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An inorganic/organic hybrid material with triggering mechanism for specific drug delivery at colon is demonstrated. First, 

hydroxyapatite nanowhiskers (n-HA) with high aspect ratio, narrow particle size distribution and high surface area, ca. 67 

m
2
/g, are prepared. As a proof-of-concept, terbinafine, a fungicidal agent, is loaded onto the  n-HA, obtaining a drug 

loading of 40.63 mg of terbinafine per gram of n-HA. Hydroxyapatite nanowhiskers loaded with terbinafine are 

encapsulated with chondroitin sulfate (CS) microspheres, using chemically modified glycidyl methacrylate by performing 

ultrasonic microemulsion polymerization. The obtained hybrid materials were characterized by TEM, SEM, FTIR, and NMR. 

Dispersed n-HA in CS microspheres are obtained for different n-HA contents, from 1 to 10% (%w/w). Terbinafine release 

from hybrid microspheres is caried out by in vitro studies in simulated gastric fluid and simulated intestinal fluid. The 

studies demonstrated that sustained drug release can be obtained using the developed hybrid material. 

1. Introduction 

Drug delivery systems (DDS) with specific release triggering 

mechanism that can also provide sustained drug delivery 

pattern at specific body environment can improve the 

efficiency of drugs and reduce their side effects.
1,2

 Along with 

specific targeting mechanism, the associated toxicity of the 

degraded products of the carrier system is a serious concern.
3,4

 

Multifunctional materials with features that can endorse its 

application as DDS can arise from the combination of inorganic 

and organic materials.
5
 

High surface area inorganic materials, frequently used as 

adsorbents, when associated with stimuli-responsive 

polymeric materials end up to be fascinating vehicles for 

specific drug delivery system.
6, 7

 However, having inorganic 

and organic phases associated in a synergistic way depends on 

the interaction among the phases, as well as the system 

dimensions and morphology. For this purpose, the synthesis of 

designed hybrid materials that take advantage of both phases 

demands feasible production methodologies. 

Calcium phosphates (CaP) are appealing inorganic candidates 

for DDS, due their low or none toxicological response, even 

upon degradation. CaP degrades into Ca
2+

 and PO4
3-

 ions. 

These same ions are already present in elevated concentration 

in living organisms.
8, 9

 However, the direct use of CaP 

nanoparticles are not suitable due particles aggregation and 

growth during drug incorporation or during storage.
10, 11

  CaP 

are found in many different phases in function of crystal 

structure or stoichiometry.
12

 CaP have high biotechnological 

importance since they are the main constitutive compounds of 

bones tissues, where several CaP phases can co-exist.
13

 Among 

all CaP phases, hydroxyapatite (HA) is one of the most 

significant phase due its stability and extended 

biocompatibility.
14

 HA has lower solubility and higher stability 

in comparison to other CaP, i.e. the solubility product of HA is 

more than thirty orders of magnitude lower than α-Tricalcium 

phosphate (α-TCP).
15

 Another HA important feature is its 

capability to form different particles shapes and sizes 

according to the synthetic method used. 

HA nanoparticles have important features that make them 

useful as adsorbent, such as their high surface to volume ratio, 

surface reactivity and biomimetic morphologies. Therefore, n-

HA is frequently used in applications as adsorbent during 

chromatography for purification and separation, and also in 

applications as implant coating or bone substitute filler. 
16, 17

 

Development of DDS technology is one of the main research 

areas in science in which polymeric materials have played a 

major role. The vast variation of polymers properties, 

according to composition or structural features, is a pool full of 

opportunity to develop new materials to use in human health 

care issues.
18

 Polymer can be used in a DDS to provide a 

triggering mechanism to promote drug delivery at specific 

environment. For instance, chondroitin sulfate (CS), a natural 

polymer, degrades in the colon by the action of specific 

bacteria. Since CS is not digested in the stomach or in the small 

intestine, it can be used as organic phase in a DDS to allow 

drug delivery in the colon by oral admission.
19, 20

 

Glycosaminoglycans polymers, such as CS, are present in 
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connective tissues of animals and these natural polymers can 

be produced at large scale using simple processes. CS has 

shown high biocompatibility in diverse studies and it does not 

offer problems of bioaccumulation and biodegradability.
21

 The 

use of soluble polymers, i.e CS, in formulation of oral DDS is 

possible by the modification of the polymer backbone.  

Moieties able to promote polymer cross-linking or with 

features to establish strong intramolecular interaction can be 

inserted to the polymers backbone to avoid the dissolution of 

polymers microspheres.
22,23

 

In the present study, we demonstrated the synthesis of 

hydroxyapatite by a wet method that lead to the formation of 

particles with peculiar aspect ratio and whisker-like particles 

shape. Adsorption of terbinafine, a fungicidal agent, is carried 

out using n-HA as adsorbent. Inorganic material loaded with 

the drug is applied to the synthesis of CS microspheres with 

different content of inorganic phase from 1 to 10% (in weight). 

The synthesis of CS microspheres is performed by the chemical 

modification of CS backbone with  glycidyl methacrylate (GMA) 

aiming the introduction of vinyl pendent groups. Then, during 

microspheres synthesis, these vinyl groups are used to 

promote intra and intermolecular cross-linking of CS chains, 

forming stable microspheres in aqueous media. Polymer 

microspheres are desired system for controlled release 

formulations because they offer various advantages in view of 

their well defined release pattern and stability in different 

media
24

. Usually, the interaction of the particles with biologic 

system depends also on the particle size.
25

 Therefore, 

preparation methods that lead to mono disperse microsphere 

are needed to produce microspheres suitable for drug delivery 

applications.
26

 Among the methods available to produce 

polymer microspheres, cross-link polymerization in micro 

emulsion is used herein. In this method, the microsphere 

preparation and filler incorporation takes place in a single 

process. It can be used for loading of filler controlling the filler 

content and it provides better dispersion of the filler in the 

polymeric matrix.
27

 

Our aim in the present study is the development of a DDS as a 

terbinafine delivery carrier that not only has efficient drug 

adsorption/release ability but also shows excellent 

biocompatibility. For this purpose, nanosized HA coated with 

CS microspheres were prepared with a series of n-HA contents 

(1%, 3%, 5%, 7% and 10 %) using water/benzyl alcohol 

emulsion method. Terbinafine release from hybrid 

microspheres is carried out by in vitro studies in simulated 

gastric fluid (SGF) and simulated intestinal fluid (SIF). 

2. Experimental 

2.1. Materials  

Chondroitin sulfate (CAS 9007-28-7) with Mw of 20,000 g/mol 

determined by GPC/SEC was kindly supplied by Solabia, Brazil. 

CS utilized in this work is a mixture of CS sulfated in the C4 and 

C6 positions. Cellulose membranes for dialysis with molecular 

weight cut-off (MWCO) at 12,000 (Sigma–Aldrich Co., New 

Delhi, India) were used for in vitro release tests. Ethanol 99.5% 

(Nuclear-Brazil, CAS 64-17-5), acetone (Fmaia-Brazil, CAS 67-

64-1), ammonium hydroxide (Nuclear-Brazil, CAS 1336-21-6), 

benzyl alcohol 99.8% (Fmaia-Brazil, CAS 100-51-6), calcium 

hydroxide (Sigma-Aldrich, CAS 1305-62-0), glycidyl 

methacrylate 97%,(Aldrich, CAS 106-91), hydrochloric acid 37% 

(Fmaia-Brazil, 7647-01-0), phosphoric acid 85% (Fmaia-Brazil, 

CAS 7664-38-2), sodium persulfate ≥ 98%, (Aldrich, CAS 7775-

27-1), terbinafine hydrochloride ≥98% (Sigma-Aldrich, CAS 

78628-80-5) were used as received. 

2.2. Method  

2.2.1. Synthesis of Hydroxyapatite Nanowhiskers (n-HA). n-

HA with Ca/P ratio of 1.67 were synthesized by a wet chemical 

precipitation reaction between Ca(OH)2 and H3PO4. Ca(OH)2 

powder was slowly added into 100 mL of deionized water at 25 

°C. The mixture was vigorously agitated for one hour to 

prepare a 0.5 mol/L Ca(OH)2 suspension. Then 100 mL of 

H3PO4 0.3 mol/L was added dropwise into Ca(OH)2 suspension 

with a ratio of approximately 6 mL/min to produce a white 

precipitate. The mixture pH was kept at 8.0±1.0 during the 

addition of acid to the Ca(OH)2 suspension by the addition of 

1.0 mol/L NH4OH solution. The mixture was kept at room 

temperature for 24 h. The precipitate was separated from the 

supernatant by filtration, washed for three consecutive times 

with deionized water and dried at 75 °C for 12 h. The obtained 

powered material was calcined at 900 °C for 8 h. After 

calcination, the solid were milled and passed through a 200 

mesh sieve. 

2.2.2 Adsorption of Terbinafine on Hydroxyapatite 

nanowiskers (HA-TB). Adsorption experiments were 

performed according to the reported by Kojima et al..
28

 In 

brief, it was prepared a solution of TB containing 2.5 mg/mL in 

ethanol/water mixtures (5.5/4.5 v/v). An appropriated amount 

of n-HA was added to TB solution to result in a 5% of TB/n-HA 

weight ratio. The suspensions were stirred for 5 h and 

centrifuged. Therefore, the amount of terbinafine adsorbed on 

the n-HA particles can be calculated as the difference of the 

initial amount of terbinafine in the solution to the residual 

amount after the adsorption experiment. The encapsulation 

efficiency (EE) of the terbinafine is defined as the percentage 

of drug incorporated onto the nanowhiskers in relation to the 

total drug added. The amount of drug loaded into n-HA was 

determined by the analysis of the supernatant obtained after 

the adsorption of terbinafine in the n-HA. The supernatant 

contains the drug not encapsulated in nanowhiskers and the 

concentration of terbinafine can determined using UV-Vis 

spectrophotometer ((Model 800Xi, Femto-Brazil) at 222 nm. 

The EE was determined using the following equation: 
29-31

 

 

2.2.3. Synthesis of chondroitin sulfate-methacrylate (CS-

methacrylate). The methodology to prepare CS-methacrylate 

was adapted from the literature.
32, 33

 8.32 g of CS was 

dissolved in 150 mL of water at room temperature for 2 h. The 

solution pH was adjusted to 3.5 by the addition of HCl 0.1 

mol/L. Then, 2.7 mL of GMA was poured to the reaction 

Encapsulation efficiency �EE %� =
�Total TB �mg�� − �Residual TB present 
                                       in supernatant�mg��

Total TB �mg� × 100 
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system. The reaction system was heated to 50 ºC and kept 

under magnetic stirring for 24 h. At room temperature, CS-

methacrylate was precipitated by the addition of 300 mL of 

ethanol. CS-methacrylate was recovered by centrifugation at 

9000 rpm and 20 ºC. CS-methacrylate was copiously washed 

with ethanol to remove unreacted substances. CS-

methacrylate was purified by dialysis using deionized water at 

5 ºC for 72 h. After, the material was lyophilized at -55 ºC for 

24 h to yield a white powder. 

2.2.4. Synthesis of CS-methacrylate microspheres cross-linked 

by ultrasound with hydroxyapatite nanowhiskers loaded with 

terbinafine (CS-methacrylate-HA-TB). 23 mg of sodium 

persulfate (Na2S2O8) was added to 15 mL of aqueous solution 

of CS-methacrylate 15 % (w/v). HA-TB nanowhiskers were 

dispersed in the previous solution with at different mass ratio 

(0, 1, 3, 5, 7 and 10%) in relation to the total amount of CS-

methacrylate. The obtained aqueous dispersion were poured 

into 45 mL of benzyl alcohol (water to benzyl alcohol ratio of 

1:3) resulting in a two-phase system with alcoholic portion 

being the continuous phase. The water/benzyl alcohol mixture 

was sonicated with the use of an ultrasonic oscillation probe 

(Cole-Parmer® 500, model EW-04711-40), applying a 

frequency of 20 kHz for 60 s. 20 µL of N,N′,N′-

Tetramethylethylenediamine (TEMED) was added as catalyst. 

The product was precipitated in acetone and separated by 

centrifugation at 10000 rpm for 20 minutes. After the emulsion 

polymerization the material was precipitated in acetone. 

Acetone was used due the higher miscibility of benzyl alcohol 

and acetone, and due to the fact that the polymer matrix is not 

soluble in acetone. The solid materials were recovered by 

centrifugation at 10.000 rpm for 10 min and washed three times 

with acetone to complete benzyl alcohol removal. After washed 

and centrifugation, the solid was dried at room temperature and 

then lyophilized at -55 ºC for 24h. The complete removal of 

benzyl alcohol and acetone from the samples were proved by 

solid state NMR (13C/CP-MAS), where the characteristics 

peaks of the solvent are completely absent. 

2.2.5. Dispersion of n-HA and n-HA-CS microspheres. 10 mg n-

HA nanowhiskers or n-HA-CS microspheres containing 1%, 3%, 

5%, 7% and 10 % (w/w) of n-HA nanowhiskers was added to 3 

mL of deionized water. The suspensions were sonicated for 30 

min and then digital images were taken after 1 minute and 1 

hour of resting time. 

2.2.6. Terbinafine release from n-HA-CS microspheres in 

simulated gastric fluid (SGF) and simulated intestinal fluid 

(SIF). The in vitro release tests were performed in a tablets and 

capsules dissolution tester (Model 299, Ethik Technology 

Equipment Solutions). The release assays were carried under 

mechanical stirring of 60 rpm and constant temperature of 

36.5 ºC. At predetermined intervals times, aliquots of the 

solution were collected to determine the concentration of 

terbinafine released. The terbinafine concentration was 

determined by UV-VIS spectrophotometer (Model 800Xi, 

Femto-Brazil) using the solution absorbance at 222 nm. 

Terbinafine (TB) release assays were performed in both 

simulated gastric fluid (SGF, 2.0 g NaCl and 7.0 mL of 

concentrated aqueous solution of HCl 37% (v/v) in 1000 mL of 

water, pH = 1.2) and simulated intestinal fluid (SIF, 6.8 g of 

KH2PO4 and 77 mL of aqueous NaOH 0.20 mol.L
−1

 in 1000 mL 

of water, pH = 6.8). 

In a release assay, 100 mg of sample was placed in a cellulose 

membrane containing 20 mL of SGF or SIF solutions. The 

membrane was tied and immersed in 130 mL of SGF or SIF 

solutions present in the dissolution tester. Aliquots of the 

solution used in the determination of TB concentration by UV-

Vis were returned to the dissolutor. Concentration of TB 

released from microspheres was determined from an 

analytical curve correlating the absorbance versus the 

concentration of the drug in SGF solution. The regression 

coefficient (R
2
) of 0.9989 was obtained for the absorbance 

versus the concentration curve. 

2.3. Characterizations 

2.3.1 Wide-angle X-ray diffraction (WAXD). X-ray 

diffractograms of the samples were obtained from Shimadzu, 

Model D6000 equipped with a Cu-Kα radiation source (30kV 

and 20 mA) and nickel filter operating in continuous mode. The 

diffractograms were recorded in the range from 5 to 60º with 

resolution of 0.02° and with scanning speed of 0.5 ° min
-1

. 

The crystallite size (Lc) of hydroxyapatite after milling was 

estimated from the Scherrer’s equation
34, 35

: 

!" =  #$
%&#' ()* + 

where Lc is the average crystallite size (nm), βhkl is the full 

width of the peak at half of the maximum intensity, , is the 

wavelength of X-ray radiation and k is the shape coefficient 

(value between 0.9 and 1). The instrumental broadening βhkl 

corresponding to the diffraction peak was estimated using the 

following equation 
36

: 

%&#' =  -%./01  −   %23451  

where βexp corresponds to the experimental half width and βinst 

the instrumental half width related to the powder standard 

LaB6 (SRM 660-NIST). The crystallite size is a measurement of 

the size of coherently diffraction domains and it is not the 

same as particle size. 

2.3.2 FTIR spectroscopy. Samples were characterized by 

infrared spectroscopy technique using a transform infrared 

spectrophotometer (Bomem FT-IR model MB100 

spectrometer), operating in the region from 4000 to 400 cm
-1

, 

resolution of 4 cm
-1 

with a total of 128 scans. Dried materials 

were blended with KBr powder and pressed into tablets before 

spectra acquisition. 

2.3.3 
1
H-NMR and solid-state 

13
C-CP/MAS NMR 

spectroscopies.
 1

H NMR spectra were recorded on a Varian 

spectrometer, model Mercury Plus BB 300 MHz, by applying 

frequencies of 300.059 MHz. NMR spectra were obtained 

using approximately 10 mg of each sample dissolved in 0.7 mL 

of D2O containing 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid 

sodium salt ((TSP-d4 (0.05%)) as internal reference. The 

parameters were set to angle pulse of 90 ° and relaxation time 

of 30 s. 

Solid-state 
13

C-CP/MAS NMR spectra were obtained on a 

Varian Oxford 300 using frequency of 74.47 MHz, angle pulse 
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of 37
o
, frequency of 12 kHz, contact time of 3 ms, and 

relaxation time of 3 s. 

2.3.4 Scanning electron microscopy (SEM) and energy 

dispersive spectroscopy (EDS). The morphologies of the 

samples were analyzed in a scanning electron microscope 

(Shimadzu, model SS 550 Superscan). The used parameters 

were acceleration voltage of 15 kV and current of 30 mA. The 

surfaces of the samples were previously coated with a thin 

layer of gold deposited by sputtering technique (model HF-50 

ION COATER, Shimadzu). 

2.3.5 Transmission electron microscopy (TEM). The 

micrographs of n-HA particles were obtained by transmission 

electron microscopy (JEM 1400, JEOL) applying an acceleration 

voltage of 120 kV. A suspension containing the samples was 

deposited on TEM grids (Carbon-Formvar-coated copper-400 

mesh) and left to dry at room temperature. 

2.3.6 Measurements of N2adsorption and desorption . For the 

analysis of N2 adsorption, a pretreatment step was performed 

submitting the sample to 300 °C for 4 h under vacuum of 10 

μmHg with heating rate of 1 ºC/minute. Afterwards, is carried 

out the sorption step using of N2 gas with 99.999% purity at a 

temperature of 77 K. Data were obtained by Micromeritics 

equipment model ASAP2020. The surface area was calculated 

by Brunauer–Emmett–Teller (BET) method with a range of P/Po 

between 0.05 and 0.30. Pore size was calculated by using 

Barrett-Joyner-Halenda (BJH) method from the desorption 

branch.
37, 38

 

3. Results and discussion 

3.1. Synthesis of hydroxyapatite nanowhiskers (n-HA) 

n-HA synthesis was carried out by a wet chemistry method 

using calcium hydroxide and phosphoric acid. Calcium 

hydroxide reacts with phosphoric acid producing a white 

precipitate, hydroxyapatite, according to reaction (1), wherein 

the ratio of calcium relative to phosphor (Ca/P) is adjusted to 

1.67. 

10 67�89�: ;  69=>8?  → 67AB�>8?�C�89�: ;  189:8  (1) 

 

 
Figure 1. FTIR spectrum (a), X-ray diffraction patterns (b), Transmission electron microscopy (TEM) images (c) and N2 

adsorption/desorption isotherms of hydroxyapatite (n-HA) (d). 

 

Hydroxyapatite synthesis was confirmed by FTIR, WAXD, BET 

and BJH, Figure 1. FTIR spectrum of as synthesized n-HA is 

shown in Figure 1a. Characteristic stretching mode of hydroxyl 

groups in hydroxyapatite phase is observed at 3569 cm
-1

. 

Hydroxyl groups in hydroxyapatite phase can be easily differed 

from OH signal of adsorbed water, since it appears as a narrow 

peak in function of the well stabilized interactions of hydroxyls 
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ions in the hydroxyapatite lattice. In addition, phosphate ions 

have four active vibrational modes in IR (ν1, ν2, ν3 and ν4). All 

these modes are observed for n-HA in the FTIR spectrum.
39, 40

 

In the FTIR spectrum of n-HA it is also observed the presence 

of carbonate ions. Carbonate ions have four vibration modes, 

three of them are observed in the FTIR spectrum. The 

carbonate ν4 mode has very low intensity and it is seldom 

verified in the infrared spectrum.
41

 FTIR spectrum of n-HA has 

peaks attributed to carbonate ions in the region of 1650 and 

1300 cm
-1

. Three signals for ν3 vibration mode are centered at 

1641, 1460 and 1422 cm
-1

. These carbonate bands in the 

region of 1650 to 1300 cm
-1

 are assigned to surface carbonate 

ions, rather than to carbonate ions in the lattice of phosphate 

ions. The presence of carbonate ions, mainly located at the 

surface of the hydroxyapatite particles, as pointed out by the 

FTIR result, can be justified by the dissolution of atmospheric 

CO2 in the acidified solution of phosphoric acid during the 

hydroxyapatite precipitation. Interestingly, hydroxyapatites 

from biologic sources also have carbonate ions as impurities. 

The obtaining of hydroxyapatite phase can also be confirmed 

by WAXD. In the Figure 1b, the XRD diffraction pattern of n-HA 

are presented. The peaks  assignments were performed using 

the JCPDS card 09-0432. The diffractogram presents all peaks 

attributed to hydroxyapatite phase, such as (002), (211) and 

(300) at 25.6º, 31.8º, and 32.9º, respectively. The absence of 

amorphous halo or additional peaks not related to 

hydroxyapatite suggests that the synthesized materials consist 

of highly crystalline material without the presence of other 

phosphate phases.
42-44

 

XRD peak broadening can be used to estimate the crystallite 

sizes along the perpendicular direction to the crystallographic 

plane, using the Scherrer’s equation. The peaks referents to 

the (211) and (002) crystal plane were used for this estimation. 

The values of crystallite size calculated were 8.41 nm along the 

perpendicular direction to (211) crystal planes and 23.7 nm 

along the perpendicular direction of (002) crystal planes. The 

planes (211) and (002) were chosen because they are 

perpendicular to each other. Therefore, the almost 3-fold 

difference in the crystalline size calculates for each direction 

plane suggests an anisotropic growth of the particles in the 

synthesis process. The crystallite size is a measure of the size 

of coherently diffraction domains and the value of crystallite 

size cannot be understood as particle size, since a single 

particle can contain many crystallites.  

In order to characterize the morphology of n-HA particles, 

transmission electron microscopy (TEM) was performed, 

Figure 1c. TEM image of the n-HA confirms the synthesis of HA 

nanosized particles. The n-HA particles observed in Figure 1c 

have structures that resemble needles. This kind of particle 

shape is also called nanowhiskers. HA with nanowhisker 

particle shape has many advantages. The high aspect ratio 

provides improved mechanical properties as fillers in 

composites. In addition, nanowhiskers particles have higher 

surface area. The high specific surface area provides a high 

interaction between phases when HA is used as fillers and it 

can also be beneficial to higher drug adsorption, when HA is 

designed to be used as drug carrier. 

N2 sorption isotherms of n-HA are presented in the Figure 1d. 

BET surface area obtained for n-HA was 67 m
2
/g. This value of 

surface area is considered a high value area when compared to 

values of surface area reported for HA. For instance,  HA 

nanoparticles prepared by sol-gel process can have surface 

area in the range of 6 to 20 m
2
/g, as reported by Ziani et al..

45
 

The N2 adsorption/desorption isotherm of n-HA is classified as 

type V, wherein the adsorbent-adsorbate interaction is 

weak.
46-48 The isotherm also shows a hysteresis region which is 

classified as the H1 type, which is often related to rigid porous 

material with a narrow pore size distribution.
49, 50

 The pore 

diameter of the n-HA calculated by the BJH method was  ca. 31 

nm, which characterizes n-HA as a mesoporous material. 

Thereby, n-HA is a promising material for adsorption of 

drugs.
51

 

3.2. Terbinafine encapsulation efficiency (EE) 

The incorporation of TB on the n-HA was carried out by 

adsorption of the TB from a solution 2.5 mg/mL of TB in 

ethanol/water mixtures (5.5/4.5 v/v). For this experiment, the 

encapsulation efficiency was calculated according to Equation 

I. The n-HA are dispersed in a solution in an appropriated 

amount of n-HA to result in a 5% of TB/n-HA (in weight). The 

results indicated that the encapsulation efficiency was 77.5%. 

It means that 77.5% of all TB presented in the ethanol:water 

solution was adsorbed on the n-HA. Consequently, the  TB 

loading on the n-HA was 40.63 mg per gram of n-HA. In other 

words, the incorporation of TB onto the n-HA generates a solid 

material, in which the concentration of TB is 3.9% w/w. 

 
Figure 2. 

13
C-CP/MAS NMR spectra of CS (a), CS-methacrylate 

(b) and n-HA-CS microspheres (c). 

 

3.3. Synthesis of n-HA/biocompatible polymer microspheres. 

The incorporation of n-HA into biocompatible polymer 

microspheres is tested here as an approach for its application 

in drug delivery system. CS-methacrylate was used in the 

synthesis of microspheres, which has methacrylate groups in 

its structure, so the polysaccharide has double bonds. 

Therefore, polymerization reaction can be performed 

promoting the cross-linking of the structure. The chemical 
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modification of  CS is presented and discussed in the 

supporting information. 

Emulsion reticulation reactions are used to the synthesis of 

polymeric microspheres. Emulsions are thermodynamically 

stable isotropic systems between two immiscible liquids, 

stabilized by a surfactant, located in the 

hydrophobic/hydrophilic interface.
52

 The surfactants reduce 

the interfacial tension between two phases, and they are 

essential to the stabilization of emulsions. However, in the 

synthesis of the microspheres, surfactant was not used, since 

CS has already emulsifying property by itself. 

The polymerization occurs because sodium persulfate, in 

aqueous media, dissociates into free radicals. The free radicals 

formed attack double bonds of the CS-methacrylate, 

promoting free radical cross-linking reaction. 

The cross-linking process of CS-methacrylate was characterized 

by 
13

C-CP/MAS NMR, Figure 2. In the spectrum of n-HA-CS 

microspheres, Figure 2 (c), it is possible to observe the 

appearance of two signals at 40.9 ppm and 32.8 ppm, that 

were attributed to saturated carbons (CH2-C). During the cross-

linking reaction, the vinyl groups (C=C) of CS-methacrylate are 

converted into saturated carbons (C-CH2), (Carbon 1a, and 

Carbon 2a in the structure). It is also possible to observe the 

absence of the signal at 165 ppm, attributed to carbonyl 

groups (C=O) from conjugated systems and the absence of 

signals in the spectral range of 141-120 ppm, which indicates 

the complete conversion of vinyl groups
53

. The polymerization 

in emulsion via ultrasound is an extremely efficient method for 

this type of reaction.  

The microspheres containing n-HA was morphologically 

characterized by SEM. Figure 3 shows the SEM micrographs 

and the particle size distribution curves of n-HA-CS 

microspheres containing 1% n-HA (a), 3% n-HA (b), 5% n-HA (c) 

7% of n-HA (d) and 10% n-HA (e). It is possible to observe 

microspheres formed for each one of the synthesized 

samples.. The particles size distribution shows that the average 

particles size varies among 2.8 to 3.7 µm. Comparing the 

samples morphologies, in terms of size, uniformity and 

roundness, it was observed that all of the microspheres 

synthesized from cross-linking CS-methacrylate had diameters 

near to 3.5 µm, which is an important feature for application 

as devices for controlled release, since particles of regular 

shape ensures that drug release is more predictable and 

stable
54

. The particles size distribution is broad for all condition 

tested. The formation of spheres with sizes irregular can be 

associated with a vigorous vibration was applied due to 

ultrasound. However, a broad size distribution of microsphere 

can result in an interesting feature for drug release, since it 

can lead to a broader release pattern. 

The presence and the distribution of n-HA in the CS 

microspheres was studied using TEM. TEM images of the n-HA-

CS microspheres containing 10% of n-HA is presented in the 

Figure 4. n-HA presence in the final materials is 

straightforward attested by the high contrast difference 

between the crystalline structure of n-HA and the amorphous 

polymeric matrix. HA particles, in the form of nanowhiskers, 

are distributed inside the spherical microparticles. It can be 

observed that the degree of aggregation of the nanowhiskers 

is quite low since many isolated nanowhiskers are observed 

inside the particles. The presence of isolated n-HA  is an 

indicative of excellent dispersion of the n-HA s inside the 

microsphere if compared to the initial of the n-HA particles 

that easily tend to form aggregates. Therefore, the ultrasound 

waves have effectively contributed to disaggregate the 

nanowhiskers bundles, and to encapsulate them. 

 

 
Figure 3. Scanning electron microscopy (SEM) images and 

particle size distribution curves elaborated by measuring 

sphere sizes for 400 spheres of n-HA-CS microspheres 

containing 1% n-HA (a), 3% n-HA (b), 5% n-HA (c), 7% n-HA (d) 

and 10% n-HA (e). 

 

The main issue in the application of HA nanoparticles for drug 

delivery is its low dispersibility. Then, the colloidal stability of 

the microspheres containing different loads of n-HA was 

analyzed. In the Figure 5 is shown the dispersion of n-HA and 

n-HA-CS microspheres loaded with 1%, 3%, 5%, 7% and 10 % of 

n-HA in distilled water after one minute and after one hour of 

resting time. Even i for 1 minute of resting time, n-HA is only 
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slightly dispersed in the solution and almost completed 

precipitate. Meanwhile, the microspheres are fully dispersed 

in aqueous medium. After one hour, it can be seen that n-HA is 

completely precipitated, while the microspheres are kept 

dispersed in the solution. Thus, it is possible to affirm that the 

synthesis of microspheres around the n-HA is an excellent 

strategy to improve the dispersibility of these particles, and 

the aggregation of n-HA is no longer a concern in the 

application of n-HA in drug delivery systems.  

 

 
Figure 4. Transmission electron microscopy (TEM) images of n-

HA-CS microspheres containing 10% of n-HA. 

 

3.4. Release of terbinafine from the microspheres in simulated 

gastric fluid and simulated intestinal fluid environment  

The release profile of TB was evaluated correlating the fraction 

of drug released in function of time. Time-dependent release 

curves were calculated thought the concentration of drug 

released at specific time. 
55-57

 The results are presented in 

percentage in relation to the total amount of TB encapsulated. 

In the Figure 6 are shown the time-dependent release curves 

of TB in SGF and SIF of the microspheres containing 3%, 5%, 

7% and 10% n-HA. TB loading in the microspheres depends on 

the relative amount of HA. TB was incorporated in the 

microsphere through its adsorption on n-HA. It was found that 

40.63 mg of TB was incorporated per gram of n-HA. 

Consequently, the time-dependent release curves of TB for the 

microspheres containing 1% n-HA was absent, once a low 

amount of TB is present in these microspheres. 

For the samples containing from 3% to 10% of n-HA, the levels 

of the drug released in both physiological medium are 

sustained throughout the experiment. Release patterns 

observed for the samples are classified as delayed release 

without initial lag time associated with sigmoidal release at 

low release time. The sigmoidal component is not clearly 

observed for sample containing 3% of n-HA, but more intense 

at higher n-HA content. The release speeds in both SIF and SGF 

are similar for the sample contain 3% n-HA, but it is observed a 

faster release in SGF for the samples with higher n-HA content. 

At 5 hours of released in SGF, 32.0, 49,6, 55.3, and 54.6% of 

the  TB were released for the materials containing 3, 5, 7 and 

10% of n-HA, respectively. The specific time of 5 hours is take 

in consideration as an estimative of the time for 50% of colonic 

filling considering an average gastrointestinal transit time.
58

 

Therefore, the microspheres containing 3% n-HA showed to be 

the best tested material considering specific delivery at the 

colon, with 68% of the  TB is still available in the microspheres 

to be released in the colon.  

 

 

 
Figure 5. Photographs of dispersion of n-HA (a) and n-HA-CS 

microspheres containing 1% (b), 3% (c), 5% (d), 7% (e) and 10 

% (f) of n-HA in distilled water after one minute without 

stirring and (a-1), (b-1), (c-1), (d-1), (e-1) and (f-1) after one 

hour. 

 

Extending the release time to obtain the equilibrium point, 

Figure S8, it was found that the mass percentages of TB 

released from the microspheres in SGF in equilibrium were 

87.3% for microspheres containing 3%, 91.0% for 

microspheres containing 5%, 94.5% for microspheres 

containing 7% and 93.1 % for microspheres containing 10% n-

HA. In SIF the mass percentages released of TB were 69.1%, 
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71.5%, 74.4% and 77.2% for microspheres containing 3%, 5%, 

7% and 10% of n-HA, respectively. 

 
Figure 6. Time-dependent release curves of Terbinafine in SGF 

(black) and SIF (Red) from microspheres containing 3% (a), 5% 

(b), 7% (c) and 10% (d) of n-HA. 

 

The relative amount of TB released from the microspheres 

containing n-HA demonstrate that microspheres can deliver a 

high proportion of their initial load to the specific site of 

action. Although the stomach offers a narrow therapeutic 

window for many drugs, the chondroitin sulfate microspheres 

showed a sustained release rate of TB in the acid medium. 

Whereas the chondroitin sulfate is only degraded in the colon 

and can go through different pH values without suffering 

decomposition, after the time taken to food to transit 

throughout the stomach, the microspheres can continue 

releasing the drug in the intestine, since the microspheres also 

were effective to release TB in intestinal physiological 

environment. 

Conclusion 

HA nanoparticles were successfully synthesized by the method 

of precipitation in solution, obtaining nanoparticles with 

crystallite size of 8.41 nm along the perpendicular direction to 

(211) crystal planes and 23.7 nm along the perpendicular 

direction of (002) crystal planes. The nanoparticles presented 

nanowhisker geometry, which has a great interest, since they 

have improved mechanical properties in the n-HA relation to 

other geometries. BET surface area obtained for n-HA was ca. 

67 m
2
/g, which is considered a high value area when compared 

to others reported in literature. Thereby, n-HA synthesized 

here is a promising material for adsorption of drugs. n-HA have 

been shown effective adsorption of terbinafine, in which 

77.5% of the drug was adsorbed (ca. 40.63 mg of TB per gram 

of n-HA). 

The chemical modification of  CS with GMA was confirmed by 

FTIR, 
1
H NMR, 

13
C NMR, and 

13
C-CP/MAS NMR. The synthesis 

of microspheres by cross-linking CS methacrylate via 

ultrasound was confirmed by 
13

C-CP/MAS NMR proved to be 

an efficient method in both the cross-linking and the formation 

of spherical particles with size approximately of 3.5 µm. The 

approach used in the cross-linking using ultrasound emulsion, 

it is a novel methodology to date for CS. 

The inclusion of n-HA in the spheres showed an interesting 

alternative to use n-HA in drug release system once the 

microspheres are fully dispersed in aqueous media while the 

n-HA is completely precipitated and cannot sustain the drug 

release. 

Furthermore, the microspheres containing n-HA proved to be 

excellent drug delivery vehicles, releasing about 90% in SGF 

and about 70% in SIF. Thus, the releasing of terbinafine 

occurred in both simulated fluid, then after remaining in the 

stomach, the microspheres may continue releasing the drug in 

other physiological environment, since a chondroitin sulfate 

degrades only in the colon by anaerobic bacteria, Bacteroides 

thetaiotaomicron ovatus and B. fragilis species A. 
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