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Abstract 

Microporous zeolite NaX-FAU has been systemically evaluated for the oral delivery 

of the poorly water-soluble compound danazol. For this purpose, danazol-loaded 

zeolitic particles were prepared by the incipient wetness method and were 

characterized by means of N2 physisorption, X-ray diffraction (XRD), differential 

scanning calorimetry (DSC), thermogravimetric analysis (TGA) and high-resolution 

transmission electron microscopy (HRTEM). The zeolitic formulation shows a high 

drug payload and drug stability over a period of six months under accelerated storage 

conditions. The dissolution profile of danazol-loaded zeolitic particles was assessed in 

simulated gastric fluid (SGF) pH 1.2; fasted state simulated intestinal fluids (FaSSIF) 

and fed state simulated intestinal fluid (FeSSIF) showing a gradual and increasing 

drug dissolution in the different media. Ex vivo studies using the everted gut sac 

model show an increased drug transport across rat intestinal epithelium when loaded 

in the zeolitic particles. Our results suggest that microporous Faujasite zeolite (NaX-

FAU) could be used as a drug delivery system to facilitate the oral delivery of poorly 

water soluble compounds. 
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1. Introduction 1 

Oral drug absorption encounters multiple restraints commonly originating from the 2 

physicochemical properties of the active compounds. Since the majority of active 3 

compounds suffer from poor aqueous solubility, dissolution throughout the 4 

gastrointestinal tract is insufficient, resulting in poor drug permeability and low 5 

bioavailability after oral administration [1].  6 

The use of porous inorganic materials  has emerged as a formulation strategy to 7 

increase the solubility of sparingly soluble compounds [2-3]. Drug encapsulation into 8 

the porous matrices facilitates conversion of the crystalline form of the drug into its 9 

amorphous state of higher free energy, which in turn can increase its solubility [4-6]. 10 

Several inorganic materials have being explored as drug carriers opening new 11 

possibilities for biomedical applications [7]. Zeolites are among those materials that 12 

have enticed considerable attention in drug delivery, due to their innate unique 13 

properties [8-26]. Furthermore, it is possible that zeolites provide protection for drugs 14 

that are easily decomposed due to humidity, such as degradation [26]. Zeolites are 15 

microporous aluminosilicate materials based on an infinitely extending three-16 

dimensional framework of SiO4 and AlO4 tetrahedra linked to each other by sharing 17 

oxygens that results in a uniform network of channels and pores (pore size < 2 nm) 18 

[27]. On the contrary, ordered mesoporous materials are amorphous silicate materials 19 

with highly ordered hexagonal arrangements of pores (channels or cages) with narrow 20 

size distributions in the mesoscale range (2-50 nm) [28]. 21 

Τhe biological properties (non-toxicity and good biocompatibility) and stability in 22 

biological environments have rendered zeolites appropriate for medical use, mainly as 23 

drug delivery systems [29]. So far, zeolites have been successfully used as detoxicants 24 

and decontaminants, when added in animal nutrition, as well as antibacterial and 25 
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antidiarrheal agents. Although zeolites have been used in veterinary medicine and 26 

zootechnology, in vivo studies using zeolitic particles are relatively scarce [30]. In a 27 

study, the supplementation of the normal diet with two clinoptilolite dietary 28 

supplements (Megamin and Lycopenomin) in immunocompromised patients was 29 

accompanied with absence of any side effects and significant reduction of 30 

lymphocytes 31 

CD56+ and significant increase of CD4+, CD19+ and CD3+ lymphocytes [31]. 32 

Potgieter and co-researchers investigated the effect of Absorbatox™ 2.4 D 33 

clinoptilolite as a gastroprotective agent in patients with endoscopically negative 34 

gastroesophageal reflux disease (ENGORD) and nonsteroidal anti-inflammatory drug 35 

induced gastritis [32]. A significant reduction in heartburn, discomfort and pain was 36 

reported in the patients receiving the clinoptilolite treatment [32].  37 

In view of the promise of zeolites as carriers for oral drug administration, we loaded 38 

NaX-FAU zeolite with danazol, a BCS class II non-ionizable compound with low 39 

aqueous solubility (0.4-0.6 µg/mL) [33 -34] and limited bioavailability after oral 40 

administration, and further characterized the formulation by means of various 41 

physicochemical techniques. Faujasite is a mineral group in the zeolite family of 42 

silicate minerals. Its structure consists of truncated octahedra interconnected through 43 

double six-membered rings. The pores are defined by a 12-membered oxygen ring 44 

with an aperture of 7.4 Å and their interconnection leads to the formation of the main 45 

cavities of the zeolite. The silica to alumina ratio is the determinant factor of the 46 

zeolite type (X or Y), with high aluminum contents resulting in high exchange 47 

capacities that constitute zeolites useful in ion-exchange and adsorption applications, 48 

as well as molecular sieves in drug delivery applications, enabling control over drug 49 

loading and release kinetics based on the zeolite framework [27].  In vitro release 50 
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studies of the loaded particles were performed in simulated gastric and intestinal 51 

fluids, whereas their ex vivo performance was assessed using the everted sac-model. 52 

Finally, these studies were complemented by stability tests of the formulation under 53 

accelerated storage conditions. 54 

 55 

2. Materials and methods 56 

Zeolite NaX-FAU (SiO2/Al 2O3: 1.2) was obtained from Sigma-Aldrich (St. Louis, 57 

MO, USA). NaX-FAU belongs to the cubic system containing supercages with ~ 13 Å 58 

that communicate through ~7.35 Å windows [27]. Danazol was purchased from Alfa-59 

Aesar (Germany). SIF powder for preparing FaSSIF and FeSSIF was purchased from 60 

Biorelevant.com. All chemicals and solvents were of analytical grade. Distilled water 61 

was used in all experimental procedures. 62 

 63 

2.1 Preparation of release media 64 

Phosphate buffered saline (PBS) pH 7.4, was prepared by dissolving NaCl (8.0 g), 65 

KCl (0.20 g), Na2HPO4 (1.44 g) and KH2PO4 (0.24 g) in 1 L of distilled water with 66 

2% w/v sodium lauryl sulfate (SLS). Simulated gastric fluid (SGF) pH 1.2 was 67 

prepared by mixing 2 g of NaCl, 70 mL of 1M HCl and 930 mL of distilled water in 68 

the presence of 2 % w/v sodium lauryl sulfate (SLS). Fasted state simulated intestinal 69 

fluid (FaSSIF) [BS (sodium taurocholate) 3 mM; phospholipid (lecithin) 0.75 mM; 70 

Sodium dihydrogen phosphate (mM) 28.65; hydrochloric acid, sodium chloride 71 

105.85 mM; Osmolarity (mOsmol/kg)   ̴270; Buffer capacity (mEq/pH/l)   ̴12; pH 6.5] 72 

and fed state simulated intestinal fluid (FeSSIF) [BS (sodium taurocholate) 15.75 73 

mM; phospholipid (lecithin) 3.75 mM; acetic acid 144.05, hydrochloric acid, sodium 74 

chloride 203.18 mM; Osmolarity (mOsmol/kg)   ̴670; Buffer capacity 75 
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(mEq/pH/l)   ̴72; pH 5.0] were prepared with simulated intestinal fluid (SIF) powder, 76 

according to the manufacturer’s instructions (Biorelevant.com Ltd, Croydon, Surrey, 77 

UK). FaSSIF and FeSSIF fluids were used to reflect the physiological conditions in 78 

human gastrointestinal tract [35]. Krebs Ringer solution (pH 7.4) was used in the ex 79 

vivo studies and was prepared with 0.67 % w/v sodium chloride, 0.034 % w/v 80 

potassium chloride, 0.059 % w/v magnesium sulphate, 0.011 % w/v calcium chloride, 81 

0.234 % w/v sodium dihydrogen phosphate and 0.18 % w/v glucose in distilled water. 82 

In all cases, media were used within 24 h after preparation. 83 

 84 

2.2 Preparation of the danazol loaded NaX-FAU formulations 85 

The incipient wetness impregnation was the method adopted to achieve danazol 86 

loading within the NaX-FAU zeolite. Oven-drying of the NaX-FAU zeolite was 87 

performed at 120 oC prior to drug loading for 24 h to remove the adsorbed moisture. 88 

A methylene chloride solution of danazol was added under vigorous stirring in the 89 

dried zeolite powder at a 1:2 weight ratio. Samples were then dried at 40 oC for at 90 

least 48 h to remove traces of the organic solvent and were further stored in a 91 

desiccator.  92 

 93 

2.3 Determination of drug loading efficiency 94 

2.3.1 Extraction method 95 

Danazol content in the NaX-FAU formulations was quantified using the extraction 96 

method described below. One milligram of each sample was dispersed in 10 mL of 97 

PBS pH 7.4 (2 % w/v SLS) and was magnetically stirred for 24 h at 37 oC. The 98 

dispersions were then centrifuged at 4500 rpm for 15 min, the supernatants were 99 

filtered through a PTFE filter with 0.45 µm pore size and drug content was quantified 100 
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with UV spectroscopy (UV mini-1240, SHIMADZU) at 287 nm. Drug content was 101 

calculated according to following equation: 102 

Drug content  (%) = 
������	�		
���
��	��	���	���������

������	�		���������
 x 100   (1) 103 

2.3.2 Thermogravimetric analysis (TGA)  104 

Danazol content in the NaX-FAU formulation was additionally quantified with 105 

thermogravimetric analysis using a TGA Q500 apparatus (TA instruments Ltd.). 106 

Samples (danazol, NaX-FAU, danazol-NaX-FAU) were analyzed in air atmosphere at 107 

a heating rate of 10 °C/min and in the temperature range from 40 °C to 800 °C. 108 

Thermal equilibration of the samples was performed at 40 °C prior to analysis to 109 

remove the excess moisture.  110 

 111 

2.4 Physicochemical characterization 112 

2.4.1 ζ-potential measurements 113 

The surface charge of the empty and danazol loaded NaX-FAU formulations was 114 

determined using a Zetasizer Nanoseries, Nano-ZS analyzer (Malvern, UK) at 25 oC. 115 

The samples were dispersed in distilled water at a total solid load of 1 % wt. and 116 

briefly sonicated to enable homogenous dispersion in the medium prior to 117 

measurements.  118 

 119 

2.4.2 Differential scanning calorimetry (DSC) 120 

The thermal properties of the samples were characterized with differential scanning 121 

calorimetry (DSC) using a DSC 204 F1 Phoenix apparatus (NETZSCH). Samples 122 

were sealed in perforated aluminum pans and scanned at a heating rate of 10 oC/min 123 

under a nitrogen purge of 70 mL/min and at the temperature range from 30 oC to 250 124 

oC. 125 
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 126 

2.4.2 X-ray diffraction (XRD) 127 

The solid-state properties of danazol in the NaX-FAU formulation were evaluated 128 

with  129 

XRD analysis. Diffractograms were recorded on a Bruker D8-Advance diffractometer 130 

(Bruker AXS GmbH, Karlsruhe, Germany) using Cu Kα radiation (λ = 1.5421 Å) 131 

operated at a voltage and current of 40 kV and 40 mA, respectively. Samples were 132 

scanned over the 2θ range of 3-50˚ at a rate of 0.35 s/step with a step size of 0.02o. 133 

 134 

2.4.4 Physisorption studies 135 

The textural properties of the samples were investigated with a Quantachrome Nova 136 

2200E Surface Area and Pore Size Analyzer (Quantachrome Instruments, Boynton 137 

Beach, Florida, USA) using the Brunauer-Emmett-Teller (BET) method. Prior to 138 

analysis, samples were degassed at 50 oC to ensure minimum water vapor in the 139 

samples. N2 Adsorption/desorption isotherms were recorded at -196 oC. The specific 140 

surface area was calculated using experimental points at a relative pressure of P/Po = 141 

0.02 - 0.04. The micropore area and external surface area were assessed using the t-142 

plot method in the relative pressure range from 0.2 to 0.4. The N2 isotherms were 143 

analyzed using the Saito-Foley (SF) approximation for cylindrical pore geometry to 144 

obtain pore size distributions. The total pore volume was calculated by measuring the 145 

amount of N2 adsorbed at 0.995 P/Po. 146 

 147 

2.4.5 Visualization of zeolitic particles using high resolution transmission electron 148 

microscopy  149 
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Samples suitable for transmission electron microscopy measurements were prepared 150 

by drop casting an ethanolic solution containing pristine NaX-FAU particles on holey 151 

carbon-coated copper grids using a Tecnai G2 electron microscope operated at 200 152 

kV. 153 

 154 

 155 

 156 

 157 

2.5 Stressing tests 158 

Accelerated stability studies were conducted to assess changes in the crystalline state 159 

of danazol in the NaX-FAU formulations. Samples were stored at 40 ± 2 oC and 75 ± 160 

5 % RH in stability chambers for 6 months and then subjected to DSC and XRD 161 

analysis. 162 

 163 

2.5.1 Stability studies in simulated intestinal fluids 164 

The stability of NaX-FAU zeolite was assessed in simulated intestinal media under 165 

fasted and fed state conditions. NaX-FAU (2 mg) was dispersed in FaSSIF and 166 

FeSSIF media for 2 h at 37 oC. Samples suitable for transmission electron microscopy 167 

were prepared by drop casting the dispersion on holey carbon-coated copper grids. 168 

Low and high magnification TEM images and selected area electron diffraction 169 

(SAED) patterns were acquired using a Tecnai G2 electron microscope operated at 170 

200 kV. 171 

 172 

2.6 In vitro drug release in simulated gastric fluid and simulated intestinal fluids 173 
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In vitro drug release studies were performed in 20 mL of medium (SGF in the 174 

presence of 2 % w/v SLS, FaSSIF and FeSSIF) in a shaking water bath at 37 °C. The 175 

drug loaded zeolitic formulation (equivalent to 200 µg of danazol) was dispersed in 176 

each medium and samples (0.1 mL) were withdrawn and replaced with an equal 177 

volume of preheated medium to maintain a constant release volume. All experiments 178 

were carried out in quadruplicates. The samples were further analyzed by HPLC as 179 

described in section 2.8.  180 

 181 

2.7 Determination of ex vivo intestinal permeability 182 

Intestinal permeability studies were conducted using the everted sac method to assess 183 

the effect of zeolite on intestinal drug absorption [35], [36]. Wistar rats fasted 184 

overnight with access to water ad libitum were euthanized and the jejenum was 185 

excised and rinsed with ice-cold Krebs-Ringer solution [37]. Subsequently, the tissue 186 

was gently everted using a glass rod and was cut in segments (5 cm in length), 187 

obviating intestinal regions containing Peyer’s patches. Each segment was tied at one 188 

end with a cotton thread, filled with 0.5 mL Krebs-Ringer solution and then tied at the 189 

other end. The sacs were placed in 20 mL capped glass vials containing oxygenated 190 

Krebs-Ringer solution and the zeolitic formulation (corresponding to 1.5 mg of 191 

danazol) in a shaking water bath at 37 oC. A dispersion of pure danazol (1.5 mg) 192 

served as the control. The sacs were removed at predetermined time points, rinsed 193 

with Krebs-Ringer solution and blotted dry. After measuring their dimensions (width, 194 

length) they were cut open and the serosal fluid was collected and centrifuged at 195 

10,000 g for 15 min. Danazol was quantified in the supernatants with HPLC analysis 196 

(n≥4). Relative permeability was calculated as the amount (µg) of transported danazol 197 

per intestinal mucosal surface area (cm2) according to Equation 2 [38 -39] : 198 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 

 

Relative	permeability =
(!"#"$%&	'%#'(#)*")+%#)-./0-12	32456	7	(8%&9:()-./0-12	32456

(;9*<"'(	"*(")=4>0-12
  (2) 199 

 200 

2.8 HPLC analysis 201 

Prior to HPLC analysis, samples were centrifuged at 10,000 g for 10 min and the 202 

supernatants were filtered through a PTFE filter with 0.45 µm pore size. The drug 203 

content was quantified using a High-Performance Liquid Chromatography instrument 204 

(Shimadzu) equipped with two LC LC-20AD pumps, a SIL-10AD auto-sampler and a 205 

UV-diode array detector. The experimental conditions were maintained at 25 ˚C with 206 

the use of a Shimadzu column oven. The stationary phase was an octadecyl (C18) 207 

column (dimensions 150x4.6 mm and 5 µm particle size). The mobile phase consisted 208 

of 50 % MeON:H2O. The flow rate of the mobile phase was adjusted to 0.8 mL/min 209 

and the injection volume was 90 µL. UV detection was performed at 287 nm. The 210 

chromatographic peaks were recorded and elaborated with LC Solution software. All 211 

solvents were filtered through a 0.45-mm nylon membrane and degassed prior to use. 212 

The calibration curves for danazol were linear (r2 > 0.999) in the range of 0.1 - 50 213 

µg/mL for all tested media. 214 

 215 

2.9 Statistical analysis 216 

All data are presented as mean values and standard deviation (± S.D.). Univariate 217 

statistical analysis was performed using t-test algorithm (tail 2, type 3) in Microsoft 218 

Excel. P < 0.05 was considered statistically significant.  219 

 220 

3. Results and Discussion  221 

The calculated danazol loading of the zeolitic particles as determined by UV and 222 

thermogravimetric analysis (Table 1) was in close agreement with the theoretical drug 223 
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payload (was 33.3 % w/w). The TGA curves of the NaX-FAU zeolite and danazol are 224 

represented by a one stage weight loss (Figure 1A) attributed to the desorption of 225 

physically adsorbed water and the thermal decomposition of the drug, respectively 226 

[24]. The TGA curve of the drug-loaded formulation was characterized by a three-227 

stage weight loss. The second and third weight losses correspond to the thermal 228 

decomposition of danazol, located on the external surface area and within the pore 229 

structure of the zeolites, respectively. Consistent with the presence of adsorbed 230 

danazol onto the surface of zeolitic particles, the ζ -potential of drug-loaded particles 231 

(-32.7 ± 1.4 mV) was remarkably higher than that of the pristine zeolitic particles (-232 

55.1 ± 2.4 mV) (Table 1).  233 

The drug crystallinity after the incipient wetness method was evaluated by thermal 234 

(Figure 1B) and XRD (Figure 1C) analysis. In the zeolite thermograms, a weak and 235 

broad endothermic peak was observed from 60 oC to 160 oC attributed to the 236 

evaporation of physically adsorbed water. Danazol demonstrated a characteristic 237 

melting peak at 224 oC [41]. After its incorporation into the microporous zeolite, the 238 

drug’s melting enthalpy decreased, due to the partial amorphization of danazol. The 239 

diffraction pattern of pure danazol demonstrates that the drug is highly crystalline and 240 

possesses multiple diffraction peaks in the 10°-30° 2θ range, in accordance with the 241 

literature [41]. The diffraction data of NaX-FAU are in perfect agreement with the 242 

patterns of the respective reference materials of similar framework topologies [42]. 243 

The crystallinity of NaX-FAU is retained after drug loading and the decrease in peak 244 

intensity at 6.2° can be possibly attributed to the masking effect of danazol deposited 245 

onto the external surface of the zeolite. However, the x-ray diffractogram of NaX-246 

FAU loaded sample showed the presence of crystalline drug at 13o and 17o degrees, 247 
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further corroborating the results obtained from DSC for the partial amorphization of 248 

the API. 249 

The textural properties of the zeolitic particles prior- and post-drug loading were 250 

evaluated by nitrogen sorption measurements and results are summarized in Table 2. 251 

The N2 sorption isotherms of both samples resemble Type I isotherms [4], indicating 252 

the presence of micropore frameworks (Figure 2A). Nitrogen sorption isotherms 253 

retain their characteristic shape post-incipient wetness method, indicating the 254 

maintenance of the zeolite microporosity. The pore size distribution of plain NaX-255 

FAU and danazol-loaded zeolitic particles is illustrated in Figure 2B. A significant 256 

decrease in the micropore area, external surface area and total pore volume of the 257 

NaX-FAU particles (Table 2) was observed after danazol loading, denoting the 258 

presence of the drug at the carrier with drug deposition occurring both on the external 259 

surface area and within the micropores of the zeolitic carrier. 260 

Low and high magnification TEM images of pure NaX-FAU zeolitic particles are 261 

illustrated at Figure 3. A low magnification TEM image of the pristine NaX-FAU 262 

particles and the corresponding SAED pattern of the biggest particle oriented along a 263 

<110> zone axis is given as an inset in Figure 3A. Figure 3B represents an HRTEM 264 

image of a thin edge of the same particle, with the corresponding fast Fourier 265 

transform (FFT) given as an inset. 266 

The thermodynamic instability of amorphous drug compounds is a significant 267 

challenge especially for amorphous drug compounds during storage, since they tend 268 

to convert back to the stable crystalline state over time. The state of danazol in the 269 

zeolitic formulation was evaluated by DSC and XRD analysis. As shown in Figure 4 270 

(A & B), the sample exhibits good physicochemical stability under accelerated 271 

storage conditions of temperature and humidity (40 ± 2oC and 75 ± 5% RH) for 6 272 
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months, without any changes been recorded in the thermograms and diffractograms 273 

over time.  274 

Low and high magnification TEM images of the empty and drug loaded zeolitic 275 

particles were recorded in FaSSIF (Figures 5A and B) and FeSSIF (Figures 5C-F) 276 

media. The zeolitic carrier retained its structural integrity, since no alteration on the 277 

morphology or the structure of the zeolitic particles could be identified upon exposure 278 

to both media.  279 

The dissolution of danazol-loaded NaX-FAU zeolitic particles and pure crystalline 280 

API were assessed in SGF pH 1.2 (in the presence of 2 % SLS), FaSSIF pH 6.5 and 281 

FeSSIF pH 5.0 media (Figure 6). Danazol dissolution from NaX-FAU in SGF showed 282 

a gradual increase over time reaching 70 % of the total drug content within 2 h 283 

(Figure 6A). At the same time-scale, crystalline danazol showed a burst dissolution 284 

(40 %) within 5 min followed by a plateau (50 %) until the end of the study. Similar 285 

dissolution profiles were also obtained for the pure crystalline drug and the drug-286 

loaded zeolitic particles in FeSSIF (Figure 6B) with ca. 50 % of the total drug content 287 

dissolved at 2 h in both cases.  However, it is evident that gradual release was attained 288 

from the zeolitic particles compared to the fast dissolution of the crystalline API, 289 

enabling control over the rate of drug release. Previously, it has been suggested that 290 

“poor sink conditions” can be introduced in an attempt to discriminate between 291 

formulations (mesoporous silica SBA-15) and crystalline APIs [49]. In this work, the 292 

dissolution of the total drug content in the release medium leads to a concentration 293 

that is about 20% of the drug’s solubility. The higher drug dissolution from NaX-FAU 294 

in SGF can be attributed to the acidic nature of the medium, with previous studies [43 295 

- 44], showing the NaX-FAU zeolites are prone to structural dissolution of their 296 

framework under acidic conditions. The dissolution mechanism of Faujasite 297 
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framework in acidic pH involves selective aluminum depletion and has been reported 298 

to solely depend on the framework compositions of Si/Al ratios between 1 and 3 299 

[43],[45]. The dissolution profiles of danazol in FaSSIF conditions are illustrated in 300 

Figure 6C. Low dissolution rates were recorded for both crystalline danazol and NaX-301 

FAU loaded danazol [46-47], while in both cases the amount of drug dissolved at 2 h 302 

was significantly lower compared to that dissolved in FeSSIF at the same time-sale. It 303 

has been previously reported [48] that the dissolution of danazol is dependent on the 304 

composition of the medium, where an increase to bile salt / phospholipid content 305 

results in enhanced dissolution rates, further corroborating the higher solubility of the 306 

lipophilic and non-ionized danazol in FeSSIF.  307 

The results show that in media with high solubilization capacity [SGF 2% SLS, 308 

FeSSIF] drug release occurs in a gradual manner from the porous carrier, compared to 309 

the rapid dissolution of the pure API which is followed by a plateau indicating that 310 

drug diffusion out of the porous network of the NaX-FAU zeolite constitutes the rate-311 

limiting step for drug release. 312 

Furthermore, the HRTEM results obtained from the stability studies of the zeolitic 313 

particles in simulated intestinal fluids suggest that the dominant factor for danazol 314 

dissolution from the zeolitic particles is solely attributed to the textural properties and 315 

the encapsulation capacity (pore size) of the porous carriers in both media, since the 316 

zeolitic framework remains intact under both fasted and fed state conditions. In 317 

addition, drug encapsulation within the NaX-FAU zeolite enabled better control over 318 

danazol dissolution over time, as deducted from the gradual dissolution profiles 319 

observed for danazol from the NaX-FAU zeolite in all media. 320 

The effect of danazol loading within the NaX-FAU zeolite on drug permeation across 321 

rat intestinal epithelium was determined using the everted gut sac method (Figure 7). 322 
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The permeated amount of danazol from the NaX-FAU zeolite formulation increased 323 

proportionally over time compared to the crystalline drug. A 2-fold higher relative 324 

permeability of danazol from the NaX-FAU formulation compared to crystalline 325 

danazol was recorded at 30 min (t-test, p < 0.05), whereas a significantly higher drug 326 

transport (twice higher compared to the control, t-test, p < 0.05) was observed at 120 327 

min. The lower permeability of danazol in suspension form is attributed to its poor 328 

aqueous solubility in the mucosal compartment. The results indicate that the 329 

properties of the carrier acting as permeation enhancer, rather than its solubilization 330 

capacity can increase the transport of the API across intestinal epithelium. Previously, 331 

we have shown that the transepithelial resistance of Caco-2 monolayers was decreased 332 

in a reversible manner when incubated with the NaX-FAU zeolitic particles, 333 

indicating an increase in the intestinal barrier permeability [4, 44]. 334 

 335 

4. Conclusion 336 

NaX-FAU zeolite was co-formulated with the poorly soluble drug danazol resulting in 337 

increased drug amorphization. No alterations in the solid-state properties of the drug 338 

were observed even after storage under accelerated stressing conditions for 6 months. 339 

The zeolitic formulation enabled a gradual and increasing drug dissolution in media 340 

simulating the GIT transit, while at the same time enhanced drug permeation across 341 

intestinal epithelium. Overall results demonstrate the potential of NaX-FAU as a 342 

promising platform for the oral delivery of the lipophilic and poorly water-soluble 343 

danazol. 344 
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 564 

 565 

Table 1: Drug content (%) as calculated by UV analysis and TGA and ζ-potential of 566 

pristine and drug-loaded NaX-FAU zeolitic particles. 567 

Carrier 
Drug content (%) 

(TGA)* 

Drug content (%) 

(UV)* 
ζ-potential (mV)# 

NaX (E) - - -55.1 ± 2.4 

NaX (L) 31.1 ± 0.4 30.9 ± 0.9 -32.7 ± 1.4 

E: empty carrier, L: Danazol loaded, *(n=2), # (n=3)  568 
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 570 

 Table 2: Textural properties of the empty and drug loaded NaX-FAU particles. 571 

Carrier 
BET surface area 

(m2/g)a 

Micropore area 

(m2/g) 

External surface 

area (m2/g) 

Total pore 

volume (cm3/g)b 

NaX (E) 715.24 693.55 21.69 0.28 

NaX (L) 4.99 4.05 0.94 0.01 

a SBET (m2/g): BET surface area. b Vt (cm3/g): total pore volume calculated as the amount of nitrogen 572 

adsorbed at a relative pressure of 0.995. 573 
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FIGURE LEGENDS 582 

FIGURE 1: (A) TGA, (B) DSC and (C) XRD analysis of NaX-FAU zeolite, 583 

crystalline danazol and the zeolitic formulation.  584 

 585 

FIGURE 2: (A) N2 adsorption-desorption isotherms and (B) pore size distribution of 586 

the zeolite and the danazol-loaded zeolite formulation. 587 

 588 

FIGURE 3: (A)  Low and (B) high magnification TEM images of pristine NaX-FAU 589 

zeolitic particles. The SAED and FFT patterns are given as inset in (A) and (B), 590 

respectively.  591 

 592 

FIGURE 4: (A) DSC thermograms and (B) X-ray diffractograms of danazol-loaded 593 

zeolite formulation after 6 months testing at accelerated storage conditions. 594 

 595 

FIGURE 5: Low and high magnification TEM images of empty and drug loaded 596 

NaX-FAU particles in (A-B) FaSSIF and (C-F) FeSSIF media. No effect on the 597 

morphology or the structure of the zeolitic particles could be identified upon exposure 598 

to these media. 599 

 600 

FIGURE 6: In vitro dissolution profiles of crystalline danazol and drug-loaded NaX-601 

FAU in (A) simulated gastric fluid (SGF) pH 1.2 in the presence of 2 % SLS, (B) fed 602 

state simulated intestinal fluid (FeSSIF) pH 5.0 and (C) fasted state simulated 603 

intestinal fluid (FaSSIF) pH 6.5 at 37 oC. 604 

 605 
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FIGURE 7: Relative permeability (µg/cm2) of crystalline danazol and danazol-loaded 606 

NaX-FAU formulation at 30 min and 120 min using the everted sac method. In each 607 

box chart, the bottom (×) shows the minimum value and marks the 0th percentile. The 608 

bottom of the box marks the 25th percentile and the top of the box marks the 75th 609 

percentile. The square symbol (□) in the box marks the mean value. The top (×) shows 610 

the maximum value and 100th percentile. Results are the mean values of n = 4 - 8. 611 
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FIGURE 1 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

 648 

 649 

 650 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

30 

 

FIGURE 2 651 
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FIGURE 3   676 
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FIGURE 4 694 

 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

33 

 

FIGURE 5 719 
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FIGURE 6 722 
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FIGURE 7 747 
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