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Abstract 

The purpose of this study was to develop an efficient strategy to use laponite (LAP) nanoplates as a platform for 

the efficient release of anionic dexamethasone (DEX). Results revealed that DEX was encapsulated into the 

interlayer space of LAP nanodisks through an intercalation process with a high loading efficiency of 95.10± 

0.80%. XRD patterns as well as FT-IR spectra of the hybrid LAP/DEX nanoplates (LD-NPs) indicated that 

DEX molecules could successfully adsorb into the LAP nanoplates depending on the pH value. Moreover, in 

vitro drug release study showed that the release of DEX from LD-NPs was pH-dependent, and DEX released at 

a faster rate at acidic pH (pH = 5.4) than physiological one. Importantly, MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) tetrazolium reduction assay results confirmed that DEX release from LD-NPs 

not only did not show cytotoxic effect but also improved the viability of MG63 cells compared to LAP-free 

samples (DEX enriched medium). Our work indicated that LAP nanoplates could be a promising candidate for 

release of anionic DEX in the controlled manner depending on the pH environment. The merits of LD-NPs such 

as good cytocompatibility, excellent physiological stability and sustained pH-responsive release properties, 

make them a promising platform for the delivery of other therapeutic agents beyond DEX.  
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1. Introduction: 

Dexamethasone (DEX), a synthetic member of the glucocorticoid class of steroid hormones, is an anti-

inflammatory and immunosuppressant drug which has been widely applied to treat the inflammatory diseases 

such as asthma (Wang, Nelin et al. 2008, Sahoo, Panda et al. 2013, Venditti, Fontana et al. 2014), 

meningitis(Mathur, Garg et al. 2013) and rheumatoid arthritis(Park, Yang et al. 2012). Moreover, DEX 

molecule plays important roles on the regulation of genes and cellular reactions responsible for the growth and 

division of cells (Forouzandeh, Hesaraki et al. 2014). It could also promote the differentiation of mesenchymal 

stem cells (MSCs) toward the osteogenic lineage (Kharaziha, Fathi et al. 2015, Li, Zhou et al. 2015).  However, 

results demonstrated that the direct administration of DEX has been limited mainly due to its toxic and 

undesirable side effects such as osteoporosis, high sugar concentrations in the blood, hypertension, and stomach 

and intestinal bleeding due to the ulceration (Jain and Datta 2015, Li, Zhou et al. 2015). The effective dosage 

range of DEX is approximately 4-20 mg/day and high dosage of DEX is required to reach its therapeutic level in 

the blood plasma. Therefore, an efficient drug delivery system is desirable to overcome the drawbacks 

associated with drugs (Jain and Datta 2015). Numerous nanosystems have been considered for administration of 

DEX consisting of micelles (Hamdi, Lallemand et al. 2015), dendrimers (Choksi, Sarojini et al. 2013), 

liposomes (Gupta 2011, Maestrelli, Bragagni et al. 2016), inorganic nanoparticles (Hamdi, Lallemand et al. 

2015, Soni, Desale et al. 2015), nanogels (Soni, Desale et al. 2015) and nanofibers (Webber, Matson et al. 2012, 

Kharaziha, Fathi et al. 2015). For instance, Kharaziha et al. (Kharaziha, Fathi et al. 2015) encapsulated DEX in 

poly(ε-caprolactone)(PCL)-forsterite nanofibrous membranes for guided tissue regeneration. Results 

demonstrated that the proliferation and osteogenic differentiation of stem cells from human exfoliated deciduous 

teeth (SHED) could be regulated via controlled DEX release process.  

In the recent years, nanoclay silicates composed of plate-like polyions are emerging as new vehicles in drug 

delivery system due to their swelling capability, adsorption, and gel-forming characteristics, as well as their 

bioactive interface which can accommodate polar molecules and drugs (Viseras, Cerezo et al. 2010). The 

layered structure of the nanoclay silicates provides enough space to immobilize various kinds of molecules 

through ion-dipole interaction and physisorption. The accumulated drugs in the interlayer area of the lamellar 

host could release as a result of diffusion and/or de-intercalation process (Depan, Kumar et al. 2009). Among 
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these nanoclay silicates, laponite (LAP) nanoplates with disc-shaped morphology (25 nm in diameter and 0.92 

nm in thickness) and the empirical chemical formula Na+0.7[(Mg 5.5Li0.3)Si8O20(OH)4]−0.7 has emerged as a novel 

synthetic silicate nanoclay (Ruzicka and Zaccarelli 2011). Results demonstrated LAP nanoplates could 

encourage the osteogenic differentiation of human MSCs (hMSCs) in the absence of any osteoinductive factor 

such as bone morphogenetic proteins-2 (BMP-2), making it as an ideal nanomaterial for bone tissue engineering 

application (Gaharwar, Mihaila et al. 2013). Furthermore, the imperfections of LAP nanoplates induce a 

negatively charged surface and pH-dependent edge surface charges (positive at pH lower than 9) providing 

separated layers with large total surface area, which can strongly interact with guest compounds through 

exchangeable Na+ in hydrated interlayers or absorbance process (Thompson and Butterworth 1992, Takahashi, 

Yamada et al. 2005, Li, Maciel et al. 2011). This unique structure stimulates the application of LAP nanoplates 

as an ideal platform for the encapsulation of cationic drugs, specifically molecules with protonated amino 

groups, such as tetracyclin(Ghadiri, Hau et al. 2013), doxorubicin (Barraud, Merle et al. 2005) and itraconazole 

(Jung, Kim et al. 2008) as well as on weak bases (Browne, Feldkamp et al. 1980). For instance, results 

demonstrated the electrostatic interactions of doxorubicin with LAP nanodisks and formation of nano-

complexes with improved bioactivity of the drug  (Gonçalves, Figueira et al. 2014). However, minor attention 

has focused on the immobilization of non-ionic drugs such as DEX on LAP nanoplates.   

Herein, we presented a novel hybrid system consisting of LAP nanoplates as a platform to release DEX 

molecules. We also investigated the effects of pH on the adsorption kinetics of DEX on LAP layers in order to 

determine the optimal pH for maximized encapsulation of DEX. Furthermore, the effects of pH on the DEX 

release were investigated. Finally, the effects of DEX release from LAP nanoplates on the cell behavior were 

evaluated.  

2. Material and methods 

2.1. Materials 

Synthetic silicate nanoplates (Laponite RDS) containing SiO2 (59.5%), MgO (27.5%), Na2O (2.8%) and 

Li2O (0.8%) with low heavy metals content were purchased from Rockwood Additives Limited, UK. DEX was 

obtained from Sigma Aldrich (95 % purity). Phosphate buffer saline (PBS) was prepared based on the protocol 

used in Dulbecco's study (Dulbecco and Vogt 1954).    

2.2. Preparation and characterization of LAP/DEX nanoplates  (LD-NPs).  
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In order to optimize LAP concentration for DEX encapsulation, LAP nanoplates were dispersed in 

deionized (DI) water under sonication (model WUC-D10H, power 770 W) for 15 min with different 

concentrations (3, 5, and 10 mg/ml). After the addition of DEX (2 mg/ml) to LAP suspensions, they were stirred 

magnetically for 24 h in order to make LAP swollen and provide LAP/DEX nanoplates (LD-NPs). As prepared 

LD-NPs were separated by using centrifugation (6000 rpm, 20 min), washed with DI water for 3 times to 

remove unabsorbed DEX and air dried.  

After optimization of LAP concentration, in order to evaluate the effects of pH on the DEX encapsulation, 

LAP/DEX mixture in PBS was prepared and pH was adjusted at 3, 7 and 13 using 0.1 M HCl and NaOH. As 

prepared LD-NPs were labeled based on pH value (3, 7, 13) as LD-3, LD-7 and LD-13, respectively. Drug 

loading efficiency was estimated by measuring the non-immobilized DEX in the supernatant (Ms) and the 

amount of DEX in washout solutions (Mw) using UV-vis spectrophotometer at the maximum wavelength of 

DEX absorbance (242 nm) based on the following equations (Eqs. 1-3) (Ghadiri, Hau et al. 2013) :  

Mt = Mi - (Ms + Mw)                                         (1)  

Encapsulation efficiency =
Mt

Mi
× 100%                                                                                                              (2) 

Loading capacity =
Mt

Mn
× 100%                                                                                                                         (3) 

where 𝑀𝑡 is the weight of encapsulated DEX, 𝑀𝑖 is the initial weight of DEX added to LAP suspension and Mn  

is the weight of  LD-NPs. 

 The morphology of the LAP nanoplates and LD-NPs was evaluated using scanning electron microscope 

(SEM, Philips XL30). Before imaging, LAP nanoplates and LD-NPs were sonicated in ethanol solution to 

inhibit agglomeration and then gold sputter coated. Moreover, Transmission microscope electron (TEM, Philips 

EM208S 100 kV, Netherland) was applied to study the morphology and particle size of LAP nanoplates. LAP 

nanoplates and LD-NPs were analyzed using Fourier transform infrared (FTIR) spectroscopy using Bruker 

Tensor-27 In the range of 600-4000 cm-1. X-ray diffraction (XRD, X' Pert Pro X-ray diffractometer, Phillips, 

Netherlands) carried out with CuKa radiation (λ=0.154 nm) at a generator voltage of 40 kV and a current of 40 

mA was applied to recognize the chemical composition of LAP and LD-NPs. Furthermore, the distance between 

the LAP’s layers in the LD-NPs was analyzed using XRD patterns using Bragg ̕s equation (Eq. 4):  

d =
λ

2Sinθ
                                                                                                                                                                (4) 

in which λ is the wavelength of the copper anode source (0.154 nm), d stands for the spacing between the 

scattering laponite̕ s layers, and θ is the diffraction angle.  
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Zeta potential of the LAP nanoplates and LD-NPs was measured in DI water using a 633 nm laser in a 

Malvern ZEN3600 (Malvern Instruments, UK). Before experiment, they were dispersed in DI water using 10 

min vortexing and ultrasonication (10 min). The refractive index of silicate nanoplatelets was selected as 1.5 

(obtained from MSDS of Laponite XLG).  Zeta potential measurements were performed with a detection angle 

of 17 ° and calculated using the Smoluchowsky model for aqueous suspensions.  

2.3. In vitro DEX release study 

In vitro DEX release from LD-NPs was assessed under different pH conditions (pH= 5.4 and 7.4). Briefly, 

6 mg of LD-NPs was dispersed into 2 ml of PBS solution (pH=7.4) and acetic acid buffer solution (pH=5.4). 

After 10 min vortexing, LD-NPs suspensions were poured in dialysis bags (Sigma Aldrich, molecular weight 

cutoff= 14,000) and dialyzed in 8 ml PBS solutions in a small container. The samples were kept on the vibratory 

heater with constant temperature (37 °C). At the pre-determined interval time, 1 ml of PBS from each container 

was taken out and replaced with fresh PBS solution. Finally, the absorbance of solution was monitored using 

UV-vis spectrophotometry at 242 nm and the amount of DEX was estimated from the calibration curve of DEX 

in the same solution.  

2.4. Cell Culture 

The cytotoxicity of LAP nanoplates and LD-NPs was investigated using MG63 cell line from the National 

Cell Bank of Iran at the Pasteur Institute. The MG63 cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM-low, Bioidea, Iran) containing 10 %(v/v) fetal bovine serum (FBS) (Bioidea, Iran) and 1%(v/v) 

streptomycin/ penicillin (Bioidea, Iran) at 37 °C in a humidified atmosphere with 5% CO2. MG63 cells were 

cultured with a seeding density of 1 × 104 cells per well into a 96-well plate in order to expand 

the cells until confluence. After a day of culture, free DEX, LAP nanoplate and LD-NPs solutions (with 

equivalent DEX concentrations) prepared in culture medium, were added to the cells (n=3 per group) and then 

incubated at 37 ºC. MG63 cell seeded on tissue culture plat without any additive in culture medium was applied 

as control (TCP). After 24 and 48 h incubation, the cell culture medium was removed, the wells were rinsed 

with PBS and cell survival rate were evaluated using 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl tetrazolium 

bromide (MTT) purchased from Sigma-Aldrich. In this regard, after incubation of the cells with MTT solution 

(0.5 mg/ml MTT reagent in PBS) for 4 h solution, DMSO was added to dissolve the purple MTT-

formazan crystals. Then, the 96-well plates were read at 570 nm by using a Microplate Reader (Bio Rad, Model 

680 instruments). Mean and standard deviation of each sample were reported. The relative cell viability was 

calculated by the following equation (Eq. 5)(Golafshan, Kharaziha et al. 2017): 
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𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =
𝐴𝑠𝑎𝑚𝑝𝑙𝑒−𝐴𝑐

𝐴𝑏−𝐴𝑐
                                                                                                    (5) 

where Asample, Ab and Ac stand for the absorbance of sample, blank (DMSO) and control (TCP), respectively.  

2.5. Statistical analysis 

Statistical analyses were performed using one-way ANOVA (n≥ 3) and reported as mean ± standard 

deviation (SD). To determine a statistically significance difference between groups, Tukey’s post-hoc test using 

GraphPad Prism Software (V.6) with a p-value <0.05 was applied to be significant.  

3. Results and discussion 

3.1. Characterization of LAP/DEX nanoplates  (LD-NPs).  

LAP nanodisks have been introduced as a promising drug carrier due to its high surface area, well-

controlled nanoscale size, and appropriate cellular interaction. Various kinds of drugs and bioactive molecules 

can be intercalated through cationic exchange in the structure of LAP nanoplates providing hybrid 

nanomaterials for biomedical applications(Ghadiri, Chrzanowski et al. 2015). On the contrary to other 

immobilized drugs, DEX is not cationic and, therefore, could not effectively interact with the LAP surface 

through electrostatic interaction. In this study, the effects of pH on the DEX immobilization on the LAP 

nanoplates were evaluated.  

Before further experiments, LAP concentration in DI water (3, 5 and 10 mg/ml) was optimized at the 

constant DEX concentration (2 mg/ml) via the encapsulation efficiency and loading capacity evaluation (Eqs. 2 

and 3) using UV–vis spectroscopy at 242 nm. The DEX encapsulation efficiency increased from 72.0 ± 8.8% to 

76.0 ± 7.2% and 80.0±4.60% when the concentration of LAP nanoplates was 3, 5 and 10 mg/ml, respectively. In 

other words, loading capacity of DEX enhanced from 12.1 ± 0.01 to 12.7 ± 0.02 and 13.3±0.9% when the 

concentration of laponite was 3, 5 and 10 mg/ml, respectively.  Therefore, given the DEX loading efficiency and 

loading capacity as well as the aggregation probability of LAP nanodisks in aqueous medium, the concentration 

of LAP nanoplates was kept constant at 10 mg/ml for further experiments.  

Due to the structural properties of LAP nanoplates, pH changes may have critical role on the DEX 

encapsulation. Fig. 1(A) revealed that increase in pH value of PBS solution from 3 to 13 resulted in changing 

the milky white color of LAP nanoplate suspensions to brown indicating the strongly sensitivity of DEX to 

alkaline conditions. The results of UV-vis spectroscopy of pure LAP nanoplates, pure DEX and LD-NPs 

samples (Fig. 1(B)) clearly confirmed the encapsulation of DEX in LAP nanoplates. Noticeably, all nanohybrids 

revealed an absorption peak at around 242 nm which was absent in DEX-free LAP nanoplates, confirming the 

successful loading of DEX in the nanohybrids. However, the intensity of this absorption peaks varied in various 
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samples depending on pH condition demonstrating various amounts of DEX loading. The effect of pH value (3, 

7 and 13) on the encapsulation efficiency and loading capacity of DEX were evaluated. The DEX encapsulation 

efficiency enhanced with reduction of pH value from 80.0 ± 4.55 % (at LD-7) to 94.0± 0.54 (at LD-13) and 

95.10± 0.80% (at LD-3) while loading capacity enhanced from 13.3% (at LD-7) to 15.6± 0.10 (at LD-13) and 

16% (at LD-3). Meanwhile, the zeta potential of LAP nanoplates showed a meaningful difference before and 

after DEX loading depending on pH condition (Fig. 1(C)). While the surface potential of LAP nanoplates and 

LD-NPs did not significantly change at pH=7, it was reduced to negative values at pH= 3 after DEX loading. 

According to Fig. 2(A), when suspended in PBS buffer, LAP nanoplates were negatively charged with ζ-

potential of −23.1±8.5 mV. While the pH value of solution changed from 7 to 3, the ζ-potential enhanced to 

positive charge of +36.1± 2.7 mV. However, increase in pH value to 13 did not noticeably change ζ-potential. 

The positive ζ-potential of LAP nanodisks prepared at pH=3 (LD-3) reduced (7.5 times) by adding anionic DEX 

molecules to -16.5±8.3 mV which could be due to the electrostatic interaction of DEX molecules with LAP 

layers. Moreover, the incorporation of DEX into LAP nanoplates at pH=13 resulted in slightly reduced ζ-

potential which might be due to hydrogen bonding and physical absorption of DEX into LAP nanoplates.  

The encapsulation of DEX within LAP nanoplates in various pH values was determined using FTIR 

spectroscopy (Fig. 2(B)). FTIR spectrum of pure LAP nanoplates consisted of Si-O stretching vibration and 

bending vibration located at approximately 1030 and 470 cm-1, respectively (Fatnassi, Solterbeck et al. 2014) . 

Furthermore, the wide peak appeared at 3440 cm-1 and two sharp bands positioned at 2962 and 2886 cm- 1 could 

be related to the bending vibration of –OH stretching from free H2O and CH-stretching vibrations, respectively 

(Fraile, Garcia-Martin et al. 2016) . The typical band of LAP nanoplates could be detected in the nanohybrids of 

LD-NPs with the slight shifting to lower wavenumbers. Specifically, -Si-O stretching vibration shifted to 1045 

cm-1 at LD-3 sample corresponded to the molecular intercalation between LAP and DEX. It is worth noting that, 

in addition to the characteristic peaks of LAP nanoplates, FTIR spectra of LD-NPs consisted of a few distinctive 

absorption bands of DEX molecule. Pure DEX spectrum consists of the broad absorption band around 2900–

3400 cm-1 related to the stretching of aliphatic C-H bonds as well as the absorption band at 1650 cm-1 assigned 

to C=O stretching vibration(Wang, Li et al. 2015) . Compared to pure LAP, LD-3 sample consisted of 

distinctive band at 1640 cm-1 (the peak was indicated in a green box) corresponded to the C=O bond of DEX 

confirming the efficiently intercalation of DEX within LAP nanoplates.   

The intercalation of drug within the LAP nanoplates often leads to the extension of the LAP nanoplates 

interlayer space (Jung, Kim et al. 2008). In this context, XRD technique may provide useful data which could 
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disclose the DEX loading mechanism within LAP nanoplates. XRD patterns of DEX molecule, LAP nanoplates 

as well as LD-NPs are presented in Fig. 2(C). Compared to the XRD pattern of DEX molecules, three main 

diffraction planes of DEX could be identified in the 2θ range of 15−25° in the XRD patterns of LD-NPs 

confirming the successful encapsulation of DEX within LAP nanoplates. Moreover, XRD pattern of LAP 

nanoplates consisted of five well-separated diffraction peaks related to (001), (02,11),  (005), (20,13) and (060) 

diffractions which were similarly reported in previous researches (Jung, Kim et al. 2008, Wang, Zheng et al. 

2012) . After DEX encapsulation, the characteristic diffraction peak of LAP nanoplates located at 2θ =6.90° 

(corresponded to (001) plane) shifted to lower degree, while other peaks did not alter suggesting that LAP could 

maintain its original crystalline structure after DEX loading (Wang, Wu et al. 2013) . The changes in the 

position of crystal planes and the distance between the layers of LAP (d-spacing) derived from XRD analysis 

were calculated from the Bragg ̕ s equation (Eq. 2) and summarized in Table 1. Noticeably, (001) peak 

significantly shifted (≈16%) to 2θ =6.05° at LD-3, while the distance between the layers of LAP increased 

(≈15.8%) from 12.81 A° to 14.61 A° demonstrating the DEX loading in LAP nanoplates. Based on previous 

results, the intercalation of drugs occurred at the reflection peak of (001) plane could be due to the ionic 

exchange, cation/water-bridging and hydrogen bonding between the two components (Dawson and Oreffo 

2013). Moreover, the increase in the d-spacing of LAP nanoplates was the greatest for the LD-3 sample (14.61 

°A), revealing that, at this pH, the intercalation of DEX was utmost. Subtracting the thickness of the silicate 

layer of laponite (9.2 °A) from the d-spacing of samples provided the inter-layer separation distances (Jung, 

Kim et al. 2008). Results showed that the interlayer distance was about 3.61 °A at pure LAP nanoplates which 

enhanced to 5.41, 3.63 and 3.69 °A at LD-3, LD-7 and LD-13, respectively. These values were smaller than the 

longitudinal molecular length of DEX (12.6 °A) suggesting that the absorbed DEX molecules were organized in 

tilted longitudinal monolayer (Wang, Li et al. 2015). Overall, our XRD results proposed the successful 

intercalation of DEX within LAP nanoplates via ion exchange at pH=3 condition.  

According to the schematic illustrated in Fig. 3, LAP nanoplates consisted of two tetrahedral silica sheets 

sandwiched one octahedral magnesia sheet. In the middle of octahedral sheets, some of magnesium atoms could 

be substituted by lithium atoms leading to the deficiency of positive charge within the sheets. The electron rich 

faces of LAP nanoplates could share the electrons with sodium atoms that reside in the interlayer space in dry 

condition. During dispersion in the aqueous media, Na+ ions dissociate leading to the permanent negative charge 

(non-pH-dependent) to the faces of LAP nanoplates. In other words, the presence of Mg-OH groups from the 

octahedral magnesia sheets led to formation of pH-dependent edge. According to the pH of medium, either H+ 
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or OH– ions could disassociate from the edges rendering the negative or positive charge, respectively. Based on 

this construct, various types of biomolecules consisting of DEX could interact with inter-particle places, surface 

position and inter-layer pores of LAP nanoplates based on hydrophobic interactions, hydrogen bonding, cation 

exchange, proton transfer, cation bridging and anion exchange mechanisms depending on the ambient pH, and 

the size and electrostatic properties of the interacting molecule (Dawson and Oreffo 2013). In acidic condition 

(such as pH=3), due to leaching OH- out and proton transfer, the charge of pH-dependent edge becomes more 

positive. Therefore, higher encapsulation efficiency of LD-3 might be described by their higher positively 

charge of edges and less negative surface charge which resulted in the electrostatic interaction between DEX 

and LAP nanoplates as well as cation-bridging and hydrogen bonding occurred during the dispersion. This 

behavior was similarly reported for DEX loaded montmorillonite  (Forteza, Galan et al. 1989). The authors 

explained this behavior via the protonated form of the Si-OH groups of the crystal borders, favoring hydrogen 

bonding between DEX carbonyl groups and the clay surface. Several studies reported that the high surface area 

of clay nanoparticles could be the main reason to uptake drugs into clay. Drugs could be intercalated (Webber, 

Matson et al. 2012, Wang, Maciel et al. 2014, Maestrelli, Bragagni et al. 2016) or adsorbed on to the surface of 

nanoparticles (Porubcan, Born et al. 1979, Forteza, Galan et al. 1989) depending on the surface charge of drug 

in the environment. According to previous results, due to the negative charge of the face and edge of LAP 

nanodisks at natural pH, DEX could be physically adsorbed. Based on our results, DEX loading efficiency could 

be controlled via changing the pH value of the environment during the encapsulation process. At this condition, 

DEX molecules might be electrostatically interaction with LAP nanodisk instead of physical absorbance.  

Various nanoparticles have been applied as carriers in order to control the release of DEX molecules 

consisting of layered double hydroxides (LDHs) nanoparticles (Wang, Wu et al. 2013) , montmorillonite 

(Forteza, Galan et al. 1989), montmorillonite and polylactic-co-glycolic acid (PLGA) (Jain and Datta 2015), 

silica nanoparticles (De Matos, Piedade et al. 2013) and hydrophilic gold nanoparticles (Venditti, Fontana et al. 

2014). Wang et al. (Wang, Wu et al. 2013) encapsulated DEX within LDHs nanoparticles via co-precipitation 

mechanism and demonstrated the successfully encapsulation of DEX into LDHs nanoparticles via strong 

electrostatic interactions (Wang, Li et al. 2015). In another study, Datta et al.(Jain and Datta 2015) developed a 

montmorillonite and polylactic-co-glycolic acid (PLGA) nanocomposites as extended release carrier for DEX. 

They declared that the highest encapsulation efficiency of DEX in this nanocomposite gained 76 % which was 

significantly less than that in LAP nanoparticles. Moreover, the results showed that the incorporation of 

montmorillonite in the polymeric drug particles caused the release of drug over a longer period of time (Jain and 
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Datta 2015). 

The SEM images of pure LAP nanoplates and LD-NPs samples (Fig. 4) confirmed the pH depended DEX 

encapsulation within LAP nanoplates. Pure LAP nanoplates exhibited disk-shaped morphology which strictly 

aggregated together (Fig. 4(A)). After encapsulation of DEX, all samples revealed less accumulated particles. 

Specifically, LD-3 sample (Fig. 4(B)) consisted of LAP nanoplates with enhanced distance between layers and 

DEX molecules spherically deposited on the surfaces and the rims. TEM image of LD-3 shown in Fig. 5(A) also 

clearly revealed the DEX molecules were uniformly distributed on the LAP nanoplates confirming that all 

previous results based on the deposition of DEX on the surface of LAP nanoplates. Moreover, according to the 

particle size distribution histogram (Fig. 5(B)), LD-3 sample consisted of particles with the size of 42.5± 11 nm. 

Moreover, according to the SEM images of LD-NPs at pH=7 (LD-7, Fig. 4(C)) and pH=13 (LD-13, Fig. 4(D)), 

lower amount of DEX molecules could be detected on them, which might be due to lower positive charges and 

repulsive force between LAP nanoplates and DEX molecules, leading to push DEX molecules off.  

3.2. DEX release from LAP/DEX nanoplates  (LD-NPs) 

The main goal of this study was to control DEX release kinetic in various pH conditions from the LAP 

nanoplates, which might be beneficial for bone regeneration (Porubcan, Born et al. 1979, Yu, Li et al. 2013). 

The DEX release behavior of nanohybrids was investigated in PBS at pH 7.4 and 5.4 mimicking the conditions 

presented at normal physiological environment, and the endolysosome internal milieu (pH=5), respectively 

(Gonçalves, Figueira et al. 2014). Cumulative DEX release profiles (Fig. 6) revealed that DEX released in a 

two-step manner during 3 days of incubation. The first step was a burst release followed by a gradual and slow 

release pattern. At the physiological pH condition (pH = 7.4) (Fig. 6(A)), the released DEX from the LD-NPs 

prepared at pH=3, 7 and 13 at the first step of process, was 43.3± 9.4%, 59.4±1.7% and 35.6±5.2%, 

respectively. This burst release profile of DEX from LAP nanoplates was consistent with the results of previous 

studies on smectite clay carriers and could be due to the release of the drug adsorbed onto the edge of clay 

particles (Dawson and Oreffo 2013, Ghadiri, Chrzanowski et al. 2015). Due to the large size of DEX molecules, 

the release of entrapped DEX molecules within the interlayer space of LAP nanoplates was hard. Therefore, the 

burst release could be ascribed due to surface adsorbed DEX molecules instead of entrapped DEX in the LAP 

nanoplates. Similarly, in another study, tetracycline (TC) molecules intercalated into LAP layers were released a 

slow manner due to the formation of a complex between LAP structure and TC molecules (Ghadiri, 

Chrzanowski et al. 2014). Therefore, significantly higher released DEX from LD-7 at this first step might be due 

to relatively lower positive charge of the LD-7. A lower positive charge of the LAP nanodisks may increase the 
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repulsive force between the LAP nanodisks and the negatively charged DEX molecules enabling DEX break 

away from the clay structure more easily. In the second step, the total amount of released DEX prolonged till 

day 3 reaching a plateau. At this step, the maximum cumulative release of DEX was 56.5 ± 3.2% for LD-7 

nanohybrids followed by for LD-3  (46.9 ± 1.9 %) and LD-13 (39.5 ± 6.0 %) samples.  

This result was more noticeable in acidic condition (pH=5) and the cumulative drug release profile of 

nanohybrids revealed strong pH dependent property (Fig. 6(B)). For instance, while only 46.9 ± 1.9 % of DEX 

released at pH=7.4 from LD-3 sample, after 3 days of soaking, much faster release behavior could be detected 

for pH=5.4 and the cumulative DEX release reached up to 76.4±7.7 % for LD-3 sample. This pH sensitive 

release behavior might be due to mechanism of DEX release from the LAP nanodisks and could play an 

important role in the therapeutic treatments, as the initial fast release could rapidly afford a therapeutic dose, and 

the following sustained release could preserve the therapeutic dose for a long-time period (Yan, Chen et al. 

2013). The release of loaded DEX from LAP nanodisks could be occurred when the DEX molecules which 

adsorbed on the surface were substituted with Ca2+ and K+ cations at quasi-physiology medium, and therefore, 

substitution of H+ with these cations (Ca2+ and K+) pushed the DEX molecules out from the LAP nanoplates.  

 

3.3. Cytotoxicity evolution of LAP/DEX nanoplates  (LD-NPs) 

Biocompatibility of LD-NPs was investigated via their cytotoxicity on the MG63 cells via MTT assay 

during 24 and 48 h periods of culture. According to Fig. 7, compared to DEX treated culture medium, LD-NPs 

as well as LAP enriched culture medium significantly (P<0.05) enhanced the survivability of MG63 cells, after 

1 and 2 days of culture. Noticeably, while the relative viability of cells cultured with medium enriched DEX was 

about 59.5±10%(control), it was enhanced to 105 ±45%(control) in the presence of medium enriched LD-3, 

confirming the role of LAP nanodisks to control burst release of DEX. Moreover, the viability of cells cultured 

with LD-7 enriched medium (89.6 ±3 %(control)) was less than LD-3 treated medium which might be due to the 

burst release of DEX from LD-7 samples as completely discussed in drug delivery section. Finally, Our findings 

in cell culture test completely met with the results obtained from the drug delivery in previous section.    

4. Conclusion 

In summary, we presented a facile approach to develop DEX-loaded LAP nanoplates (LD-NPs) with a sustained 

DEX release profile for bone tissue engineering applications. In this regard, DEX was successfully interlaced 

within LAP nanoplates depending on the pH value of solution during the DEX encapsulation process. 

Noticeably, loading efficiency of DEX at pH=3 was 95.10± 0.80% which was significantly higher than those of 
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at natural and basic conditions. Moreover, DEX release from LAP nanoplates was also revealed pH-sensitive 

behavior which made it desirable for controlled release of DEX. Furthermore, DEX release from LD-NPs not 

only did not reveal any cytotoxic effect, but also could increase the viability of MG63 cells compared to LAP-

free samples (DEX enriched medium). Overall, the respectable cytocompatibility of the LD-NPs together with 

sustained DEX release could make them suitable carriers for local delivery of DEX for bone tissue engineering 

application.  
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Figure caption: 

Fig. 1. A) Photographs of LAP suspensions in DI water at various pH values of environment. The color of 

suspension changed from milky at pH=3 to brown color at pH=13. B) UV-vis spectra of pure LAP nanoplates 

and DEX as well as LD-NPs hybrids, and C) Changes of zeta potential of DL-NPs, before and after loading 

DEX. 
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Fig. 2. A) Zeta potential values of LAP nanoplates and LD-NPs at various pH conditions, B) FTIR spectra, and, 

and C) XRD patterns of pure LAP, DEX, LD-NPs. 
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Fig. 3. The schematic illustrating the intercalation of DEX into LAP nanoplates at pH=3 
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Fig. 4. SEM images of A) pure LAP, B) LD-3, C) LD-7, and D) LD-13 at two different magnifications.  
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Fig. 5. A) TEM micrograph of LD-3 nanohybrid as well as, B) its average particle size of LD-3.The red arrows 

indicates the DEX particles uniformly distributed on the surface of nanodisks.  
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Fig. 6. In vitro cumulative release of DEX from LD-NPs at 37 °C under different pH conditions: A) pH=7.4 and 

B) pH=5.4  
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Fig. 7. In vitro MTT viability assay of MG63 cells treated with DEX, LAP nanodisks and LD-NPs for (a) 24 h 

and (b) 48 h. (* and **: significant difference compared to DEX and LD-13 treated samples, 

respectively)(P<0.05).  
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Table 1. 2θ of reflection plans and d-spacing related to pure LAP nanoplates and LAP/DEX extracted from 

XRD analysis prepared at different pHs. 

Reflection plans 

(hkl) 

2θ of reflection plan (degree) d-spacing (A°) 

LAP 

LD-NPs 

LAP 

LD-NPs 

LD-3 LD-7 LD-13 LD-3 LD-7 LD-13 

(001) 6.90 6.05 6.89 6.86 12.81 14.61 12.83 12.89 

(02,11) 19.84 19.77 19.87 19.87 4.47 4.49 4.47 4.47 

(005) 35.10 35.17 35.20 35.11 2.56 2.55 2.54 2.55 

(20,13) 554.10 - 54.15 54.16 1.69 - 1.69 1.69 

(060) 61.82 61.78 61.90 61.82 1.50 1.50 1.50 1.50 

 

 


