DOX loading into PC, PCS1, PCS2, and PCS3 composite systems. Data are presented as mean values ± SD, and significance was determined at *** p < 0.001 compared to PC DOX loading. 
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Figure 7. Doxorubicin (DOX) release from PC, PCS1, PCS2, and PCS3 systems at pH 5.5 and 7.4. Values are calculated based on DOX standard curve (0–400 µg/mL). 
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Figure 8. Viability of MDBK (Madin–Darby bovine kidney), HT-29 and Colo 205 cells cultivated in direct contact with nanocomposites systems (PC, PCS1, PCS2, PCS3) for 30 min and 3 h. Cell viability was expressed as percent of control (untreated cells) + standard deviation, *** p value < 0.001 was considered statistically significant. 






Figure 8. Viability of MDBK (Madin–Darby bovine kidney), HT-29 and Colo 205 cells cultivated in direct contact with nanocomposites systems (PC, PCS1, PCS2, PCS3) for 30 min and 3 h. Cell viability was expressed as percent of control (untreated cells) + standard deviation, *** p value < 0.001 was considered statistically significant.



[image: Materials 13 05389 g008]







[image: Materials 13 05389 g009a 550][image: Materials 13 05389 g009b 550][image: Materials 13 05389 g009c 550] 





Figure 9. Fluorescence microscopy and differential interference contrast (DIC) micrographs of MDBK, HT-29 and Colo 205 cells after 30 min and 3 h of incubation with nanocomposites systems (MDBK (A) 30 min (B) 3 h, HT-29 (C) 30 min (D) 3 h, Colo 205 (E) 30 min, and (F) 3 h). DOX up-take by cells was recorded by DOX (red) and nucleus (blue) imaging by fluorescence microscopy. Cell proliferation and cell cycle were detected by specific labeling with Ki67 (green) of proliferating cells and visualizing with 40× objective (scale bar, 50 μm). Nuclear localization (white arrow) of Ki67 was detected in cells in different phases of the cell cycle (small pictures on the right, scale bar, 5 μm). M-cells without nanocomposites treatment. 
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Figure 10. Flow cytometry for DOX released from nanocomposites systems and internalized into MDBK HT-29 and Colo 205 cells, after 30 min and 3 h of treatment. (A) Graphical representation; Mean fluorescent intensity (MFI) for PC control was set to 100%. (B) Histograms overlay and gray scale gradient of fluorescence representation using Cytobank; control-untreated cells. *** p value < 0.001; * p value < 0.05. 
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Table 1. Nomenclature of the synthesized samples.
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	Sample Name
	Salecan (g)
	Cloisite 93A (g) *





	PC
	-
	0.6



	PCS1
	0.06
	0.6



	PCS2
	0.24
	0.6



	PCS3
	0.48
	0.6







* Cloisite 93A amount was kept constant as 10% w/v in monomer (methacrylic acid).
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