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ABSTRACT 
Guided bone regeneration is commonly applied in clinical dental practice for alveolar bone reconstruction. This work 
aims to develop nanostructured membranes with chitosan, hydrotalcite, and sodium alendronate for guided bone 
regeneration. Low, medium, and high molecular weight chitosan membranes were prepared to contain hydrotalcite 
or nanoparticulate hydrotalcite and sodium alendronate added directly in the polymer matrix or interlayered between 
clay lamellae. The membranes were analyzed for nanocomposite formation by X-ray diffraction and differential 
scanning calorimetry analyses, and water absorption and tensile strength were also assessed. In vitro assays using 
Saos-2 cells checked the biocompatibility, cell viability, and osteoinduction potential of the membranes. The chitosan 
and hydrotalcite physical mixture membrane series did not form nanocomposites and collapsed in the water absorption 
test. Membranes with nanoparticulate hydrotalcite with sodium alendronate interspersed formed nanocomposites and 
showed a good profile of water absorption and tensile strength. All nanocomposite membranes were biocompatible and 
demonstrated potential for osteoinduction in vitro. The membranes of the nanoparticulate hydrotalcite series presented 
the best performance in the in vitro assays, especially the membrane formed with low and medium molecular weight 
chitosan, representing a potential new therapy for guided bone regeneration, which should be tested in vivo in the near 
future.

INTRODUCTION
Guided tissue regeneration is a technique described 

in the 1950s when for the first time, a membrane was used as a 
barrier to separate adjacent tissues from an area with active bone 
formation in the spine (Wang et al., 2016). The objective of guided 

tissue regeneration is the regeneration of bone defects by applying 
an occlusive membrane that acts as a barrier to the migration of 
nonosteogenic tissues and, at the same time, as a mechanical support 
for the growth of bone tissue during its healing process (Kawase 
et al., 2010; Sheikh et al., 2016). The guided tissue regeneration 
technique is usually used to regenerate bone tissue around dental 
implants and is referred to as guided bone regeneration (Dahlin 
et al., 1989; Wang et al., 2016). Guided bone regeneration is 
currently one of the most commonly applied methods in clinical 
dental practice for alveolar bone reconstruction and treatment 
of peri-implant deficiencies (Lee and Kim, 2014; Wang et al., 
2016). Despite autogenous bone grafts being considered the 
gold standard for bone reconstruction, the only one that presents 
osteogenesis, osteoinduction, and osteoconduction properties, this 
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technique presents some negative aspects, including the necessity 
for a second surgical procedure for bone harvesting, a longer 
operative time, and concerns about donor site morbidity. The risk 
of complications is increased, such as permanent nerve damage 
and infections (Betz, 2002; Parvini et al., 2018).

In order to ensure adequate guided bone regeneration, 
a resorbable and biocompatible membrane is considered ideal, 
which must present appropriate degradation/resorption times for 
bone tissue regeneration, appropriate mechanical properties, and 
support for tissue growth (Basile et al., 2015; Bhowmick et al., 
2018; Cao et al., 2017; Shahriarpanah et al., 2016; Sheikh et al., 
2016). Resorbable membranes made of collagen and nonresorbable 
membranes made of polytetrafluoroethylene have been the most 
commonly used since the introduction of this technique in dental 
clinical practice (Lee and Kim, 2014; Wang et al., 2016). Despite 
the various clinical studies available in the literature demonstrating 
the usefulness of collagen, polytetrafluoroethylene, and resorbable 
synthetic polymer membranes, they still have limitations related 
to the characteristics that an ideal membrane for guided bone 
regeneration should have (Farraro et al., 2014; Lee and Kim, 
2014; Wang et al., 2016). Over the years, several other resorbable 
synthetic materials have been developed, aiming to the creation 
of a membrane with a good balance between rigidity, elasticity, 
degradation time, biocompatibility, and good clinical handling—
all fundamental requirements for guided bone regeneration success 
(Giannitelli et al., 2015; Sheikh et al., 2016).

In this context, numerous studies exist on the 
development of a membrane with ideal characteristics for guided 
tissue regeneration using the most diverse materials (Lee and 
Kim, 2014). A new alternative would be the use of silicates such 
as hydrotalcites [Mg6Al2(CO3)(OH)16.4H2O], which are double 
lamellar hydroxides containing anionic species in their interlayered 
domain and that present 2:1 layers, enabling their dispersion 
(exfoliation) in a polymeric matrix to form nanocomposites (Coelho 
and Santos, 2007). Bhowmick et al. (2018) reported that several 
studies had demonstrated the positive effect of combining clays 
and polymers to obtain nanostructured materials with appropriate 
properties for guided bone regeneration, highlighting the use of 
chitosan as a polymeric material suitable for this purpose.

Chitosan is a low-cost natural biopolymer that 
presents biocompatibility, bioadhesiveness, biodegradability, 
nonimmunogenicity, and nontoxicity and is capable of forming 
flexible films, in addition to having antimicrobial properties 
(Bhowmick et al., 2018; Kumar-Krishnan et al., 2015). Moreover, 
chitosan is structurally similar to some glycosaminoglycans in 
the bone extracellular matrix, which interact with collagen fibers, 
and this is the probable reason for its excellent cell adhesion and 
osteoconductivity properties, one of the reasons why chitosan 
has been great interest as a material for guided bone regeneration 
(Logithkumar et al., 2016; Shahriarpanah et al., 2016).

The nanocomposite preparation of chitosan with 
silicates in nanometric dimensions, interspersed with preserved 
lamellae or exfoliated by the polymer, can positively affect the 
derived membranes’ mechanical and thermal properties when 
compared to the use of isolated polymer or its physical mixtures 
(Huang et al., 2017). Chitosan combined with hydrotalcites can 
result in four different nanocomposite morphologies, depending 
on the forces of interaction at the interface between the chitosan 
and the hydrotalcite lamellae (Kong et al., 2017; Shokuhfar et al., 
2012; Zare and Rhee, 2017). The association of a bone resorption 

inhibiting drug is extremely advantageous in terms of guided bone 
regeneration, and sodium alendronate would be one of the drugs of 
interest in this context (Boanini et al., 2008; Killeen et al., 2012; 
Pradeep et al., 2013; Ren et al., 2017; Wang et al., 2010; Yun and 
Kwon, 2006). The potent inhibitory action of sodium alendronate 
on osteoclast-mediated bone resorption would possibly have 
an important effect on bone tissue regeneration, especially if it 
occurred for a prolonged period directly at the defect site. There 
are no reports in the literature about using sodium alendronate 
associated with hydrotalcite as a material present in membranes 
for guided bone regeneration, which could be a promising strategy.

Therefore, the objective of the present work was 
the development of nanostructured membranes of chitosan 
and hydrotalcite containing sodium alendronate, aiming for 
osteoinduction in guided bone regeneration therapy.

MATERIALS AND METHODS

Preparation and characterization of nanoparticulate 
hydrotalcite 

The nanomilling process of hydrotalcite ([Mg6Al2(CO3)
(OH)16.4H2O] obtained from Sigma-Aldrich®, Merck, Brazil) was 
carried out in a Netzsch Labtec LB 227/03 ball mill equipped with a 
165 ml stainless steel cup and a 30 mm diameter stainless steel unit 
ball, fixed to a mechanical arm with vertical upward and downward 
movement with constant speed. The nanomilling was carried out 
in a dry condition, with the addition of 3 g aliquots of hydrotalcite 
at a time and a 120-minute nanomilling cycle. The hydrotalcite 
particles obtained after the nanomilling process were characterized 
by dynamic light scattering. The average hydrodynamic diameter 
and polydispersity index (PDI) of hydrotalcite as supplied and after 
the nanomilling process were determined using a Malvern Zetasizer 
Nano S90 particle size analyzer (Malvern Instruments, United 
Kingdom), at 25°C, with a 90° detection angle and He-Ne laser (4 
mW) operating at 633 nm. The samples (n = 3) were previously 
prepared by dispersing 0.1% (w/v) of nanoparticulate hydrotalcite 
in distilled water, containing 0.2% of polysorbate 80, followed by 
15 minutes of magnetic stirring at 400 rpm and ultrasonication in a 
Hielscher UP 100H sonicator, operating at 100% amplitude.

Next, the nanoparticulate hydrotalcites were character-
ized by X-ray diffraction to confirm that their crystalline domain 
was not destroyed by the nanomilling process. X-ray diffrac-
tometer Shimadzu LABX XRD-6,100 (Kyoto, Japan) was used,  
operating with a power of 40 kV and current of 30 mA, using 
CuKα radiation as a source of X-ray and a wavelength of 1.542 Å. 
The diffractometer was adjusted in a parallel beam geometry sys-
tem, with a divergence slit of 1°, spreading slit of 1°, and reception 
slit of 0.3 mm. The data were collected in the range of 2θ between 
2° and 85°, with a sampling step of 0.02°, in continuous mode and 
scanning speed of 2°/minute, at room temperature and atmospher-
ic pressure. Special attention was given to the range of 2θ between 
6° and 30°, corresponding to the hydrotalcite basal reflection, aim-
ing to observe any crystalline structure modification, such as the 
lamellae exfoliation caused by the nanomilling process.

Intercalation of sodium alendronate into nanoparticulate 
hydrotalcite

Nanoparticulate hydrotalcite (0.5 g) was dispersed in  
39 ml of distilled water: ethanol 96% (1:1) solution and kept 
under magnetic stirring (200 rpm) for 30 minutes. In parallel, 1 g 
of sodium alendronate was solubilized in 37 ml of distilled water 
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and kept under magnetic stirring (200 rpm) for 30 minutes. The 
sodium alendronate solution was then added to the nanoparticulate 
hydrotalcite dispersion and the system remained under magnetic 
stirring (200 rpm) and heating in an oil bath at 60°Cfor 72 hours, 
after which the mixture was stored under refrigeration at 8°C for 
24 hours (Ambrogi et al., 2002; Heraldy et al., 2016). 

After 24 hours, the mixture was centrifuged at 19,000 rpm 
for 30 minutes under refrigeration, after which the supernatant 
was drained and stored. The precipitate was then resuspended in 
distilled water and again centrifuged at 19,000 rpm for 60 minutes, 
after which the supernatant was drained and stored together with 
the initial supernatant. The cycle of resuspending the precipitate 
and centrifuging and draining the supernatant was repeated two 
more times (a total of up to four washing cycles). At the end of the 
last cycle, both the precipitate and the supernatant recovered were 
freeze-dried and stored.

The freeze-dried precipitate containing nanoparticulate 
hydrotalcite interspersed with sodium alendronate was subjected 
to analysis by X-ray diffraction to calculate the interlamellar 
distance of hydrotalcite using the Bragg equation and was 
also analyzed using infrared spectroscopy equipment with the 
Fourier transform Shimadzu IR Prestige-21 (Kyoto, Japan). The 
freeze-dried supernatant was quantified by gravimetric analysis 
to determine the sodium alendronate percentage recovered. 
Gravimetric analysis was performed in triplicate.

Obtention of chitosan-based membranes
The membranes were prepared with low (20–300 cP), 

medium (200–800 cP), or high (800–2,000 cP) molecular weight 
chitosan (75%–85% deacetylated) (obtained from Sigma-
Aldrich®, Merck, Brazil). The chitosan was combined in the 
proportion 2:1 (polymer: hydrotalcite) with the following: (1) 
hydrotalcite as supplied and sodium alendronate added in the 
polymer matrix (5% w/w in relation to the polymer mass); (2) 
nanoparticulate hydrotalcite and sodium alendronate added in the 
polymer matrix (5% w/w in relation to the polymer mass); (3) 
nanoparticulate hydrotalcite and sodium alendronate interspersed 
within hydrotalcite nanoclay lamellae (5% w/w in relation to the 
polymer mass). All membranes were prepared with 20% (w/w) of 
glycerin (acquired from Vetec Quimica®, Rio de Janeiro, Brazil) 
and 10% (w/w) of triacetin (acquired from Multichemie®, São 

Paulo, Brazil), with all percentages calculated in relation to the 
polymer mass (Table 1).

The membranes were prepared according to the casting 
technique followed by solvent evaporation, as described by 
Villaça et al. (2017). Hydrotalcite was dispersed in a 1% acetic 
acid solution containing 5% (w/w) propylene glycol and 0.5% 
(w/w) polysorbate 80, both relative to the hydrotalcite products 
mass, followed by 30 minutes of magnetic stirring at 400 rpm and 
ultrasonication in a Hielscher UP 100H sonicator, operating at 
100% amplitude. Glycerin and triacetin were added to the resultant 
hydrotalcite dispersion. Chitosan was dissolved in a 1% acetic acid 
solution under mechanical stirring, followed by the dissolution of 
sodium alendronate in the chitosan solution, also under mechanical 
stirring. The hydrotalcite dispersion containing glycerin and 
triacetin was then added to the chitosan and sodium alendronate 
solution and kept under mechanical stirring (500 rpm), at room 
temperature, for 3 hours. The resulting mixture was subjected to 
degassing in an ultrasound bath for 1 hour, poured into glass Petri 
dishes (r = 6 cm), and stored in an oven at 50°C for 24 hours for 
solvent evaporation and membrane formation. After drying, the 
Petri dishes were left for 24 hours at room temperature; then, the 
membranes were manually removed from the Petri dishes. 

Physical mixtures were also prepared for comparison. 
The preparation of the physical mixtures strictly followed the same 
procedure adopted for the membranes, except that the mixture 
of hydrotalcite dispersion containing glycerin and triacetin and 
the solution of chitosan and sodium alendronate remained under 
mechanical stirring for different times, with the mixture requiring 
only 10 minutes just to homogenize it.

Characterization of chitosan-based membranes 
All membranes were submitted to X-ray diffraction 

analysis following the methodology previously described. 
The membranes obtained were also submitted to differential 
exploratory calorimetry analysis in Shimadzu DSC-60 equipment 
(Kyoto, Japan), operated under nitrogen flow of 50 ml/minute in 
the temperature range of 30°C–350°C and heating rate of 10°C/
minute using hermetically sealed aluminum cells.

Membranes were subjected to a dynamic water 
absorption test to evaluate their swelling properties and estimate 
the effect of water on their integrity. The dynamic water absorption 

Table 1. Chitosan-based membranes composition prepared according to the casting technique followed by solvent evaporation.

Membrane code
Membrane component

CS-L CS-M CS-H HTC HTC-N HTC-N-SA SA Glicerin Triacetin

CS-L:HTC 2.0 g - - 1.0 g - - 0.1 g 0.4 g 0.2 g

CS-M:HTC - 2.0 g - 1.0 g - - 0.1 g 0.4 g 0.2 g

CS-H:HTC - - 2.0 g 1.0 g - - 0.1 g 0.4 g 0.2 g

CS-L:HTC-N 2.0 g - - - 1.0 g - 0.1 g 0.4 g 0.2 g

CS-M:HTC-N - 2.0 g - - 1.0 g - 0.1 g 0.4 g 0.2 g

CS-H:HTC-N - - 2.0 g - 1.0 g - 0.1 g 0.4 g 0.2 g

CS-L:HTC-N-SA 2.0 g - - - - 1.0 g - 0.4 g 0.2 g

CS-M:HTC-N-SA - 2.0 g - - - 1.0 g - 0.4 g 0.2 g

CS-H:HTC-N-SA - - 2.0 g - - 1.0 g - 0.4 g 0.2 g

CS-L: low molecular weight chitosan; CS-M: medium molecular weight chitosan; CS-H: high molecular weight chitosan; HTC: hydrotalcite; 
HTC-N: nanoparticulate hydrotalcite; HTC-N-SA: nanoparticulate hydrotalcite interspersed with sodium alendronate; SA: sodium alendronate.
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or dynamic swelling index was determined by immersing the 
membranes in phosphate buffer at a pH of 7.4. All tests were 
performed in triplicate with weighing after 3 hours of immersion 
and for immersion times of 24, 48, and 72 hours (adapted from 
Kuo et al., 2009). Membranes that collapsed, tore, or disintegrated 
during the test did not have their percentage water absorption 
index calculated. The water absorption index of the membranes 
was determined from the following equation:

A (%) = [(W2–W1)/W2 × 100],

where A (%) is the index of water absorption; W1 is 
the initial weight of the dry membrane; W2 is the wet membrane 
weight after immersion in phosphate buffer.

The mechanical properties of the membranes were 
assessed by a tensile strength test using a rectangular specimen, 
according to the standardized method for mechanical-dynamic 
tests defined by ASTM D882-02 (ASTM International, 2002), in 
universal equipment for mechanical tensile tests, microprocessed 
electromechanical compression and flexion Emic DL 2000 (Emic, 
Brazil).

The tensile strength was measured at room temperature for 
dry membrane fragments cut to an approximate size of 1 × 13 mm, 
fixed in parallel claws, and subjected to tension under a 50 N load 
cell, at a constant displacement speed of 1.0 mm/minute, until 
the complete rupture of the membrane. Eighteen replicates were 
performed for each membrane (Adapted from Ojagh et al., 2010). 
The tensile strength was determined using the following equation:

TS = F/A,

where TS (MPa) is the tensile strength; F (N) is the force 
required for the rupture of the membrane, and A (mm2) is the area 
of the membrane at the point of rupture (Ojagh et al., 2010).

In vitro assessment of cell viability and osteoinduction 
potential of membranes

The cytotoxicity was evaluated on human osteoblasts 
(Saos-2 from the Cell Bank of Rio de Janeiro, code 0217). Cells 
were cultured in Dulbecco’s Modified Eagle’s Medium-high 
glucose with L-glutamine (DMEM, Sigma-Aldrich D6429) 
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin solution (Sigma-Aldrich P4333) at 37°C and 5% 
carbon dioxide (CO2). 

The culture medium was changed every 3 days, and cells 
were subcultivated at the confluence (Pautke et al., 2004). The 
cytocompatibility test was adapted from Mao et al. (2003) and Park 
et al. (2002). Briefly, individual membranes (5 × 5 mm in size) were 
placed in the center of the wells in a 96-well culture plate. Next, 
cells were added at a density of 40,000 cells/cm2 and then incubated 
for 24 hours. Cells were observed and photographed in an optical 
microscope coupled to a digital camera (10×; Coleman N107), and 
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) viability assay was performed according to the method 
of Mosmann (1983) with minor modifications. MTT solution 
(125 μl–0.5 mg/ml) was added and incubated for 3 hours. Next, 
dimethyl sulfoxide (DMSO) was added, and cell viability was 
measured by absorbance at 500 nm using a microplate reader (TP-
Reader, Thermoplate, Brazil). All readings were discounted of 
pure DMSO absorbance (approximately 0.25–0.30). Experiments 
were conducted in triplicate, and all data were expressed as means 

± standard deviation. The cell growth (%) of the test group was 
calculated based on absorbance (Abs) in relation to the control 
group using the following equation:

Cell growth (%) = [Abs] Test group 24 hours / [Abs] 
� Control group 24 hours * 100.

Profilometry assessment
The surface morphology of the membranes was assessed 

by profilometry analysis using a noncontact optical profilometer, 
Nanovea 3D PS50 (California, USA), equipped with a chromatic 
confocal sensor, where the topographic roughness parameters were 
determined by measuring the linear surface roughness and the 
three-dimensional roughness. Membrane fragments (5 × 5 mm) 
were assessed in a scanning area and step of 1 × 1 mm for linear 
surface roughness and 3 μm for three-dimensional roughness, 
measuring three height profiles for both faces of each membrane, 
with all experiments performed in triplicate.

In vitro release assay
The in vitro release profile was accessed through a 

dialysis bag method (Valle et al., 2019). Briefly, the membrane was 
added to a dialysis bag (cellulose acetate; 1.3 kDa cutoff; Sigma-
Aldrich, St. Louis, MO) and inserted into a Becker containing 
100 ml of purified water (n = 3). The system was incubated at 
37°C under constant stirring. Samples (2 ml) were withdrawn 
at predetermined time intervals (2, 4, 16, 20, and 24 hours) and 
quantified. 

Sodium alendronate quantification was performed on a 
Shimadzu high performance liquid chromatography equipped with 
Pump LC 20AT, Autosampler SIL 20A, Column Oven CTO10A, 
and Knauer RI Detector 2300, Smartline. The chromatographic 
column was a Waters IC-PAK Anion HC (4.6 × 150 mm,  
10 µm). The chromatographic conditions followed the methodology 
described by Krishna et al. (2015). The linearity of the method was 
established in the range of 75–950 µg/ml, and the selectivity was 
evaluated against the standard (alendronate sodium in mobile phase), 
blank (membrane without sodium alendronate in mobile phase), 
and contaminated blank (membrane without sodium alendronate in 
mobile phase contaminated with sodium alendronate).

Statistical analysis
All results were calculated and statistically assessed 

using SigmaPlot® software, version 12.5, Systat Software. One-
way analysis of variance was used to comparatively assess results, 
and a p-value less than 0.05 was considered statistically significant. 
Saos-2 cell proliferation results were statistically evaluated using 
the Holm–Sidak method, which was used for all pairwise multiple 
comparison procedures, and the overall significance level was 
0.05.

RESULTS AND DISCUSSION

Preparation and characterization of nanoparticulate 
hydrotalcite and nanoparticulate hydrotalcite interspersed 
with sodium alendronate

The samples of nanoparticulate hydrotalcite after 
nanomilling presented a reduction in the hydrodynamic diameter 
from 700.6 ± 15.8 nm to 578.6 ± 78.2 nm. Despite the slight 
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reduction in diameter, there was also a reduction in the PDI value 
from 0.233 to 0.200, indicating greater homogeneity in the size 
distribution after nanomilling. Figure 1 shows the diffractograms 
of hydrotalcite and nanoparticulate hydrotalcite, which are in 
accordance with standards described in mineralogy manuals 
(Allman and Jepsen, 1969). The maintenance of the 2θ reflection 
angles on nanoparticulate hydrotalcite reveals that the nanomilling 
preserved the hydrotalcites structure for subsequent interlayering 
processes. The 2θ angles’ values of hydrotalcite, as well as the 
corresponding interlayer distance for each angle, as described 
in the literature and experimentally determined, are presented in 
Table 2. The milling process of this silicate using a dry ball mill 
has not been described in the literature so far, and it is possible to 
use the obtained material as a nanocharge in different processes 
related to the preparation of nanocomposites.

The nanoparticulate hydrotalcite or nanoparticulate 
hydrotalcite interspersed with sodium alendronate was directly 
used to prepare membranes by interlayering with chitosan. In 
X-ray diffraction analysis, nanoparticulate hydrotalcite presents 
two reflection angles characteristic of hydrotalcite, 11.42° and 
23.14°, corresponding to interlayer spacings of 7.75 and 3.84 Å, 
while for nanoparticulate hydrotalcite interspersed with sodium 
alendronate samples, the characteristic reflection angles disappear 
and a new reflection angle appears in the 7° region, corresponding 
to an interlayer spacing of 12 Å (Table 2). The increase in the 
interlayer spacing of hydrotalcite is suggestive of the previous 
alendronate anion interlayering between its lamellae in place 
of the carbonate anion released as CO2. Several studies with 
different drugs interspersed in hydrotalcite reveal an increase 
in interlamellar distance after interlayering, thus corroborating 

the hypothesis that the interlayering of sodium alendronate in 
hydrotalcite was successful in the present work (Allou et al., 2017; 
Berber et al., 2010; Costantino et al., 2008, 2012; Milani et al., 
2013; Silion et al., 2010).

Sodium alendronate is soluble in water, while 
hydrotalcite is insoluble in water. When the alendronate anion 
is interlayered between the lamellae of hydrotalcite, displacing 
the carbonate anion (released as CO2), the dry residue resulting 
from the supernatant (from four washing cycles) refers to the 
noninterlayered sodium alendronate, and then the amount of 
interlayered sodium alendronate can be determined by gravimetric 
analysis. The percentage of sodium alendronate interspersed in 
hydrotalcite was 86.41% ± 0.22%, calculated indirectly by assessing 
the dry residue mass resulting from the supernatant freeze-drying 
from the interlayering reaction. The dry residue obtained from 
freeze-dried precipitate was analyzed by infrared spectroscopy 
with Fourier transform (Fig. 2). The highlighted vibrational bands 
seem to confirm the identity of sodium alendronate in the material 
resulting from the interlayering reaction. The principal peaks at 
961, 995, and 1,066 cm−1 characterized the stretching of P‒O, 
P‒C, and p = O groups, respectively, and the peak at 1,559 cm−1 

can be assigned to stretching vibrational of the C‒N bond (Oz 
et al., 2019; Silverstein et al., 2014).

Obtention and characterization of the chitosan-based 
membranes 

Low, medium, and high molecular weight chitosans 
were used in the preparation of the membranes with hydrotalcite 
(material as supplied, nanomilled, and interspersed with sodium 
alendronate) to assess possible differences in performance 
depending on the molar mass of the polymer and with the purpose 
of the combination of those biomaterials to obtain organic 
composites that simulate the bone structure for guided bone 
regeneration. 

All membranes showed good flexibility and manipulation, 
besides the absence of a shape memory effect. Initial tests using 
Labrasol® (PEG-8 glycol caprylate obtained from Gattefossé, 
Saint-Priest, France) as a plasticizer were performed, but unlike the 
good results for chitosan and sodium montmorillonite membranes 
reported by Villaça et al. (2017), the membranes obtained in this 
work using Labrasol® were very friable and not very flexible, 
which led to the adoption of triacetin (obtained from Multichemie, 
Cotia, São Paulo) as a plasticizer. The incorporation of triacetin, 
such as a plasticizer, into the membrane, improved these inherent 
limitations imparting flexibility and toughness and decreasing the 
glass transition temperature as observed following.

In the analysis of membranes by X-ray diffraction (Fig. 3), 
there is a clear change in the diffractogram profile in relation to 
nanoparticulate hydrotalcite with dispersed sodium alendronate 
(Fig. 3b) and nanoparticulate hydrotalcite interspersed with sodium 
alendronate (Fig. 3c). In the diffractograms of the membranes 
prepared with nanoparticulate hydrotalcite, an absence of the  
2θ reflection angles characteristic of hydrotalcite is observed, with 
the disappearance of the 2θ reflection angle around the 7° region, 
characterizing the formation of exfoliated nanocomposites. When 
hydrotalcite, as supplied, was used (Fig. 3a), the diffraction profile 
remained practically unchanged, with indications of interlayering 
only with low molecular weight chitosan.

Figure 1. X-ray diffractograms of the (a) hydrotalcite as supplied and (b) 
nanoparticulate hydrotalcite.
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All membranes were analyzed by differential exploratory 
calorimetry (Fig. 4). Thermal events such as glass transition are 
important in the physical characterization of polymers such as 
chitosan, where the material changes from a glassy to an elastic 
state (Dong et al., 2004), while the melting temperature is 
important in the characterization of crystalline materials such as 
sodium alendronate. All thermograms show an endothermic event 
in the range of 69°C to 93°C. According to Dong et al. (2004), 
the glass transition of dry chitosan is between 118°C and 150°C; 
however, as per Dhawade and Jagtap (2012), the glass transition of 
hydrated chitosan is reduced to the range of 61°C to 85°C because 
water acts as a plasticizer. The presence of other plasticizing 
liquids also causes a reduction in chitosan glass transition; thus, 
this endothermic event observed in the range of 69°C to 93°C can 
be attributed to the polymer glass transition.

Sodium alendronate melting can be observed as an 
endothermic event that occurs in the range of 233°C to 235°C, and 
the displacement of that event to higher temperatures, as observed 
in the nanoparticulate hydrotalcite with dispersed sodium 
alendronate series membranes (258.58°C–259.47°C), suggests 
the introduction of sodium alendronate in the nanocomposite. 
According to Krzaczkowska et al. (2010), displacements or 
disappearances of thermal events characteristic of pure substances 

indicate strong interactions between the substance and the 
polymer, resulting in the formation of a nanocomposite. Therefore, 
the same behavior is expected for the nanoparticulate hydrotalcite 
interspersed with sodium alendronate membranes since the sodium 
alendronate is interlayered, that is, in strong interaction with the 
interlayer domain of the nanoparticulate hydrotalcite.

When placed in a liquid medium, the hydration capacity 
of a membrane by swelling and retention of a given water volume 
absorbed in its three-dimensional network is fundamental for its 
clinical applicability (Kuo et al., 2009; Sager et al., 2012) since 
they should absorb fluid from the body for cell transference, plus 
they should allow adequate distribution of nutrients, metabolites, 
and growth factors, through extracellular media (Rodríguez-
Vázquez et al., 2015). Moreover, the swelling of the polymer favors 
its bioadhesiveness, increasing the contact area of the membrane 
with the treated tissue (Fonseca-Santos et al., 2017). On the 

Table 2. The 2θ angles values and the corresponding interlayer distance for each angle for the hydrotalcite 
standard according to literature, hydrotalcite as supplied, nanoparticulate hydrotalcite, and nanoparticulate 

hydrotalcite interspersed with sodium alendronate.

Sample 2θ (°) Interlayer distance (Å)

Hydrotalcite standarda 11.64/23.40 7.60/3.80

Hydrotalcite as supplied 11.60/23.32 7.62/3.81

Nanoparticulate hydrotalcite 11.42/23.14 7.75/3.84

Nanoparticulate hydrotalcite interspersed with sodium alendronate 7.11 ± 0.06b 12.43 ± 0.11b

a Allman and Jepsen (1969).
b Mean ± standard deviation. 

Figure 2. Fourier transform infrared spectroscopy spectrum of the nanoparticulate 
hydrotalcite interspersed with sodium alendronate.

Figure 3. X-ray diffractograms of the chitosan-based membranes (low, medium, 
or high molecular weight chitosan) structured with (a) hydrotalcite as supplied 
with dispersed sodium alendronate; (b) nanoparticulate hydrotalcite with 
dispersed sodium alendronate; and (c) nanoparticulate hydrotalcite interspersed 
with sodium alendronate.
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other hand, factors such as excessive water absorption affecting 
its integrity, or even the presence of inorganic material, making 
the membrane hydrophobic, can affect its clinical applicability 

(Ojagh et al., 2010). All membranes prepared with hydrotalcite 
as supplied collapsed within the first 80 minutes of the test. The 
high chitosan hydrophilicity, added to the weak interactions at the 
interface between the chitosan and the hydrotalcite as supplied 
particles, due to the absence of nanocomposite formation, possibly 
contributed to its rapid collapse. The results of dynamic water 
absorption for the nanoparticulate hydrotalcite with dispersed 
sodium alendronate and nanoparticulate hydrotalcite interspersed 
with sodium alendronate membranes are shown in Table 3.

The chitosan membranes prepared with nanoparticulate 
hydrotalcite with dispersed sodium alendronate withstood the 
72 hours of testing, maintaining their integrity by absorbing less 
water (around 30%) than the chitosan and calcium phosphate 
membranes prepared by Kuo et al. (2009), while the membranes 
of chitosan with nanoparticulate hydrotalcite interspersed 
with sodium alendronate showed greater water absorption 
(about 55%), also resisting the 72 hours of testing. The good 
water absorption rates observed for membranes prepared with 
nanoparticulate hydrotalcite are probably due to the formation 
of a nanocomposite, whose interaction at the interface between 
chitosan and nanoparticulate hydrotalcite produced an increase in 
the resistance of the material, sufficient to keep the membranes 
intact until the end of the test.

In guided bone regeneration, membranes must have 
adequate mechanical properties to support the growth of bone 
tissue and be able to support similar forces as the natural bone 
(Bhowmick et al., 2018; Vyas et al., 2017). Therefore, it is 
important to evaluate their mechanical properties. The tensile 
strength of the trabecular bone can reach values of up to 50 MPa, 
and its density and mechanical strength parameters have been 
widely explored as a model for developing new materials for 
guided bone regeneration (Furst et al., 2016).

The tensile strength test was performed with all 
membranes that did not collapse in the dynamic water absorption 
test, and the results are shown in Table 3. The experimental 
values obtained for the nanoparticulate hydrotalcite membranes 
were between 25.38% (37.31 ± 3.13 MPa) and 70.7% (14.65 ±  
4.79 MPa), both below the tensile strength that the trabecular 
bone can reach (50 MPa). Despite this, the tensile strength values 
for developed membranes were equivalent to or greater than 
those reported for other biomaterials, such as sintered porous 
hydroxyapatite implants (17.4 ± 0.3 MPa) (Dong et al., 2001) and 
chitosan microsphere (14.78 ± 0.67 MPa) (Meng et al., 2015). 
In comparison, the membranes developed in this study showed 
significantly higher tensile strength than pure chitosan membranes 
(9.5 ± 1.5 MPa) and also than the commercial collagen membrane 
Bio-Guide® used in clinical practice for guided bone regeneration, 
whose tensile strength values are quite low (1.38 ± 0.9 MPa) (Villaça 
et al., 2017). In the sodium alendronate dispersed membranes, high 
molecular weight chitosan gave the largest strength, but the same 
correlation cannot be observed for the membranes interspersed 
with sodium alendronate. Although the same mass of solids was 
used in all prepared membranes, a difference in thickness among 
the evaluated membranes was observed. Zare and Garmabi (2015) 
mentioned that the thickness of the membrane is an important 
factor capable of altering its tensile strength. The average thickness 
of the membranes developed in this study was 120.0 ± 70.0 µm, 
thus assuming the impact on tensile strength and possibly further 
improving the tensile strength value of the developed membranes 
by increasing their thickness.

Figure 4. Differential scanning calorimetry thermograms obtained for chitosan-
based membranes (low, medium, or high molecular weight chitosan) structured 
with (a) hydrotalcite as supplied; (a) nanoparticulate hydrotalcite with dispersed 
sodium alendronate; and (c) nanoparticulate hydrotalcite interspersed with 
sodium alendronate.
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In vitro assessment of Saos-2 cells line viability and 
osteoinduction potential of membranes

Biocompatibility is a primordial characteristic that 
a membrane suitable for guided bone regeneration needs to 
present, and for that, it must be assessed against human bone 
cells (Bhowmick et al., 2018). The osteoblastic properties of 
Saos-2 human osteosarcoma cells were characterized by Rodan 
et al. (1987), confirming that such cells have a mature osteoblast 
phenotype, with high levels of phosphatase alkaline and cell spindle 
morphology, which are considered markers for osteoblastic cell 
differentiation (Ayobian-Markazi et al., 2015; Rodan et al., 1987).

All developed nanocomposite membranes, as well as 
their physical mixtures and pure chitosan membranes with low, 
medium, and high molecular weight, were analyzed using a cell 
culture medium (DMEM) as a negative control. Images obtained 
by optical microscopy demonstrating the effect of samples on cell 
growth at 24 hours are shown in Figure 5. After 24 hours, a high 
density of adhered spindle-shaped cells was observed, denoting 
possible cell differentiation with only small empty spaces between 
cells. It was impossible to establish a direct correlation between 
the images and osteoinduction potential; thus, it was necessary 
to quantitatively assess cell proliferation by the MTT test, whose 
results are presented in Figure 6.

It is noteworthy that all groups of samples had a 
higher proliferation rate (p < 0.001) of Saos-2 cells than that 
in the negative control group, the most prominent being the 
nanoparticulate hydrotalcite with dispersed sodium alendronate 
membranes (membranes 2–4 in Fig. 6). Membrane 3 showed 
higher cell proliferation (p < 0.005) than all the other groups, 
except for membrane 2, which showed no statistically significant 
difference compared to membrane 3. Membranes prepared 
from the physical mixture (membranes 8–10) exhibited inferior 
behavior to nanoparticulate hydrotalcite with dispersed sodium 
alendronate membrane series, mainly 2 and 3 membranes  
(p < 0.005). However, the main difference between these membrane 
series (2–4 vs. 8–10) is the stirring time during processing. So, 
it seems that the stirring time is the limiting factor for attaining 
the state of homogeneity of the components, interlayering of the 

nanocomposite, and structuring of the membrane provided by the 
additional process energy.

The membranes of the nanoparticulate hydrotalcite 
interspersed with sodium alendronate series (5–7) showed cell 
growth rates for 24 hours lower than those of the nanoparticulate 
hydrotalcite with dispersed sodium alendronate series (2–4). A 
possible explanation for its lower performance in relation to the 
nanoparticulate hydrotalcite with dispersed sodium alendronate 
membranes is that the sodium alendronate is interspersed in 
nanoparticle hydrotalcite of these membranes, and it is not 
fully available as it was for membranes with dispersed sodium 
alendronate. This would not necessarily anticipate a negative in 
vivo performance, where enzymatic degradation pathways could 
release the drug on its target and clinical use would last months. 
Thus, nanoparticulate hydrotalcite interspersed with sodium 

Table 3. Tensile strength test results and dynamic water absorption for membranes.

Membrane code Description Tensile strength (MPa) Water absorption (%)

CS-L:HTC-N

Sodium alendronate dispersed

14.65 ± 4.79a* 31.11 ± 4.73*

CS-M:HTC-N 18.85 ± 1.82a* 34.39 ± 1.93**

CS-H:HTC-N 31.70 ± 5.91a*** 34.02 ± 1.28

CS-L:HTC-N-SA

Interspersed with sodium alendronate

37.31 ± 3.13a**** 58.25 ± 0.98*

CS-M:HTC-N-SA 18.95 ± 3.09a* 54.60 ± 10.61

CS-H:HTC-N-SA 21.61 ± 2.15a* 66.77 ± 0.42

Chitosan membrane
Other

9.50 ± 1.50b -

Bio-Guide® 1.38 ± 0.90b -

* p > 0.05.
** p < 0.005.
*** p < 0.001.
**** p < 0.0001.
a Mean values obtained in multiple and independent tests with n = 18.
b Mean values obtained by Villaça et al. (2017) in multiple and independent tests with n = 7, performed under the same experimental 
conditions and equipment. 
Mean ± standard deviation.

Figure 5. Images obtained by optical microscopy Saos-2 cells at the border of 
membranes. Samples: (1) Medium control; chitosan-based membranes series 
structured with nanoparticulate hydrotalcite with dispersed sodium alendronate 
containing low (2), medium (3), or high (4) molecular weight chitosan; 
chitosan-based membranes series structured with nanoparticulate hydrotalcite 
interspersed with sodium alendronate containing low (5), medium (6), or high 
(7) molecular weight chitosan; the physical mixture of the nanoparticulate 
hydrotalcite interspersed with sodium alendronate with low (8), medium (9), 
or high (10) molecular weight chitosan. Optical microscopy image at 200 µm 
scale bar.
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alendronate membranes could act as a sodium alendronate-
controlled release system in vivo, but further experiments would 
be necessary to confirm this hypothesis. However, the lowest cell 
growth rates for this membrane series (2–4) may not be related to 
the membrane itself but to time (hours to a few days) limitations 
of the assay for the drug release compared to the time of clinical 
use of the membrane in guided bone regeneration therapy (around 
4–6 months). 

The biomaterial structure produced is an important 
parameter for cell adhesion, material degradation, and replacement 
by functional tissue. The chitosan used for the production of the 
membranes in this study differs in molecular weight but exhibits 
the same deacetylation degree (75%–85%). Abarrategi et al. (2010) 
reported a considerable influence of molecular weight, ranging 
from laminated scaffolds for high molecular weight to fibrillar 
with much more open structures for low molecular weight. Results 
suggest that low molecular weight forms a nanocomposite with 
a more favorable structure for cell interaction and colonization 
(Abarrategi et al., 2010), besides acting as a promoter of the 
activation of genes that are responsible for the expression of 
proteins that directly affect osteoblastic cell proliferation (Ohara 
et al., 2004).

Both formations of new nanocomposite with intrinsic 
properties offered by chitosan and hydrotalcite and the 
presence of sodium alendronate must be observed to obtain a 
positive result for membranes. Thus, the trials revealed that the 
combination of chitosan, hydrotalcite, and sodium alendronate 
showed biocompatibility and a positive bias for cell adhesion, 
proliferation, and possible differentiation in vitro and the absence 
of toxicity to Saos-2 cells. Considering the limitations of the assay, 

results suggest that the best membranes were those obtained with 
sodium alendronate dispersed in nanoparticulate hydrotalcite, 
notably for low and medium chitosan molecular weights (2 and 
3, respectively).

Profilometry assessment
The membrane surface roughness is an important 

parameter to facilitate cell adhesion, proliferation, and 
differentiation in the bone regeneration process. Thus, only 
the membrane and its physical mixture, which showed the best 
performance in the in vitro assessment of cell viability and 
osteoinduction potential, had their linear roughness assessed by 
profilometry. The linear roughness parameter (µm) represented 
average surface roughness and was determined on both sides of 
the chitosan-based hydrotalcite nanostructured membrane (CS-
L:HTC-N) with dispersed sodium alendronate. The results showed 
that the membrane had linear roughness of 4.49 ± 0.08 µm (smooth 
side) and 4.35 ± 0.03 µm (rough side) and was significantly higher 
than a pure chitosan membrane (0.40 ± 0.10 µm) described by 
Villaça et al. (2017). The profilometry assessment was performed 
under the same experimental conditions and equipment.

The linear roughness shown by CS-L:HTC-N with 
dispersed sodium alendronate indicates that it can be used as 
structural support in bone regeneration since it can promote proper 
cell proliferation in the action site and also have enough surface 
area for live cells to accommodate adequately.

In vitro release assay
The scientific literature describes several methodologies 

for the quantification of sodium alendronate, usually involving 
derivatization with reagents such as o-phthalaldehyde (Al Deeb 
et al., 2004) and ninhydrin reagent in the presence of pyridine 
(Alarfaj et al., 2011) for fluorescence or ultraviolet detection. In 
addition, ion exchange chromatography with a refractive index 
detector was reported (Krishna et al., 2015). The three techniques 
above were tested, but the selectivity was only observed with 
the refractive index detector, and therefore, this technique was 
chosen for the quantification of sodium alendronate. The method 
was linear in the range of 75–950 µg/ml (y = 28.943 × – 825.9,  
R² = 0.998).

As expected, in vitro release of alendronate dispersed in 
the CS-L:HTC-N was not observed. However, it is expected that 
alendronate will be released from the membrane by enzymatic 
action in vivo at the site of action in the space between the gum 
and tooth created as a result of periodontal surgical procedures. 
The degradation behavior of chitosan plays a crucial role in the 
long-term performance of a chitosan membrane. Many reports on 
the degradation of chitosan by chitotriosidase, for example, show 
that the degree of N-deacetylation of chitosan is one of the key 
factors controlling the degradation behavior of chitosan (Zainol 
et al., 2009; Eide et al., 2012). Also, there is the time (hours) 
limitation of the assay for sodium alendronate release compared to 
the estimated time of clinical use of the membrane in guided bone 
regeneration therapy, which is 4 to 6 months.

CONCLUSION
It was possible to obtain nanoparticulate hydrotalcite by 

a dry nanomilling process not yet described in the literature by 
obtaining particles on the nanometer scale and with a reflection 

Figure 6. Saos-2 cell viability results after exposure to membranes. Samples: 
(1) medium control; chitosan-based membranes series structured with 
nanoparticulate hydrotalcite with dispersed sodium alendronate containing 
low (2), medium (3), or high (4) molecular weight chitosan; chitosan-based 
membranes series structured with nanoparticulate hydrotalcite interspersed with 
sodium alendronate containing low (5), medium (6), or high (7) molecular weight 
chitosan; the physical mixture of the nanoparticulate hydrotalcite interspersed 
with sodium alendronate with low (8), medium (9), or high (10) molecular 
weight chitosan. The error bars represent the standard deviation between the 
measurements for each group.
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profile similar to that observed in the starting material (hydrotal-
cite as supplied), showing that the proposed nanomilling method 
did not change the crystallographic structure of hydrotalcite. The 
preparation of chitosan-based hydrotalcite nanoparticulate struc-
tures interspersed with sodium alendronate or with dispersed so-
dium alendronate led to a change in the reflection profile with an 
increase in the interlayer distance of hydrotalcite, indicating the 
achievement of an exfoliated nanocomposite, with its good yield 
confirmed by gravimetric analysis and infrared spectroscopy of 
the freeze-dried residue from the supernatant after centrifugation. 
Chitosan membranes obtained with nanoparticulate hydrotalcite 
with dispersed sodium alendronate and nanoparticulate hydrotal-
cite interspersed with sodium alendronate showed good results in 
the dynamic water absorption test and the tensile strength test, and 
all membranes that were subjected to in vitro assessment of cell 
viability and osteoinduction potential showed biocompatibility. 
The nanoparticulate hydrotalcite with dispersed sodium alendro-
nate membrane series showed better performance in the in vitro 
test, but in vivo tests must be performed to investigate the clinical 
aspects of such membranes.
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