Manufacture of starch-cellulose acetate matrices extruded containing the antibiotic silver sulfadiazine: Characterization and evaluation of antibacterial effectiveness
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Abstract
This paper was focused on assess of extrusion parameters effects under the microstructure and the maintained of silver sulfadiazine activity after the processing. The starch-cellulose acetate/silver sulfadiazine matrices were manufactured different temperature and screw speed. After extrusion, the properties of the different matrices were analyzed. Morphology (SEM), thermal properties (TGA), drug recovery in extruded matrices (HPTLC) and antimicrobial activity were evaluated. SEM analysis shows a homogeneous dispersion of silver sulfadiazine for all the temperature and screw speed conditions employed. TGA/DrTGA not showed thermal degradation of the materials after the melt extrusion. HPTLC showed that the amount of the silver sulfadiazine recovery from the matrices extruded were 72 at 82%. All the extruded matrices showed antimicrobial activity against the Pseudomonas aeruginosa and Staphylococcus aureus.
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1.Introduction
Polymers from renewable resources have attracted much attention over the last two decades, owing to two major reason: firstly the realization that our petroleum resources are finite, and secondly environmental concerns [1]. Furthermore, properties presented by biopolymers, as not to evoke a sustained inflammatory or toxic response and acceptable shelf life, in addition the degradation products should be non-toxic and able to get metabolized and cleared from the body, justify the attention given to these polymers especially in the biomedical and pharmaceutical industries  [2,3]. 

On the market there a variety of biomedical and pharmaceutical product that make use of starch and cellulose. Cellulose-based materials have been used as components of scaffolds (Surgicel® and Gengiflex®), artificial blood vessel (Basyc®), temporary skin substitutes (Biofill®) and drug delivery systems. Furthermore in the market have products (Aquacel® and Cellstick®) that provide a moist environment for optimal healing due to its ability to absorb water directly into its fibers when applied under in the wound burn treatment [4,5]. Starch-based materials have been applied in the orthopedics implants [6], transdermal films [7] and controlled drug delivery devices [8]. 

However, sometimes the cellulose and starch biomedical applicability is restricted due to its mechanical and swelling properties. Alternatives have been studied in order to overcome these properties limitations, and the best results obtained refer the cellulose and starch blends preparation. Alvarez et al (2004) showed that a strong increase in the starch thermomechanical stability with only a few percent addition of cellulose in starch matrices, whereas the water sensitivity decreased with cellulose content [9]. 
Another studies were conducted to evaluate the biocompatible properties of cellulose and starch blends. Marques et al (2002) evaluated the cytotoxicity and cell adhesion of starch-cellulose acetate blends. The results showed that blend exhibited a cytocompatibility that might allow for their use as biomaterials. Furthermore, previous studies made by our group have shown that starch and cellulose composites are candidates with potential application in manufacturing of drug delivery devices [10, 11]. 
The results obtained from previous studies with cellulose and starch blends that showing may be useful in the medical and pharmaceutical application motivated us to investigate the potential use of starch-cellulose acetate blends containing the antibiotic silver sulfadiazine prepared by melt extrusion in order evaluate the dressing wound burn potential applicability.
2. Experimental

2.1. Materials

The starch-cellulose acetate (trade name Mater-Bi® Y101U) was received from Novamont, (Novara, Italy) in the form of granules. The material has a glass transition temperature (Tg)at 105°C and can be processed from 150 to 200°C [12]. Silver sulfadiazine (SSDAg) was obtained fromHenrifarma (São Paulo, Brazil) with particle size ranges from 975 nm to 3.5 µm.
2.2. Hot melt extrusion

The preparation of starch-cellulose acetate was made by melt extrusion. Initially, the SSDAg particles were dispersed in SCA granules by mechanical mixing using a cylindrical blender for 30 min at 100 rpm with a ratio of SSDAg:SCA equal to 1:9 (weight:weight). The extrusion was performed using a laboratory scale single screw extruder with a length to diameter ratio (L/D) of 20:1. The matrices were produced by HME using 3k full factorial designs and the variables used were extrusion parameters such as screw speed and barrel zone temperatures with values between 40 at 80 rpm and 160 at 190 0C.The selection of melt extrusion parameters considered the results obtained from the thermal analysis of the neat starch-cellulose and silver sulfadiazine.
2.3.Scanning electron microscopy

The matrices extrudate were inspected using a Jeol JSM-6390LV scanning electronic microscope (SEM) in order to investigate theirSSDAg dispersion in the fracture surface. The matrices were coated with gold using a sputter coater (D2 Diode Sputtering System).

2.4 Thermal analysis 

Prior to extrusion the thermal properties of the neat starch-cellulose acetate and the silver sulfadiazine were screened by thermogravimetric measurements. For both, pure materials and the matrices extruded, the thermal properties were carried out on a Shimadzu 50 thermogravimetric analyzer employing the same parameters. The experiments were performed in the temperature range 25 to 900 0C at heating rate 10 0C.min-1 on each sample. The average sample size was 10 mg and the nitrogen flow-rate was 10 cm3.min-1.
 2.5 Silver sulfadiazine assay by High Performance Thin Layer Chromatography (HPTLC)

The silver sulfadiazine assay was made by HPTLC. The experiments were conducted Camag HPTLC equipment that consisting of Linomat-5 applicator, Camag TLC Scanner 3 and WinCATS software V 1.4.3. Firstly, standard stock solution of silver sulfadiazine was prepared by dissolving 20 mg of drug in 10 ml of ammonia hydroxide:methanol (3:7 v/v) to get concentration of 2 mg/mL. After this, 1 mL the standard stock solution was collected and diluted in 10 mL of methanol [13].

Volumes of the stock solution between 2,5 μL at 7,0 μL, equivalent to 0,5μg at 1,4μg were applied in triplicate to a TLC plate. After development, peak height and peak area data and drug concentration data were treated by linear least square regression to determine linearity. The rate of sample application was constant at 5 μL.

Linear ascending developments of the plates to a distance of 70 mm was performed with ammonia hydroxide:methanol:chloroform (10:40:70 v/v) as mobile phase in a twin trough glass chamber previously saturated with mobile phase vapor for 15 min at room temperature. After development the plate was scanned 254 nm by means of a Camag TLC scanner in absorbance mode.
2.6 Screening for the antimicrobial activity

The bacterial strains used in this study were Staphylococcus aureus (ATCC 25923) and Pseudomonas aeruginosa (ATCC 27853) purchased from Newprov, Brazil. The bacteria cultures were grown in soybean-casein digest medium (TSB) at 37 °C. After 24 h of growth, each microorganism was inoculated on the surface of Mueller-Hinton agar plates and incubated for 24 h. Subsequently, SCA extruded discs (5 mm in diameter) were placed on surface of each inoculated plate, which each plate received 3 discs with drug and 1 without drug (control) divided into 4 quadrants. The plates were incubated at 37 °C for 24 h. After this period, it was possible to observe inhibition zone. The diameters of the inhibition zones were measured using a scale in millimeters (mm) from the size of clear zone. Experiments were performed in triplicate.
3. Results and discussion

Figure 1 shows the surface micrographs of starch-cellulose acetate/silver sulfadiazine matrices prepared by melt extrusion using different temperature and screw speed values. The micrographs of the matrices extruded in 160 °C show the presence of silver sulfadiazine particles (indicated by black arrows) in the polymeric matrices. For matrices extruded at 175 °C and 190 °C, independent of screw speed values was not possible to observe the presence of these drug particles.
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Figure 1:The fracture micrographs with 2000 fold-increases from the SCA/SSDAg matrices extruded under different screw speed and temperature conditions.

The matrices extruded at 160 °C presented an irregular surface (rounded cavities) for all screw speed values employed. For the matrices extruded at 175 °C and 190 °C these rounded cavities decrease with screw speed increase. This behavior may be due to the presence of non-plasticized starch granules, seen in the prevalence of these in low temperatures and screw speed values, which during the cryogenic fracture process, suffer detachment of the polymeric matrices [14].
The thermal stability of the starch-cellulose acetate and silver sulfadiazine was investigated usingthermal gravimetric analysis (TGA). It was decided to choose only the processing conditions involving greater material time residence in the extruder, i.e., the matrices extruded at 40 rpm for the three temperatures (160, 175 and 190 °C) beyond the matrix extruded at 190 °C and 80 rpm because it combines the highest temperature and shear rate. Figure 2 shows the TGA and first derivate of TGA curves (DrTGA) for the selected matrices and starch-cellulose acetate and silver sulfadiazine pure.
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Figure 2 – TGA/DrTGA curves for the selected matrices, starch-cellulose acetate and silver sulfadiazine pure.
It can be seen that silver sulfadiazine have 1 step of degradation in the temperature range of 309 -344°C (DrTGA peak ~ 322 °C). This peak corresponds the 2-aminopyrimidine decomposition [15]. TGA/DrTGA curves of starch-cellulose pure showed 4 steps of thermal degradation. The temperature range for the first step of thermal degradation is 122–186 °C. This corresponds to the additives degradation. The temperature range for the second and the third step of thermal degradation is 266–301 °C. This corresponds to the starch (amylose and amylopectin) decomposition. Finally, the temperature range for the fourth step of thermal degradation is 342-433 °C. This corresponds to the cellulose and its derivate decomposition [16].
TGA/DrTGA curves compared of matrices that were selected showed not difference between them. It can be seen that extruded matrices have 2 step of degradation in the temperature range of 262-408 °C with DrTGA peak at 288 °C (correspond the starch thermal degradation) and other DrTGA peak at 374 °C (correspond the cellulose and its derivate thermal degradation) [16]. For all extruded matrices, it was not possible to observe in the DrTGA curves the peak in 322 °C referring the thermal degradation of silver sulfadiazine. This behavior may be associated the shift to lower temperatures of the silver sulfadiazine degradation peak and covered by the starch thermal degradation peak. The extruded matrices showed at 900 °C a weight loss of close to 85%. The residue (15%) is associated to metallic silver. 

The Figure 3 shows the HTLC densitogram used in order to analyze the recover percentage of silver sulfadiazine after the extrusion. The densitogram obtained after exposure of starch-cellulose acetate/silver sulfadiazine and starch-cellulose acetate to melt extrusion process showed two separated bands in retention factors (Rf) values lower 20. The presence of this bands can be associated the additives degradation, since densitogram for the not extruded starch-cellulose was not possible observed these bands and the results obtained by thermal analysis not showed polymers degradation in this temperature values. 
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Figure 3: HPTLC densitogram (detection at 254 nm) of: (a) extruded starch-cellulose without SSDAg; (b) not extruded starch-cellulose; (c) SCA/SSDAg* 160-40; (d) SCA/SSDAg 160-60; (e) SCA/SSDAg 160-80; (f) SCA/SSDAg175-40; (g) SCA/SSDAg 175-60; (h) SCA/SSDAg 175-80; (i) SCA/SSDAg190-40; (j) SCA/SSDAg 190-60; (l) SCA/SSDAg 190-80; (m) SSDAg pure.
*SCA/SSDAg – Starch-cellulose acetate/silver sulfadiazine.
Densitometric analysis of standard silver sulfadiazine and the silver sulfadiazine extracted from the extruded starch-cellulose acetate matrices was performed at 254 nm (Figure 4). There was not indication of degradation of silver sulfadiazine as revealed by overlaying the peaks of the drug pure and the drug extracted after being extruded with starch-cellulose acetate.
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 Figure 4 - Densitogram of standard silver sulfadiazine with Rf value 0.26 ± 0.01.

The calibration plot was linear over a concentration range of 0,5–1,4 (g. A good linear relationship was observed over this range (r2 = 0.9909±0.0051). Mean recovery of silver sulfadiazine obtained from of extraction of extruded starch-cellulose matrices using ammonia hydroxide:methanol (1:9 v/v) as extractor solvent was between 72% at 82% (Table 1).
	Matrices
	Recovery SSDAg

(% mean (SD*)
	Retention factors(Rf)

	SCA/SSDAg 160-40
	82,11 ± 0,46
	0,27

	SCA/SSDAg160-60
	78,24 ± 0,66
	0,27

	SCA/SSDAg160-80
	79,22 ± 1,23
	0,27

	SCA/SSDAg 175-40
	72,01 ± 3,70
	0,26

	SCA/SSDAg 175-60
	78,66 ± 3,27
	0,26

	SCA/SSDAg175-80
	78,36 ± 6,51
	0,26

	SCA/SSDAg 190-40
	78,21 ± 1,8
	0,26

	SCA/SSDAg 190-60
	75,20 ± 3,47
	0,26

	SCA/SSDAg190-80
	76,20 ± 1,95
	0,26


Table 2: Summary of the mean recovery values and retention factor obtained from the extraction of silver sulfadiazine presents in the extruded starch-cellulose matrices.
*SD= Standard deviation

For all matrices, the mean recovery values of silver sulfadiazine obtained were lower under the theoretical value (100%). Factor such as the adhesion of silver sulfadiazine micronized particles in the extruder screw due the high surface energy of drug.
The silver sulfadiazine antimicrobial activity after its extrusion with starch-cellulose acetate was evaluated against the Staphylococcus aureus and Pseudomonas aeruginosa. The means and standard deviations of the zones of microbial growth inhibition in millimeters (mm) for silver sulfadiazine are summarized in the Table 2.

	Matrices
	Staphylococcus aureus 

Inhibition zones  (mm) 
	Pseudomonas aeruginosa

Inhibition zones  (mm)

	SCA/SSDAg 160-40
	15,00 ± 1,00 
	15,33 ± 0,57

	SCA/SSDAg160-60
	15,00 ± 0,00
	16,00 ± 1,00

	SCA/SSDAg160-80
	13,33 ± 1,15
	15,33 ± 0,57

	SCA/SSDAg 175-40
	11,33 ± 1,15
	16,66 ± 0,57

	SCA/SSDAg 175-60
	11,33 ± 1,15
	17,66 ± 1,52

	SCA/SSDAg175-80
	11,33 ± 1,15
	21,33 ± 0,57

	SCA/SSDAg 190-40
	10,66 ± 1,15
	16,66 ± 0,57

	SCA/SSDAg 190-60
	11,33 ± 1,15
	17,66 ± 0,57

	SCA/SSDAg190-80
	13,00 ± 1,00
	18,66 ± 1,15 


Table 2: Antimicrobial activity of the starch-cellulose acetate/silver sulfadiazine extruded matrices. 
The results obtained show that silver sulfadiazine had highest antibacterial activity against Pseudomonas aeruginosa than the Staphylococcus aureus. Yu et al (2005) suggest that the size difference in the zone inhibition between Pseudomonas aeruginosa (gram-negative) and Staphylococcus aureus (gram-positive bacteria) is due the differences in the structure of their cell wall. Since the cell wall of gram-negative bacteria are thinner and distinct layers than the gram-positive cell wall. Thus, diffusion of silver sulfadiazine into the cell occurs more easily in Pseudomonas aeruginosa than in Staphylococcus aureus [17].
4. Conclusion 
Starch-cellulose acetate/silver sulfadiazine extruded matrices were produced by melt extrusion. Different temperature and screw speed values were used in the matrices manufactured. Properties of such matrices were compared between them searching the better combination (temperature and screw speed) for each property evaluated. 

For all matrices the silver sulfadiazine dispersion was homogenous, but the matrices produced at 160 0C in 40, 60 and 80 rpm it can be seen drug particles not dissolved/fused in the matrices. This phenomenon could be associated to lower temperature and screw speed hindered the starch-cellulose acetate matrix plastification and subsequently the dissolution of the drug particles.
TGA/DrTGA results not showed the polymers thermal degradation during the melt extrusion. These results were compared with the HPTLC results where were not observed the drug degradation (peaks equal to standard peak), but can be seen two bands with Rf values lower at 0,20. These bands may be associated to additives degradation, since the additives have lower temperature degradation as seen in the TGA results. The antimicrobial activity maintenance of the silver sulfadiazine was evaluated by growth inhibition of the Pseudomonas aeruginosa and Staphylococcus aureus. For both bacterial, the silver sulfadiazine present in the extruded polymeric matrices showed antimicrobial activity. These results show a potential application of this system in the dressing wound burn manufacturing.
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