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Abstract: Spironolactone (SL), an aldosterone antagonism being proved by Randomized Aldactone Evaluation 

Study (RALES) combines with angiotensin converting enzyme (ACE) inhibitors to decrease pulmonary arterial 

hypertension (PAH) mortality and improve the clinical outcomes. This work represents the employment of a 53 

central composite design (CCD) for developing a dry powder for inhalation (DPI) containing SL prepared via a 

sieving method utilizing cross-linked chitosan (CS) with glutaraldehyde (GA) as the carrier. The optimized SL 

loaded microparticles (OSLM) powder angle of repose (AOR, Y1), geometric standard diameter (GSD, Y2), fine 

particle fraction (FPF, Y3) and mass median aerodynamic diameter (MMAD, Y4) responses were optimized after 

studying the influence of the formulation variables that were CS (X1), acetic acid (AA, X2) and GA (X3). The 

OSLM was further evaluated on the basis of scanning electron microscopy (SEM), x-ray powder diffraction 
(XRPD), Fourier transform infrared spectroscopy (FTIR) analysis and drug release kinetic model and 

mechanism. It was found that Y1 increase upon X1 increment only, Y2 increase rely on X1 and X2 combined 

increment, Y3 will increase upon X1 increment up to a certain point after which there will be a decline in the 

aerosolization performance, whereas Y4 is more significantly influenced by the X2. XRPD reveal that SL 

existence is in the amorphous state and homogenously dispersed within the microparticles and the FTIR 

indicates no physicochemical interaction take place between SL and the carrier. The in vitro release was 

obeying Korsmeyer-Peppas model, whereas the release mechanism was Fickian diffusion. This approach 

provides a mean for successful pulmonary delivery of SL in the treatment of PAH.   

Keywords: pulmonary arterial hypertension, spironolactone, dry powder inhalation, central composite design, 

cross-linked chitosan microparticles.  

 

I.    Introduction 
 Pulmonary arterial hypertension (PAH) is a rare disease, with an estimated prevalence ranging from 

10-52 cases per million, whereas the 1-year incident survival rates ranging from 68-93% according to countries 

registries ordered ascending from US NIH registry-PH registry of the UK and Ireland over different time 

periods [1]. The PAH main feature as a progressive disease is a combination of small pulmonary arteries 

endothelial dysfunction and increased contractility, endothelial and smooth muscle cells proliferation and 

remodeling and blood vessels progressive narrowing due to in situ thrombosis. All leads to a progressive blood 

flow resistance and pulmonary arteries pressures increment [2]. Right ventricular hypertrophy (RVH) developed 

in order to compensate for the increased after load and cardiac output maintenance, but it is rarely fully 

compensatory, aggravated into RV ischemia, leads to RV failure and hence shortens lifespan [3]. 

Recently there is an evidence that the renin-angiotensin-aldosterone system (RAAS) will activate and 

participate in the PAH pathology, where aldosterone plays a key role in the cardiopulmonary remodeling 

revealed by its level reduction during angiotensin converting enzyme (ACE) inhibitors administration. The 
vascular and cardiac cells mineralocorticoid receptors (MR) will be activated by the higher aldosterone levels 

come from endothelin-1 stimulated extra-adrenal pulmonary aldosterone synthesis, initiate signals that induce 

vascular remodeling, reduce vascular reactivity and contribute in RV dysfunction which is a prominent PAH 

cause of death. Spironolactone (SL), an aldosterone antagonism being proved by Randomized Aldactone 

Evaluation Study (RALES) combines with ACE inhibitors to decrease PAH mortality and improve the clinical 

outcomes by decreasing muscularized vessels number, increased cross-sectional luminal area, and limited 

vascular collagen deposition and fibrosis, decreased pulmonary artery systolic pressure and decreased RV 

hypertrophy [4]. As a combined MR and androgen receptors (AR) antagonist, early stage PAH patients start 

taking SL has been revealed a treatment novelty by improving endothelial function via its anti-inflammatory 

effect on the NFκB-mediated inflammatory signaling in human endothelial cells [5]. 

Pulmonary drug delivery via inhalation has been employed for the treatment of localized and systemic 
conditions, and it is clinically acceptable; where in case of localized therapies advantages like needleless route, 

no hand care required and self administration when patients are properly trained become attractive, whereas in 

case of systemic therapies, additional features such as large lung peripheral epithelial layer surface area (100 
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m2), thickness (0.2 – 0.7 µm) and high blood supply that maintain sink condition for drug absorption provoke 

utilization of the pulmonary route for getting drug rapid onset of action and better permeation [6]. Chitosan (CS) 

is considered as a physiologically compatible cationic polymer due to biologically non-toxic, mucoadhesive and 
biodegradable. Chitosan pKa 5.6 make it soluble only in acidic solutions, and then become a polycationic 

polymer because of the protonated amine groups that imparts high density positive charges, but retains its 

deprotonated nature at physiological pH in biological fluids [7]. According to the Biopharmaceutical 

Classification System (BSC); SL considered as a class II drug of low solubility 2.8 mg/100 ml at 25 ºC in water 

and high permeability, then in order to improve its oral bioavailability SL being formulated as nanosuspensions 

and solid dispersions [8, 9]. 

Involvement of chitosan as a carrier in pulmonary drug delivery when a dry powder inhaler preparation 

consists of cross-linked CS microparticles with citric acid loaded with cisplatin will improve lung cancer 

treatment via chemotherapeutic agent targeting besides dose reduction [10], and the same to be achieved with 

PAH. 

Sieving method was the one that utilize in this study for SL-CS microparticles preparation, the 
formulations were optimized using a 53 central composite design (CCD) and the optimized formula was 

physicochemically characterized and pulmonary deposition investigated.  

 

II.     Materials and Methods 
Materials: Pure spironolactone (SL) was received as a gift sample from the State Company for Drug Industries 

and Medical Appliances (SDI) (Samarra / Iraq). Chitosan (CS), acetic acid (AA) and glutaraldehyde (GA) were 

produced from (Himedia-India), (Solvochime-UK) and (Lobachime-India) respectively. All other 

chemicals/solvents used were of analytical grade. 

Preparation of Spironolactone loaded chitosan microparticles by sieving method: A thick jelly mass was 

produced by dissolving CS into AA solution, SL incorporated into the jelly mass, that became non-sticky upon 

cross-linked with GA and then the mass passing through a 625-mesh screen sieve (Retsch/Germany) to get a 

percentage of suitable inhaled sized microparticles. The produced SL loaded CS microparticles were washed 
with 0.1 N NaOH solution to get rid from excess un-reacted GA and placed in an oven (IMS-Laitram-USA) at 

40 ºC for an overnight [11]. 

Experimental design: A single block of 20 conducted experiments was involved and the formulations were 

determined by a 53 CCD. The 3 variables that were considered include: CS (X1), AA (X2) and GA (X3). The 

responses that were considered include: angle of repose (AOR, Y1), geometric standard diameter (GSD, Y2), 

fine particle fraction (FPF, Y3) and mass median aerodynamic diameter (MMAD, Y4) of the CS-based dry 

powder. The Design-Expert Version 8.0.7.1 (Stat-Ease Inc., Minneapolis, MN) was employed for data modeling 

and statistical analyses.  

Statistical data analysis and validity of the optimized model: A multiple linear regression model fitting to a 

53 factorial design yields a predictor polynomial equation that incorporates interactive and polynomial terms to 

evaluate the responses: 
 

Y = b0 + b1x1 + b2x2 + b3x3 + b12x1x2 + b23x2x3 + b13x1x3 + b11x1
2
 + b22x2

2
 + b33x3

2
     (1) 

 Aims that arise from employing this model is to evaluate the effect of the linear, xi; quadratic, x1
2 and 

the interactive, xixj, independent variable on the dependent variable. The measured response Y associated with 

each factor combination; b0 is an intercept representing the arithmetic average for all quantitative outcomes of 

the nine runs; bi (b1, b2, b3, b12, b23, b13, b11, b22 and b33) are regression coefficients computed from the observed 

experimental Y values. The five levels for each variable were _1.682, _1, 0, +1, +1.682 and table 1 lists the 

actual values corresponding to each variable. X1, x2 and x3 are the coded independent variable level. 

 X1, x2 and x3 are the main effects and after changing one factor at a time the average results. Upon two 

factors were changed simultaneously the interaction terms show the response. Using a numerical optimization 

tool via the desirability approach the optimum dependent variables were calculated for the desired response. 

 

Table 1: Central composite design variables 

Factor Level 

-1.682 -1 0 +1 +1.682 

X1; CS (%, w/v) 0.78 1.60 2.80 4.00 4.82 

X2; AA (%, w/v) 0.35 1.00 1.95 2.90 3.55 

X3; GA (%, w/v) 0.00 0.25 0.33 0.40 0.45 

 

Response Constraints  

Y1: angle of repose (AOR, θ) Minimize 

Y2: geometric standard diameter (GSD, µm) Minimize 

Y3: fine particle fraction (FPF, %) Maximize  
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Y4: mass median aerodynamic diameter (MMAD, µm) Minimize  

Dry – powder characterization 
Flowability: The funnel method was employed, where an accurately powder weighted amount was taken and 

allowed to flow freely on the surface, the formed cone diameter was measured and angle of repose (θ) was 

calculated using equation below [12]:  

𝜃 = tan
−1

 h/r     (2) 

where, h and r are the height and radius of the powder cone. 

 

Particle size analysis: An optical microscope (Olympus-Japan) fitted with an ocular micrometer and a stage 

micrometer was employed for geometric particle size distribution measurement and the average particle size of 

100 particles from each formula was measured using Edmondson’s equation [13]: 

Dmean = Σnd/Σn     (3) 

where, n = number of microparticles observed; d = mean size range. 
 

In vitro powder aerodynamics: An eight stage, nonviable Andersen Cascade Impactor (ACI) (Graseby – 

Andersen / USA) with a preseparator is employed in the FPF determination. Rotahaler® was filled manually 

with 30 mg microparticles from each formula and the ACI was operated at flow of 28.3 l/min for 10 seconds. 

The ACI effective cut off diameters were 9, 5.8, 4.7, 3.3, 2.1, 1.1, 0.65 and 0.43 µm for stages 0–7, respectively. 

Definition of the FPF was the fraction of drug less than 5 µm. The microparticles MMAD was determined by 

plotting inverse cumulative mass percentage against log effective cut off diameter in each stage, whereas GSD 

obtained from measuring the spread of an aerodynamic particle size distribution [14]. 

 

Particle morphologies: Scanning electron microscope (AIS2300C, Angstrom-USA) was employed for 

examining SL, CS and the optimized SL loaded microparticles (OSLM) morphologies. Prior microscopy, 
powder samples were mounted at carbon tape and were sputter-coated using gold (Ion Sputter), then at an 

acceleration voltage of 20 kV the photomicrographs were taken. 

 

X – ray powder diffraction: At room temperature using (XRD-6000, Shimadzu-Japan) was employed for 

obtaining x-ray powder diffraction patterns samples of SL, SC and the OSLM. Anode was Cu and graphite 

monochromator, operated at a voltage of 40 kV and 30 mA current. Samples were analyzed in the 2θ angle 

range of 5°–70° and the process parameters were set as: scan step size of 0.02° (2θ), and scan step time of 0.5 

degree/min. 

 

Fourier transform infrared spectroscopy: Grounded powder samples of SL, SC and the OSLM were mixed 

thoroughly with KBr at 1: 5 ratios for developing an infrared transparent matrix, respectively. A hydraulic press 

was employed for KBr discs preparation at a pressure of 5 tons for 5 min and then (FTIR-600 FTIR 
Spectrometer, Main FTOS Biotech Engineering Management Co. Ltd-UK) was employed for samples scanning 

at a resolution of 4 cm -1, from 4000 to 400 cm -1. 

 

In vitro dissolution and release kinetics: Microparticles samples each equivalent to 30 mg SL were placed in 
the dissolution vessels USP type II dissolution test apparatus (TDT-06P-ELECTROLAB-India) each containing 

1000 ml of phosphate buffer pH 7.4 maintained at 37 ± 0.5ºC/stirred at 100 rpm and the withdrawn samples 

were replaced with equal quantity of fresh dissolution medium to ensure sink condition. The samples were 

analyzed for SL after filtration through a 0.45 µm filter membrane by UV spectroscopy (SPECORD® 40- 

Analytik Jena AG-Germany) at λmax 238nm [15]. The release data were fitted according to five kinetic model-

dependent equations in order to find the one with the best fit using DDSolver software (Zhang, China) [16]: 

R = k0 t     (4) 

Log UR = 
𝒌𝟏 𝒕

𝟐.𝟑𝟎𝟑
     (5) 

R = kH  𝒕     (6) 

(UR)
1/3

 = kHC t     (7) 

Log R = Log kKP + n Log t     (8) 

 

where R and UR are the released and unreleased percentages, respectively, at time (t): k0, k1, kH, kHC and kKP are 

the rate constant of zero–order, first–order, Higuchi matrix, Hixson–Crowell and Korsmeyer–Peppas model 

respectively. 
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III. Results and Discussions  

Formulation optimization: Study optimization was conducted by response surface methodology and the results 

are shown in table 2 where the experimental designs and the corresponding responses are fixed. Polynomial 

models were employed for fitting the experimental designs responses and an analysis of variance (ANOVA) test 

for their significance estimation as shown in table 3, where Y1, Y2, Y3 and Y4 fit a first-order, two factor 

interaction and quadratic model [17]. 

 

Table 2: Central composite rotatable design observed responses 

Run X1; CS % X2; AA % X3; GA % Y1; AOR θ Y2; GSD µm Y3; FPF % Y4; MMAD 

µm 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

2.80 

2.80 

2.80 

1.60 

4.82 

2.80 

0.78 

2.80 

2.80 

4.00 

2.80 

2.80 

1.60 

4.00 

1.60 

4.00 

4.00 

2.80 

2.80 

1.60 

1.95 

1.95 

1.95 

1.00 

1.95 

0.35 

1.95 

3.55 

1.95 

2.90 

1.95 

1.95 

2.90 

1.00 

2.90 

2.90 

1.00 

2.90 

2.90 

1.00 

0.33 

0.33 

0.45 

0.40 

0.33 

0.33 

0.33 

0.33 

0.00 

0.25 

0.33 

0.33 

0.40 

0.25 

0.25 

0.40 

0.40 

0.33 

0.33 

0.25 

32.3 

33.4 

37.6 

44.5 

41.3 

38.5 

32.3 

34.5 

43.0 

35.2 

33.2 

32.2 

31.5 

44.1 

30.4 

33.3 

40.3 

33.0 

35.3 

42.3 

9.36 

9.72 

7.37 

8.17 

14.43 

22.08 

12.86 

6.07 

2.17 

3.83 

9.75 

9.67 

7.07 

10.09 

4.94 

11.35 

12.77 

9.04 

8.94 

5.45 

46.085 

47.191 

32.224 

28.191 

28.536 

5.308 

42.802 

52.992 

55.747 

46.056 

46.804 

46.387 

47.114 

32.733 

40.981 

43.473 

19.265 

46.549 

46.956 

41.778 

5.282 

5.299 

6.894 

7.555 

6.390 

10.26 

5.296 

5.046 

4.081 

5.428 

5.255 

5.242 

5.310 

6.623 

5.497 

5.975 

7.683 

5.259 

5.268 

5.230 

 

Here below are models that have been established from the CCD runs: 

Y1 = 55.91 – 1.73x1 – 13.13x2 – 34.74x3 + 0.99x1x2 – 11.82x2x3 + 3.18x1x3 + 0.87x1
2
 + 1.53x2

2
 + 99.89x3

2
     (9) 

 

Y2 = 18.26 – 2.75x1 – 7.23x2 + 3.3x3 – 0.67x1x2 + 7.08x2x3 + 6.28x1x3 + 0.47x1
2
 + 1.16x2

2
 – 35.43x3

2
     (10) 

 

Y3 = 39.45 + 8.78x1 + 9.64x2 – 79.39x3 + 2.13x1x2 – 12.58x2x3 + 56.03x1x3 – 2.02x1
2
 – 6.12x2

2
 – 77.79x3

2
     

(11) 

 

Y4 = 4.52 + 0.21x1 – 2.24x2 + 12.85x3 – 0.1x1x2 – 0.72x2x3 – 5.64x1x3 + 0.082x1
2
 + 0.86x2

2
 + 12x3

2
     (12) 

 

 Coefficients exist within the polynomial equation represent the intercept, first order main effect, 

interaction terms and higher order effects. Associated response p values for Y1, Y2, Y3 and Y4 results for the 

factor effects are showed in table 3. The relative influence for each response factor is indicated by the sign and 
magnitude of the main effect where a synergistic effect when the sign is positive, whereas an antagonistic effect 

when the sign is negative. Response surface methodology 3-D response surface plot are shown in figure 1. 

Table 3: Measured responses ANOVA results p Summary 

Source of Variation Sum of Square DF Mean of Square F Value Value Significant  

AOR (θ) 

Quadratic Model 

X1 – CS 

X2 – AA  

X3 – GA 

  

GSD (µm) 

Quadratic Model 

X1 – CS 

X2 – AA  

X3 – GA 

 

FPF (%) 

Quadratic Model 

 

307.08 

25.403 

155.757 

9.208 

 

 

210.89 

12.702 

73.535 

31.745 

 

 

2556.13 

 

9 

1 

1 

1 

 

 

9 

1 

1 

1 

 

 

9 

 

34.12 

25.403 

155.757 

9.208 

 

 

23.429 

12.702 

73.535 

31.745 

 

 

284.015 

 

4.257 

3.169 

19.439 

1.153 

 

 

2.948 

1.600 

9.257 

3.997 

 

 

6.489 

 

0.0126 

0.0898 

0.0010 

0.2758 

 

 

0.0179 

0.1371 

0.0046 

0.0348 

 

 

0.0015 

 

Significant  

 

 

 

 

 

Significant  

 

 

 

 

 

Significant 
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X1 – CS 

X2 – AA  

X3 – GA 

 

 

 

MMAD (µm) 

Quadratic Model 

X1 – CS 

X2 – AA  

X3 – GA 

100.587 

1113.799 

243.548 

 

 

 

 

30.84 

1.16 

13.76 

5.306 

1 

1 

1 

 

 

 

 

9 

1 

1 

1 

100.587 

1389.770 

243.548 

 

 

 

 

3.43 

1.16 

13.76 

5.306 

2.299 

31.770 

5.569 

 

 

 

 

8.444 

2.845 

33.906 

13.074 

0.1073 

0.00008 

0.0229 

 

 

 

 

0.0013 

0.1248 

0.0002 

0.0048 

 

 

 

 

 

 

 

Significant  

 

 
(A) 

 

 
(B)

 
(C) 

 

(D)

Figure 1: Response surface plots for the CS (X1), AA (X2) and GA (X3) on the AOR (Y1)-A, GSD (Y2)-B, 

FPF (Y3)-C and MMAD (Y4)-D 
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Angle of repose (AOR) (θ) parameter measurement is employed in powder flow determination; factor 

X2 F values are higher than X1 (Table 3), i.e. X2 more significantly affected the response variable. Figure 1 (A) 

shows that θ increases upon CS increment whereas the reverse happened with AA. Equation 9 shows that both 
CS and AA reduced the θ by the negative coefficients for X1 and X2. Figure 1 (B) shows the CS and AA 

combined effect had on the geometrical standard diameter (GSD) (Y2).  

Figure 1 (C) reveals the CS and AA concentrations, X1 and X2 respectively response surface plot for 

fine particle fraction (FPF) (Y3) and table 3 shows that X2 F values are higher than X1, i.e. X2 more significantly 

affected the response variable. The existence of CS yielded positive X1 as well as AA yielded positive X2. The 

FPF improved upon CS increment, although larger amounts will decrease the aerosolization performance due to 

some degree of CS microparticles aggregation and a greater polymer amount in the same volume of jelly liquid 

droplets passing through a sieve screen [18]. The existence of acetic acid will aid in the aerodynamic particle size 

distribution and the powder respirability improvement which was determined by the peculiar shriveled shape 

and microparticles composition density [19]. Finally, figure 1 (D) shows the effect of X1 and X2 on the 

microparticles mass median aerodynamic diameter (MMAD) (Y4) response surface plot and table 3 shows that 
X2 F values are higher than X1, i.e. X2 more significantly affected the response variable. The formulation 

excipients combination enhances the powder aerodynamic properties and yields mainly AA, dry powder particle 

size and dispersion mechanism used to aerosolize the powder [20].  

 

In vitro optimization of dry powder microparticles: Formulation optimization based on minimizing AOR 

(Y1), GSD (Y2) and FPF (Y3), while maximizing MMAD (Y4). Applying desirability function method based on 

all of the investigated formulation variables in order to predict the optimum formulation variables range [21]. In 

order to prove the validity of the calculated optimal factors and predicted responses, a new SL formula was 

prepared using the optimum formulation and the responses were observed, table 4. The overall desirability was 

0.956, where the prediction model was 103.272%, 97.325%, 102.389% and 105.393% for the AOR, GSD, FPF 

and MMAD, respectively and hence it is desirable. 

 

Table 4: Spironolactone dry powder microparticles observed and predicted values 

Factor Optimized Level 

X1; CS (%, w/v) 

X2; AA (%, w/v) 

X3; GA (%, w/v) 

Desirability 

2.435 

2.253 

0.051 

0.956 

Response Expected Observed Residual  

Y1: angle of repose (AOR, θ) 

Y2: the geometric standard diameter (GSD, µm) 

Y3: fine particle fraction (FPF, %) 

Y4: the mass media aerodynamic diameter (MMAD, µm) 

38.037 

3.9397 

58.882 

2.2925 

38.706 

3.7763 

59.410 

2.3808 

0.669 

-0.163 

0.528 

0.088 

 

Scanning electron microscopy: The electronic images in figure 2 shown that SL powder particles are 

characterized by a large prismatic crystal shape [22], CS particles are large, irregular and with smooth surfaces, 

whereas the OSLM are within the acceptable inhaling range and with rough surfaces due to the cross-linked CS 

with GA [23]. 
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Figure 2: Scanning electron micrographs of (a) SL, (b) CS and (c) OSLM 

 
XRDP: The crystalline nature was found by employing the XRD, which figure 3 shows that SL was crystalline 

as it was revealed by its numerous peaks at 20 of 9.18, 16.66, 17.3, and 20.28 [24]. The semicrystalline nature of 

pure CS characterized by 11 and 20 peaks, whereas the OSLM peaks at 22 and 42 indicate CS minor 

transformation into amorphous nature due to the cross-linked CS with GA and the SL low intense peaks appear 

on the same diffraction spectra indicate some amorphous changes in drug crystalline nature due to low drug 

amount exist per cross-linked powder [25]. 
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Figure 3: X-ray diffraction patterns of (a) SL, (b) CS and (c) OSLM 

 

FTIR: The FTIR spectra of the samples are shown in figure 4, where SL spectrum has peaks at 1618 cm-1 (-

C=C- stretching of α, β-unsaturated ring), 1678 cm-1 (-C=O stretching of α, β-unsaturated ring), 1768 cm-1 (-

C=O stretching of thioacetyl group) and 2951 cm-1 (-C=H stretching) [26]. Pure CS absorption bands at 2947 cm-1 

(-OH stretching), 1383 cm-1 (CH2=CH2 bending), 1417 cm-1 (-CH3 bending) and 1063 cm-1 (C-O stretching 

vibration of the ring C-O-H, C-O-C and CH2OH), whereas the OSLM absorption bands at 2841 cm-1 and 1421 

cm-1 (aliphatic C-H stretching) and the most prominent is 1610 cm-1 (C=N Schiff base stretching) [27]. The 1768 

cm-1 (-C=O stretching of thioacetyl group) of SL although shown to become very small in the OSLM spectra 
which indicate no physicochemical interactions between the drug and the carrier. 

 

 
 

 
 

Figure 4: FTIR spectra of (a) SL, (b) CS and (c) OSLM 
 

In vitro release kinetic model and mechanism of SL from the optimized microparticles: In comparison with 

crystalline SL, the cumulative percentage of SL released from the OSLM is depicted in figure 5, where the 

former release was less than 40% within 6 hours, because the rate of dissolution is directly proportional to the 

drug particle surface area and nature, i.e. in the case of pure SL is large and crystalline respectively [28], whereas 

the latter release was approximately 100%, biphasic release pattern was a characteristic feature of the OSLM 

release profile and was highest, gradual and more sustained within the 6 hours of release. This is because the 
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cross-linked CS releases its content rapidly comes from the instantaneous swelling at higher pH, where the first 

30 min burst of release is due to the unentrapped drug adheres to the microparticles surfaces after the initial 

rapid hydration and swelling, whereas the latter slow release is due to the drug residual amount depletion in the 
microparticles and the concentration gradient build-up in the dissolution medium with time [29]. 

 

 
Figure 5: Cumulative percentage of SL released from drug suspension and the OSLM in phosphate 

buffer of pH 7.4 

 

 Table 5 shows the OSLM data that indicate Korsmeyer-Peppas model of release is of best fitness and 

the release mechanism was Fickian diffusion as the release exponent is (n ≤ 0.45) [30]. 

 

Table 5: OSLM release kinetic data 

Zero-Order Model First-Order Model Higuchi-Matrix Model Hixson-Crowell Model Korsmeyer-Peppas Model 

R2 

0.8003 
K0 (%h-1) 

21.233 

R2 

0.9493 
K1 (h

-1) 

1.23 

R2 

0.9228 
KH (%h-1/2) 

46.6 

R2 

0.9147 
KHC (%h-1) 

0.237 

R2 

0.9937 
n 

0.192 

KKP (%h-n) 

69.125 

 

IV.    Conclusions 
 Spironolactone loaded CS-based dry powder was prepared by employing the sieving method utilizing 

cross-linked CS with GA as the carrier, where an optimized pulmonary sustained-release delivery system can be 

achieved after studying formulation variables influence on the responses of prime importance to the 

development of DPI. The results obtained from this study imply the potential of sieving method in the 

preparation of DPI for delivering drugs to the deep lung.   
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