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Abstract 
 

Mesoporous alumina is a promising drug carrier because of its extensive surface area, pore structure, biocompatibility 

and non-toxicity, facilitating high drug loading and release capacity. This study aimed to investigate the adsorption and 

release kinetics of levofloxacin (LF) on prepared γ-mesoporous alumina nanoparticles (γ-MNPs). Adsorption kinetic tests 

were carried out by a batch method, drug loading was investigated using an impregnation method, and the release kinetics 

were determined using a dialysis bag maintained at 310 K. Adsorption kinetics were analysed using three kinetics models: 

the pseudo-first-order, pseudo-second-order and intraparticle diffusion. Results showed that the adsorption of LF followed 

a pseudo-second-order reaction, with the adsorption rate and mechanisms regulated by two consecutive steps, suggesting 

that intraparticle diffusion was involved, but it was not the only rate-controlling step. Drug loading results showed that 

the amount of LF loaded into γ-MNP was 2.17 mg drug/g γ-MNP. The drug release behaviour was investigated at pH 7.4 

and pH 5.4. The drug release profile for the LF/γ-MNP system showed that the drug release percentages were 18.00% at 

pH 5.4 after 48 h and 90.41% at pH 7.4 after 24 h. Drug release was characterised by the kinetic models, including zero-

order and first-order kinetics. The data from the pH 5.4 system was best fitted by zero- and first-order kinetics. The drug 

release mechanisms from a matrix were interpreted using Korsmeyer–Peppas, Kopcha and Higuchi models. The results 

demonstrated that drug release at pH 7.4 exhibited non-Fickian diffusion, whereas that at pH 5.4 was Fickian diffusion. 

The Hugichi constants (kH), which were correlated with the release rate, were low in the two systems, confirming the 

results of zero- and first-order equations. Therefore, γ-MNP is a promising and effective delivery medium for LF 

treatment.   

  
Keywords: Mesoporous alumina; Levofloxacin adsorption; Korsmeyer–peppas model; Levofloxacin loading; Drug 
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1. Introduction  

 

Mesoporous materials, including mesoporous 

alumina, have recently attracted significant 

attention because of their high specific area, large 

pore volume, controlled porosity, chemical 

inertness and excellent stability [1–3]. Therefore, 

they are utilised in many applications, including 

drug delivery systems [4], [5]. In biomedicine, γ- 

mesoporous alumina is a remarkable matric for 

extensive drug loading and controlled release (drug 

delivery) because of its chemical inertness and 

adjustable surface chemistry [6–8]. 

Mesoporous alumina, functionalised with 

various hydrophilic and hydrophobic surface 

chemical groups, was used as a carrier for the 

transport of the medication ibuprofen. The 

incorporation of hydrophobic groups resulted in a 

rapid release rate (85% over 5 h) and a moderate 

level of drug loading (around 20%).  By contrast, 

hydrophilic groups yielded reduced release rates 

(12%–40% over 5 h) and large drug payloads (21%–

45%) [9]. The arrangement of functional groups on 
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the alumina surface and the pore properties of the 

matrix were shown to influence diffusion-controlled 

drug release, depending on the chemical moiety. 

Donepezil hydrochloride, a pharmacological agent 

for Alzheimer's disease, was administered and 

released in vitro into artificial cerebrospinal fluid 

via this method [10]. Additionally, it was used to 

enhance the administration of pioglitazone in rats 

with type 1 diabetic nephropathy. The mesoporous 

material demonstrated a release rate of 80% for 

pioglitazone, indicating its potential as an effective 

drug carrier and a platform for the delivery of poorly 

water-soluble medications to enhance oral 

bioavailability [11]. 

 Levofloxacin (LF) is a notable member of the 

quinolone class of antibiotics and is used to treat a 

wide variety of bacterial infections [12]. A previous 

study indicated that LF may be repurposed to treat 

inflammation caused by chronic bacterial infections 

including cystic fibrosis and pneumonia [13]. 

Figure 1 illustrates the chemical structure of this 

drug. 

 

 
 

Fig. 1. Chemical structure of LF  

 

 

A recent study was performed to synthesise 

mesoporous silica and load it with LF, followed by 

glycosylation to enhance uptake by bacterial cells. 

Plain mesoporous silica and glycosylated 

mesoporous silica nanoparticles exhibited drug 

loading capacities of 10.41% and 11.43%, 

respectively. After 48 h, the release of LF from 

glycosylated silica was 21.02%, whereas that from 

ordinary silica was 7.50%. The minimum inhibitory 

concentration of glycosylated silica on Escherichia 

coli was lower than that of plain silica and LF [14]. 

In vitro release studies of MgO-loaded LF 

nanoparticles were conducted at 37 °C in simulated 

bodily fluid. After analysing the data using several 

kinetic models, researchers found that dissolution is 

a gradual process requiring 12–24 h to complete 

[15]. 

Porous alumina is recognised for its structural 

integrity, which remains intact under in vitro and in 

vivo conditions, a notable property that has 

facilitated its adoption in specialised biomedical 

applications. Some in vitro immuno-isolation 

studies carried out in porous alumina membranes 

suggest that alumina is non-toxic and does not 

induce significant complement activation. In vitro 

studies demonstrated the absence of toxic effects 

from porous alumina capsules. In vivo studies 

conducted 1 week after implantation revealed 

moderate inflammation of the tissue surrounding 

poly(ethylene glycol) capsules [16–18]. 

 A review of existing literature on alumina as a 

drug carrier reveals a scarcity of studies on the 

adsorption and release kinetics of drugs, despite the 

favourable characteristics of alumina, particularly 

γ-MNP, and the prevalent use of LF and its potential 

side effects on the body. The present study aimed to 

investigate the adsorption kinetics of LF by 

applying different kinetic models. The study also 

included the release profile and kinetics of LF 

release after drug loading, using different linear 

release kinetics equations. According to our 

knowledge, this study has not been previously 

addressed. 

 

 

2. Materials and Methods 

2.1. Chemicals 
 

Dioctyl sulfosuccinate sodium salt (AOT, purity 

98%) and aluminium nitrate nanohydrate (Al 

(NO3)3·9H2O, molar mass 375.134 g/mol, purity 

99%) were provided by BDH Chemicals, Ltd., 

Poole, England. Pharmaceuticals were obtained 

from the AL-Razi factory in Baghdad.  

 

2.2. Synthesis of γ-Mesoporous Alumina 

Nanoparticles (γ-MNPs) 
 

The procedure utilised in the synthesis of γ-MNP 

was as reported in reference [19], with minor 

modifications as follows: 1.25 g of AOT was 

dissolved in 100 mL of deionised water (solution 

A). Subsequently, 11.25 g of Al(NO3)3·9H2O  was 

dissolved in 100 mL of distilled water (solution B). 

Solution B was added to solution A dropwise while 

stirring for 30 min at 70 °C. The pH of the solution 

was adjusted to 9 by slowly adding sodium 

hydroxide (1 M) and agitating, resulting in white 

suspensions after 120 min at 70 °C. The formed 

solution was aged in a water bath at 80 °C for 20 h 

to fully transform into a gel. The products were 

filtered, rinsed repeatedly with distilled water, dried 

in an oven set at 80 °C for 8 h and calcined for 4 h 

at 600 °C. 
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This γ-MNP was characterised in a previous 

work [20]. It has a crystalline structure with cubic 

symmetry; the particle size distribution was in the 

range of 10–55 nm. The surface area was 

319.99 m2g-1, the pore volume was 0.557 cm3g-1 and 

the average pore diameter was 6.963 nm.   

 

2.3. Adsorption Kinetic Study 

 

Experiments for adsorption kinetic research 

were carried out in a 250 mL conical flask that 

included 0.3 g of γ-MNP and 100 mL of 6 mg/L LF. 

A water bath shaker operating at 200 rpm was used 

to agitate the solutions for 180 min at 298 K. 

Following the interval, the drug concentration was 

measurable using a UV-vis spectrophotometer by 

assessing the absorbance at λmax 292 nm.  

The amount adsorbed (qe) was computed using 

the following equation [21]: 

 

𝑞𝑒 =
(𝐶𝑜− 𝐶𝑒)𝑉

𝑚
                                                               …(1) 

 

where Co is the starting concentration of the drug, 

Ce is the equilibrium concentration of the drug, m is 

the γ-MNP weight and V is the adsorbate solution's 

volume (L).  

 

2.4.  Drug Loading Study  

 

LF was loaded onto the γ-MNP carrier via 

impregnation. About 15 mL of 50 mg/L drug 

solution was added to 0.3 g of γ-MNP carrier and 

placed on a magnetic stirrer for 24 h to achieve 

equilibrium. The resulting solution was filtered, and 

the resulting liquid phase was transferred into a 

quartz cell to determine the amount of LF by using 

a UV-vis spectrophotometer. Thereafter, the drug-

loaded mesoporous composite was dried for 12 h at 

50 °C [22], [23].  

 

2.5. In Vitro Release Experiment  

 

The procedure for in vitro release experiments 

was as follows: a dialysis bag containing drug-

loaded γ-MNP with 2 mL of PBS (pH 7.4 or 5.4) 

was soaked in 18 mL of saline solution and 

maintained at 37 °C. About 1 mL of sample was 

extracted at predetermined intervals (replaced with 

fresh PBS), and the drug concentration in the liquid 

phase was evaluated using a UV-vis 

spectrophotometer [22], [23].   

 

3. Results and Discussion 

3.1. Characterisation  

 

The carrier after loading with LF (LF γ-MNP) 

was characterised by XRD, BET, SEM and TGA. 

Figures 2 displays the XRD patterns of the sample, 

indicating diffraction peaks at 18.67°, 20.28°, 

27.80°, 37.13°, 40.48°, 53.11° and 66.71°. By 

contrast, γ-MNP before drug loading exhibited 

diffraction peaks at 39.48°, 45.91° and 66.95° [7], 

[20]. 

 

 
 

Fig. 2. XRD patterns of γ-MNP after loading with LF  

 

 

The results of XRD analysis suggested that the 

chemical formula was Al4F2O8C8N24. The results of 

the chemical formula and the emergence of peaks at 

18.67°, 20.28°, 27.80° and 53.11° may be due to LF 

loading. BET analysis revealed a reduction in 

surface area of 6.6 m2/g (the surface area after drug 

loading was 313.3 m2/g), thereby confirming drug 

loading.  

Figure 3 shows the SEM image illustrating that 

the morphology of LF/γ-MNP consisted of nano-

sized particles with irregular agglomeration. 
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Fig. 3. SEM image (120.000× magnification, scale bar 

500 nm) of γ-MNP loading with LF  

  

 

Figure 4 shows the results of TGA for γ-MNP 

before and after loading, which was performed in a 

temperature range from 25 °C to 800 °C. The weight 

loss for the sample before loading, indicated in one 

step at 100 °C (Figure 4a), was attributed to the 

presence of moisture. By contrast, the sample 

loaded with the drug showed a weight loss in three 

steps (Figure 4b), indicating moisture loss in the 

initial step, and the subsequent weight loss in the 

second and third phases possibly reflect the thermal 

decomposition of LF. These results confirmed that 

γ-MNP was loaded with the drug during 

impregnation.  

 

(a) 

 

 
(b) 

 

Fig. 4. TGA spectrum of γ-MNP, a) before and b) 

after loading with LF  

  

 

3.2. Adsorption Kinetics  

 

Figure 5 illustrates the results of adsorption 

kinetic experiments, depicting the fluctuation in the 

amount of LF adsorbed over time for three 

concentrations (6, 8 and 10 mg/L) at 298 K.  

 

 
  

Fig. 5. Variation in qe with time for the adsorption of 

three concentrations of LF on 0.3 g of γ-MNP at 298 K 

 

 

The adsorption behaviour of 6 mg/L LF was 

investigated using three kinetic models: pseudo-

first-order, pseudo-second-order and intraparticle 

diffusion models. In the pseudo-first-order equation 

(Lagergren equation), the difference between time-

dependent intake (qt) and equilibrium intake (qe) is 

represented as a linear function of adsorption time 

spent (t), as follows [24], [25]: 

 
𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛 𝑞𝑒 − 𝑘1𝑡                                            …(2) 
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The rate of adsorption was calculated using the 

following pseudo-second-order equation [26], [27]: 

 
𝑡 𝑞𝑡⁄ = 1 𝑘2𝑞𝑒

2⁄ + 𝑡 𝑞𝑒⁄                                                 …(3)  

 

The Weber–Morris model was applied to 

delineate the process of diffusion and identify the 

rate-limiting step [28, 29]. The equation below 

illustrates this:  

 

𝑞𝑡 = 𝑘𝐷𝑡1 2⁄ + 𝐶                                                         …(4)  

 

where k1 is the first-order rate constant, k2 is the 

second-order rate constant, kD1 and kD2 are the 

diffusion rate constants and C is the plot's intercept. 

The linear plots of the three equations are 

illustrated in Figure 6, which also features a 

comparative analysis. Table 1 displays all the 

parameters and regression coefficients obtained 

from the slope and intercept of the linear plots of the 

abovementioned kinetic models. 

 
 

 

 
Fig. 6. Linear plots of the A) pseudo-first-order, B) 

pseudo-second-order and C) intraparticle diffusion 

kinetic models for LF adsorption on γ-MNP at 298 K. 

 

 

Table 1, 

Kinetic functions of LF adsorption onto γ-MNP at 

298 K.  

Model Parameters Value 

pseudo-first-order 

qe (cal) (mg/g) 1.071 

k1(min)-1 0.038 

R2 0.9724 

pseudo-second-

order 

qe (cal) (mg/g) 1.938 

k2 (g/mg·min) 0.0746 

h (mg/g·min) 0.280  

R2 0.9989 

Intraparticle 

diffusion 

KD1 (mg/g·min1/2) 0.4229 

R1
2 0.8268 

KD2(mg/g·min1/2) 0.0531 

R2
2 0.9798 

 

 

Table 1 shows that the pseudo-second-order 

model was more significant because of its high R2 

(0.9989) and qe(cal.) (1.938 mg/g) values compared 

with the other kinetic models. The initial adsorption 

rate (h) was observed to be 0.28 (mg/g·min), which 

was calculated using the equation h = k2 qe
2. 

Data were analysed using the intraparticle 

diffusion model to explore the adsorption 

mechanism between LF and γ-MNP adsorbent. 

Finding the potential rate-limiting step in an 

adsorption process is advantageous. Figure 3C 

shows that the adsorption rate was controlled by two 

sequential phases: (i) external diffusion of the 

adsorbate from the adsorbent surface across the 

boundary layer and (ii) diffusion through pores or 

intraparticles. If the plot linearly intersected the 

origin, then internal diffusion should be the only 
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factor controlling the adsorption process [30]. The 

absence of the plot intersecting the origin indicated 

that intraparticle diffusion was not the only rate-

controlling step, but other steps were also involved.   

 

3.3. Release Kinetics of LF 

 

A minimal quantity of drug-loaded carriers may 

be introduced into a substantial volume of release 

medium using a dialysis bag to obtain the release 

profiles of pharmaceuticals. LF was incorporated 

into carriers for the in vitro assessment of drug 

release, and the subsequent expression was used to 

determine the quantity of drug loaded [21]:  

 

Loading (
mg drug

g sample
) =

 (m.orig)−(m.solu)

(m .sample)
                  …(5) 

 

where morig represents milligrams of LF in the 

solution, msolu denotes milligrams of LF in the 

solution after impregnation and msample indicates the 

grams of the carrier.  

The specified amount of LF loaded into the 

carrier was 2.17 mg of the drug/g carrier. These 

loading values were consistent with the capacity of 

other adsorbent drugs defined by previous studies 

[22], [31,[32]. LF may be incorporated into γ-MNPs 

via physical entrapment and electrostatic 

interactions due to the presence of mesopores in the 

alumina and the Van der Waals forces between the 

drug and the carrier.   

The drug release behaviour was investigated at 

37 °C and pH 7.4 and 5.4, simulating physiological 

conditions. Cumulative LF release is shown in 

Figure 7. 

 

  
 

 
Fig. 7. In vitro release profile of LF-loaded γ-MA at 

A) pH 7.4 and B) pH 5.4 

 

 

Figure 6 shows the controlled release curves of 

LF from LF/γ-MNPs at specific pH levels (pH 7.4 

and pH 5.4) over time. LF released from γ-MNP at 

pH 7.4 exhibited an initial rapid dose, followed by a 

slow release, reaching 90.41% of loaded LF after 

1440 min (24 h). LF released at a low pH (pH 5.4) 

was relatively slow and reached 18.00% after 2880 

min (48 h). These results suggested enhanced 

adsorption of LF at pH 5.4, which may be due to the 

pH-dependent chemical structures of LF, 

predominantly existing in its cationic form at this 

pH  [33]. Thus, the drug release properties of LF/γ-

MNP were dependent on pH [34], [35].  

The data on LF drug release from the carrier 

were analysed using five kinetic models: zero-order 

(Equation 6), pseudo-first-order (Equation 7), 

Korsmeyer–Peppas (Equation 8), Kopcha kinetics 

(Equation 9) and Higuchi (Equation 10) [36], [37]:   

 
Mt = M∞−k0t                                                            …(6) 

Mt ⁄ M∞ =1-e (-k
1

t)                                                     …(7) 

𝑀𝑡 𝑀∞⁄ = 𝑘𝐾−𝑝 𝑡
𝑛                                                  …(8) 

𝑀𝑡 = 𝐴𝑡1 2⁄ + 𝐵𝑡                                                     …(9) 

Mt = kH t0.5                                                              …(10) 

 

In this case, Mt is the quantity of LF released at 

time t in minutes; M∞ is the drug loaded in γ-MNPs; 

k0 and k1 are the zero- and first-order rate constants, 

respectively; KK-P and kH are the kinetic constants 

associated with the host–guest interaction and 

Higuchi’s release rate constant, respectively; 𝑛 is 

the host's form and mechanism of drug release; and 

𝑘 is the first-order rate constant. The linear plots for 

these models are illustrated in Figures 8 and 9, and 

the obtained results are listed in Table 2. Figure 8A 
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illustrates the role of diffusion, and Figure 8B 

depicts the contribution of erosion.   

 

 
 

 
 

 
 

 

 

 
Fig. 8. Linear plots of A) zero-order, B) pseudo-first-

order, C) Korsmeyer–Peppas, D) Kopcha and E) 

Higuchi models of kinetic release from γ-MA after 

loading with LF at pH 7.4  
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Fig. 9. Linear plots of A) zero order, B) pseudo-first-

order, C) Korsmeyer–Peppas, D) Kopcha and E) 

Higuchi models of kinetic release from γ-MA after 

loading with LF at pH 5.4. 

 

 

Drug release from the solid carrier was 

characterised by the kinetic models, including zero-

order kinetics and first-order kinetics. The results in 

Table 2 showed that the values of R2 for the two 

systems were higher at pH 5.4 than at pH 7.4. Thus, 

the data of the pH 5.4 system were best fitted to 

zero- and first-order kinetics. The zero-order kinetic 

dose form is optimal for drug release because it 

administers a consistent amount of medication over 

time, leading to a prolonged pharmacological effect 

[38]. The first-order equation describes the drug 

release from a system where the release rate is 

dependent on concentration, and the zero- and first-

order equations describe the slow release rate [39]. 

 
 

Table 2, 

Kinetic parameters of LF release from LF/γ-MNP at 

two pH levels and 37 °C.  

Model parameters pH 7.4 pH 5.4 

Zero-order model k0 0.0552 0.0048 

R2 0.7678 0.9468 

Pseudo-first-order k1 0.0015 0.0005 

R2 0.9423 0.9457 

Korsmeyer–

Peppas model 

n 0.5670 0.2670 

kK-P 0.0190 0.0143 

R2 0.9473 0.8239 

Kopcha model A 24.0431 0.0241 

B 0.0293 0.0007 

R2 0.8563 0.9310 

Higuchi model kH 0.0593 0.0065 

R2 0.9741 0.9613 

 

 

The mechanisms of drug release from a matrix 

were analysed using the Korsmeyer–Peppas, 

Kopcha and Higuchi models. For the Korsmeyer–

Peppas model, if the release exponent n was ≤ 0.5, 

the release was dominated by Fickian diffusion; if n 

was between 0.5 and 1, then the release followed an 

abnormal diffusion mechanism (non-Fickian 

diffusion); and if n > 1, the release was based on a 

complex transport mechanism. The Peppas model 

exhibited n values of 0.567 and 0.267 for pH 7.4 and 

pH 5.4, respectively, indicating that the drug release 

at pH 7.4 was characterized by non-Fickian 

diffusion, but that at pH 5.4 was characterised by 

Fickian diffusion. This transition from non-Fickian 

to Fickian behaviour may be due to the positive 

charge of the drug at pH 5.4, which may affect the 

diffusion based on concentration due to electrostatic 

effects.  

In the Kopcha approach, erosion is dominant 

when A/B < 1, whereas diffusion dominates when 

A/B ≥ 1. The results showed that the values of A/B 

for the two systems exceeded 1, demonstrating that 

diffusion was the predominant mechanism [37, 40]. 

Higuchi's model revealed the best fit (R2 =0.974 at 

pH 7.4 and 0.963 at pH 5.4) indicating that drug 

release was diffusion at both pH levels. The result 

of this model also showed that kH, a constant related 

to the burst release rate of the release process, was 

low in the two systems, confirming the results of 

zero- and first-order equations. This result was 

confined to other studies [41], [42].  
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One of the most important limitations of our work 

was the minimal amount of medicine loaded onto 

the carrier, which we will address in future studies. 

 

  

4. Conclusions 
 

The adsorption and release kinetics of LF on γ-

MNP demonstrated that the synthesised material 

was an effective carrier for LF. The investigation of 

adsorption kinetics showed that the adsorption of 

LF on γ-MNP completely obeyed the pseudo-

second-order equation, with an initial rate of 

0.28 mg/g·min, as indicated by a correlation 

coefficient of R2=0.9989 and calculated adsorption 

capacity (qe(cal)) of 1.938 mg/g. The loading 

studies demonstrated that γ-MNP possessed a 

loading capacity of 2.17 mg LF drug/g carrier, with 

LF release percentages of 90.41% after 1440 min at 

pH 7 and 18.00% after 2880 min at pH 5 for the LF/ 

γ-MNP system. Drug release was described by the 

zero-order and first-order kinetic models. The 

results on the mechanisms of drug release indicated 

that diffusion was the dominant process. At pH 7.4, 

drug release exhibited non-Fickian diffusion; at pH 

5.4, drug release followed Fickian diffusion. This 

suggests that the drug adsorption and release 

properties of LF/γ-MNP were influenced by pH. 

Further optimisation of the adsorption process 

parameters, such as pH and carrier 

functionalisation, may yield superior drug loading 

capacity and enhance the release profile.  

 

 

Abbreviations 
 

γ-MNP γ-Mesoporous alumina nanoparticle 

PBS phosphate buffer solution 

LF levofloxacin 

AOT dioctyl sulfosuccinate sodium salt 
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 المستخلص

 
وتم تحضيرها     (γ-MNP)( على جسيمات نانوية من الألومينا متوسطة المسام  LFتم التحقيق في حركية الامتزاز والاطلاق لدواء الليفوفلوكساسين )

كلفن. تم إجراء    310( عند  dialysis bagمسبقا. أجريت تجارب دراسة حركية الامتزاز بطريقة الدفعات، بينما أجريت دراسة حركية الإطلاق باستخدام )

النتائج أن امتزاز دواء   تحليل حركية الامتزاز باستخدام ثلاثة نماذج حركية: الرتبة الكاذبة الأولى والرتبة الكاذبة الثانية والانتشار داخل الجسيمات. اظهرت

LF  خارجي وانتشار المسام، واظهرت أن الخطوة المحددة  هو من الرتبة الكاذبة الثانية، وان الامتزاز وآلياته قد تم من خلال خطوتين متتاليتين: الانتشار ال

باستخدام طريقة    للسرعة هي الامتزاز داخل الجسيمات بالاضافة الى خطوات اخرى كون ان الخط المستقيم لم يمر من نقطة الأصل. تم التحقق في تحميل الدواء

 pH    =7.4. تم التحقيق في سلوك إطلاق الدواء عند  γ-MNPملغم دواء لكلّ غرام    2.17كانت    γ-MNPالمحملة في    LFالتشرب وأظهرت النتائج أن كمية  

، بينما كانت نسبة إطلاق    pH  5.4٪ عند    18.00ساعة كانت حوالي    48أن نسبة إطلاق الدواء بعد    LF / γ-MNPويظهر شكل إطلاق الدواء لنظام    5.4و  

. درس إطلاق الدواء أيضًا باستخدام النماذج الحركية من الدرجة الصفرية والدرجة الأولى وتشير النتائج  pH 7.4٪ في  90.41ساعة حوالي  24الدواء بعد 

و    Kopchaو    Korsmeyer-Peppasكانت أفضل ملاءمة للرتبة الصفر و الأولى. تم تفسير آليات إطلاق الدواء باستخدام نماذج    pH  5.4إلى أن بيانات  

Higuchi  الهيدروجيني الرقم  الدواء عند  النتائج  أن إطلاق  )  7.4. أظهرت  انتشارًا من نوع  الهيدروجيني  non-Fickianكان  الرقم  ، كان  5.4( ، وعند 

 كد نتائج معادلات من الرتبة الصفر والدرجة الأولى. وإن سرعة الإطلاق منخفضة في النظامين، مما يؤ ، (Fickianالإطلاق انتشارًا من نوع )
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