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Abstract
Three types of oral administrated micronized zeolites [ZSM-5, zeolite A and Faujasite NaX (ZSM-5, ZA and ZX, respec-
tively)] were prepared as anticancer 5-fluorouracil (5-Fu) delivery systems for colon cancer treatment. They were prepared 
by economically widespread and cheap natural resource, kaolin, at low temperatures, using microwave advanced tool. The 
obtained powders were characterized by XRD, SEM/EDX and BET; meanwhile, their degradation was investigated in two 
gastric fluids; FaSSGF (pH 1.6) and FeSSGF (pH 5), through concentration measurement of their solution disintegrated 
elemental constituents of Na+, Al3+ and Si4+ ions. Also, the processes of drug release and mechanism in both solutions were 
investigated. Moreover, the inhibition action of 5-Fu-free and 5-Fu-conjugated zeolites on colon cancer cells (CaCo-2) was 
estimated. The results showed that, the prepared zeolites possessed high surface areas of 526, 250, and 578 m2/g for ZSM-
5, ZA and ZX, respectively. Although, zeolite structures seemed significantly stable, their frameworks seemed more likely 
reactive with time. The ions and drug release for zeolites occurred in successively two stages and found to be pH dependent, 
where the drug and zeolite ions were significantly of higher values in the more acidic media of the gastric solution (pH 1.6) 
than those of the mild acidic one (pH 5). The obtained activity indicated no cytotoxic affinity for all the prepared zeolite 
types. Accordingly, the synthesized zeolite frameworks are proposed to be of strong potential drug delivery vehicle for the 
treatment of gastrointestinal cancer.
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Introduction

Colon cancer is recorded as the third cancer that causes the 
death in the world (Banerjee et al. 2017). There are three 
main ways for treating this cancer type: surgery, chemo-
therapy and radiation. Chemotherapy is almost applied after 
surgery, but, in some cases it is used before surgery to reduce 
and constrict the cancer, followed by using drugs to destroy 
cancer cells. However, toxicity and denaturing in gastro-
intestinal system are almost the problems of conventional 
drugs associated with chemotherapy. Therefore, loading of 
the drug on biocompatible carriers able to stand in the diges-
tive system for longer time is considered a versatile method 
to deliver the drug to targeted diseased tissue. Among these 
carriers are zeolites which showed an oral drug sustained 
release vehicle (Sanders 1990).

Zeolites are hydrated microporous crystalline alumino-
silicates that build in a three-dimensional open network ring 
structures of SiO4 and AlO4 tetrahedra. This unique structure 
of zeolites makes them ideal matrices for encapsulating ions, 
nanoparticles and drugs, with the ability of their release in a 
sustained manner. For such instance, several studies proved 
the convenience of zeolites as biocompatible and non-toxic 
materials for different kinds of cells (Kralj and Pavelic 2003; 

Thom et al. 2003; Thomassen et al. 2012). Hence, they are 
considered as excellent pharmaceutical candidates for drug 
delivery systems (Youssef et al. 2008). Definitely, they are 
used successfully as a carrier for various drug molecules for 
chemotherapeutic treatment of cancers (Rimoli et al. 2008; 
Pasquino et al. 2016; Khodaverdi et al. 2016). On the other 
hand, the economic synthesis of high-purity zeolites, used 
in such application, can be made from cheap widespread 
refined raw materials (e.g., kaolin rock) with reduced energy 
consumption.

Fluorouracil (5-Fu) has possessed more attention as an 
anticancer drug. It is a water-soluble pyrimidine analog, 
which is one of the most effective chemotherapeutic agents 
and cytotoxic agents in the treatment of the gastrointestinal 
cancers. This drug can be delivered in oral, topical, and aero-
solized formulations. The inhibition of thymidylate synthase 
and the incorporation of its metabolites into RNA and DNA 
are the main function of 5-Fu as an anticancer drug (Datt 
et al. 2013; Spanakis et al. 2014; Vilaça et al. 2013; Al-
Thawabeia and Hodali 2015; Sağir et al. 2016). Several pre-
vious studies used zeolites to encapsulate 5-Fu. HY zeolite 
was inspected in biological fluids under different physiologi-
cal conditions (Datt et al. 2013), zeolite X and BEA were 
estimated as anticancer drug delivery system through the 
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oral route of administration (Spanakis et al. 2014), and zeo-
lite L and Y against colorectal carcinoma, one of the most 
common types of cancer in industrialized countries (Vilaça 
et al. 2013). Also, the silicate zeolites such as ZSM-5 and 
H-ZSM-5 were applied as eminent carriers for 5-Fu (Al-
Thawabeia and Hodali 2015). Furthermore, magnetite–zeo-
lite nanocomposite particles were also tested as 5-Fu carrier 
with drug loading, releasing capacity and biological activi-
ties in gastric cancer cell line AGS (Sağir et al. 2016).

When we talk about zeolite as a drug carrier for colon 
cancer, it is important to discuss zeolite solubility in solu-
tions with different pH values, because this carrier passes 
through different pH regions of the digestive system up to 
the colon. Accordingly, several studies investigated the drug 
release profiles from the zeolite at different pH conditions to 
mimic gastrointestinal fluids (Rimoli et al. 2008; Khodaverdi 
et al. 2016; Karavasili et al. 2017). However, most of the 
previous studies, if not all, used simulated fluids similar to 
the intestinal ones in terms of pH value only (such as HCl, 
acetate buffer and phosphate buffer saline solutions), and not 
in terms of the chemical composition, as well. Therefore, 
there is a need to study, not only the drug release profile in 
simulated intestinal fluids with respect to pH, but also as a 
function of chemical compositions of analog fluids. In addi-
tion, there are no intensive studies investigating the dissolu-
tion of zeolite vehicle during drug release, as well.

To the best of our knowledge, this is the first paper aim-
ing at giving an economic value to the carrier (zeolite) by 
its synthesis from inexpensive and widespread raw material 
(kaolin rock) and by efficient preparation, at reduced for-
mation energy and high purity, using microwaves advanced 
tool. Three types of micronized zeolites; ZSM-5, Zeolite A 
and Faujasite NaX, were prepared in this study and loaded 
with anticancer drug (5-Fu), to be used as delivery systems 
for oral administration. The drug release behavior in sim-
ulated gastric fluid (SGF) and the direct effect of zeolite 
immersion on the instant release of ions from zeolites sur-
faces were investigated. Furthermore, cytotoxicity of zeo-
lites with/without 5-Fu on the precultured colon cancer cells 
was also tested.

Materials and methods

Materials

Refined kaolin, supplied by Middle East Mining Com-
pany (MEMCO), Egypt, was used as the starting material 
for zeolite formation. The chemical composition (wt%) of 
the calcined kaolin (meta-kaolinite), as given by the XRF 
(X-ray fluorescence) analysis, contained 53.25 SiO2, 42.94 
Al2O3, 0.41 Fe2O3, 1.62 TiO2 and some other minor con-
stituents of MgO, CaO, and K2O. Kaolin is commonly used 

as a starting material for preparing zeolite-A since its Si/
Al ratio is near unity as that of zeolite-A (Chandrasekhar 
et al. 1997; Bougeard et al. 2000). Tetraethyl orthosilicate 
(TEOS) 98% (Sigma-Aldrich), tetrapropyl ammonium bro-
mide (TPABr) 98% (Sigma-Aldrich) and sodium hydrox-
ide pellets (NaOH) with the composition of 98.6% NaOH 
(Sigma-Aldrich) were used as pure chemicals. Ludox AS-40 
colloidal silica, 40 wt% suspension (Sigma-Aldrich), was 
utilized as the additional SiO2 source for adjusting the kaolin 
composition to match that of the targeted zeolite X Faujasite.

Preparation of different zeolites

In the present study, three zeolite types were taken care of: 
two of aluminosilicate composition (Zeolite-A (ZA), and 
Faujasite-NaX (ZX)) along with a completely silicate type 
of silicalite structure (ZSM-5).The ZSM-5 was prepared by 
placing 18.34 g tetrapropyl ammonium bromide in a Teflon 
container under vigorous stirring (800 rpm). During stirring, 
about 15 mL of 0.01 M NaOH was added and the mix was 
stirred for 1 h. An amount of 20.83 g tetraethyl orthosili-
cate was then dropwise added to the previous solution. The 
mixture was stirred for another 30 min and an amount of 
18.57 g distilled water was finally added; the whole slurry 
was kept at room temperature for 24 h under vigorous stir-
ring. 15–20 mL of the previous transparent solution was 
then loaded to the Xpress vessels of the microwave (MARS 
Extraction and Digestion system, Model XP-1500, CEM 
Corp., Matthews, NC). This microwave system operated at 
a frequency of 2.45 GHz and can proceed from 1 to 100% 
of 1600 W power. Precursor gel of ZSM-5 was heated at 
140 °C for 5 h under M–H at 400 W and a pressure of 20 
psi. The synthesis product was then collected, washed, sev-
eral times, with distilled water on centrifugation, and finally 
dried overnight at 100 °C.

Zeolite A (encoded ZA) was prepared as described before 
using microwave irradiation at 80 °C for 2 h (Youssef et al. 
2008). Meta-kaolinite, produced by calcinations of Egyptian 
kaolin at 700 °C for 4 h, and 3.0 M NaOH solution were 
used as starting materials. The solid/liquid ratio of meta-
kaolinite to alkaline solution was 1.0 g/25 mL. The slurry 
was transformed to the microwave instrument for treatment 
at 80 °C for 2 h, and then it was centrifuged and the solid 
was washed several times with deionized water to remove 
the excess alkalinity and air-dried at 60 °C overnight.

Faujasite-NaX (encoded ZX) was prepared based on 
its Si/Al ratio. 3.0 M NaOH solution was divided in two 
Teflon vessels with a capacity of 100 mL. Meta-kaolinite 
was added to one of the two vessels with the liquid/solid 
ratio of 12 (solution 1); whereas, 40 mL of colloidal silica 
was reacted with the second alkali solution in another ves-
sel (solution 2). Solution 1 was then added to solution 2 
dropwise during vigorous stirring. The whole slurry was 
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then stirred and transferred to the vessels of the microwave 
instrument to be treated at 110 °C for 2 h, and finally it was 
centrifuged and washed following the above-mentioned 
steps.

Zeolite characterization

The mineralogical constituents of the prepared zeolites 
was investigated by x-ray diffraction method, using 
BRUKUR D 8 ADVANE with secondary monochromatic 
beam CuK radiation at keV = 40 and mA = 40. Micro-
structures of the prepared materials were studied using 
SEM (Quanta 250 FEG, Field Emission Gun) attached 
with EDX Unit, with accelerating voltage 30 kV(FEI, 
Netherlands). The specific surface area, pore and parti-
cle size distribution of the prepared zeolites were deter-
mined from nitrogen adsorption–desorption isotherms 
using NOVA 2000 series, chromatic, UK at 77 K. The 
Barrett–Emmett–Teller (BET) method was utilized to cal-
culate the specific surface areas. The total pore volume 
was derived from the adsorption branches of the isotherms 
using the Barrett–Joyner–Halenda (BJH) method. The 
total pore volume was estimated from the amount adsorbed 
at a maximum relative pressure.

In vitro dissolution test in FaSSGF and FeSSGF

In this test, the zeolites samples were tested in a fast state 
of the simulated gastric fluid (FaSSGF) and fed-state simu-
lated gastric fluids (FeSSGF) prepared according to previ-
ous procedures (Marques et al. 2011; Vellaian Karuppiah 
and Manavalan 2012), and their compositions are illustrated 
in Table 1. Briefly, FaSSGF (pH 1.6) was prepared by dis-
solving 0.16 g of lecithin in 1.6 mL of dichloromethane, 
and 0.42 g of sodium taurocholate in 5 L of distilled water. 
Then, 1.0 g pepsin and 20 g of NaCl were added and the 
mixture was heated to 40 °C, and the volume was set to 
10 L by distilled water (Vellaian Karuppiah and Manavalan 
2012). FeSSGF was prepared by dissolving 138.5 g NaCl 
and 40.04 g sodium acetate in 5 L water, and 10 mL of ace-
tic acid was added and diluted to 10 L with water (acetate 
buffer). Then, fully fat milk with 1:1 in percentage of the 
acetate buffer was added (Vellaian Karuppiah and Manava-
lan 2012). 

The dissolution test was carried out by immersing 0.2 g 
of sample in 45 mL of FaSSGF or FeSSGF and incubated 
at 37 °C. At predetermined times (from 1 to 96 h), 10 mL 
of solution was separated and replaced by fresh one, and 
pH of such solutions was measured. Na+, Al3+ and Si4+ ion 
concentrations were measured by ICP-OES (Agilent 5100 
Synchronous Vertical Dual View).

Drug delivery test

5-Fu was loaded by immersing 45 mg of sample in 10 mL of 
drug solution (50 mg/L) in falcon tube and incubated at 37 °C 
for 2 days to allow the adsorption of drug on the surface of the 
powder samples. After that, the powders were separated by 
centrifuging the sample tubes, and the filtrate was removed and 
the powder was completely dried in the incubator. The drug 
adsorbed by the zeolite samples was calculated as the differ-
ence in drug concentration before and after powder immersion. 
The amounts of 5-Fu were measured by UV–Vis spectrometer 
(model, SP-2000UV) at a wavelength of 266 nm (Santos et al. 
2009; El-Ghannam et al. 2010), and the adsorbed amount of 
drug was determined from previously established standard 
curve.

The drug release was examined in FaSSGF or FeSSGF. 
FeSSGF was prepared without adding milk to avoid inter-
ference during drug concentration measurement. The drug-
loaded powders were soaked in FaSSGF or FeSSGF and 
incubated at 37 °C. Thereafter, at predetermined times (from 
10 to 720 min.), 2 mL of supernatants was separated, kept at 
− 4 °C and replaced by fresh 2 mL. The amounts of released 
drug were determined as mentioned above.

Drug release mechanism of different samples investigated 
by fitting of different release data in the following kinetic 
models:

Higuchi model: it is the relation between cumulative per-
centage of released drug and square root of time (Higuchi 
1963). This model is useful for studying the release of water-
soluble and poorly soluble drugs from a variety of matrices, 
including solids and semi-solids.

(1)Qt = KH × t1∕2.

Table 1   Composition of the simulation medium in simulated 
fast-state gastric fluid (FaSSGF) fed-state simulated gastric fluid 
(FeSSGF)

FaSSGF FeSSGF

Composition
 Sodium taurocholate (μM) 80 –
 Lecithin (μM) 20 –
 Pepsin (mg/mL) 0.1 –
 Sodium chloride (mM) 34.2 237.2
 Acetic acid (mM) – 17.12
 Sodium acetate (mM) – 29.75
 Milk/acetate buffer – 1:1
 Hydrochloric acid q.s. pH 1.6 5.0

Properties
 pH 1.6 5.0
 Osmolality (mOsm/kg) 120.7 ± 2.5 400
 Buffer capacity (mmol/L/pH) – 25
 Surface tension (mN/m) 42.6 –
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Baker–Lonsdale model (Costa and Lobo 2001): this 
model was developed from the Higuchi model and described 
the drug release from spherical matrices according to the 
equation: 

where Qt is the amount of drug released in time t, Q the 
initial amount of drug in the sample, and KH and KBL are 
rate constants calculated from Higuchi and Baker–Lonsdale 
models, respectively. The regression coefficient, R2, was 
used as an indication of data fitting to know the mechanism 
of drug release from these formulations.

Antitumor activity test

Cytotoxicity of drug-free and conjugated drug samples was 
tested using human colorectal adenocarcinoma cells (Caco-2 
cell line) which were obtained from Karolinska Center, 
Department of Oncology and Pathology, Karolinska Insti-
tute and Hospital, Stockholm, Sweden. The procedure was 
performed in a sterile area using a laminar air flow cabinet 
biosafety class II level. Culture was maintained in DMEM 
medium with 1% antibiotic–antimycotic mixture (10,000 U/
mL potassium penicillin, 10,000 μg/mL streptomycin sulfate 
and 25 μg/mL amphotericin B), 1% l-glutamine, and supple-
mented with 10% heat inactivated fetal bovine serum (Tha-
brew et al. 1997). Doxorubicin was used as a positive control. 
A negative control composed of DMSO was also used.

Following, the cells were cultured for 10 days; cell cyto-
toxicity assay was carried out according to Sathupunya et al. 
(2004). Briefly, the cells were seeded at a concentration of 
20 × 103 cells per well in a fresh complete growth medium 
using 96-well microtiter plastic plates at 37 °C for 24 h under 
5% CO2, in a water-jacketed carbon dioxide incubator. Fresh 
medium (without serum) was added and cells were incu-
bated either alone (negative control) or with samples to give 
a final concentration of 100 μg/ml. After 48 h of incubation, 
the medium was aspirated and then 40 μL MTT salt (2.5 mg/
mL) was added to each well and incubated for further 4 h at 
37 °C under 5% CO2. Isopropyl alcohol was added to each 
well and the absorbance was measured using a microplate 
multi-well reader at 595 nm and a reference wavelength of 
690 nm. Cell cytotoxicity was assessed according to the 
mitochondrial-dependent reduction of yellow MTT (3-(4, 
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) 
to purple formazan.

Statistical analyses

All experimental data stated in this work were expressed 
as the average ± standard deviation (SD) for n = 3 and were 

(2)3∕2
[

1 −
(

1 − Qt

)2∕3
]

− Qt = KBLt,

analyzed using standard analysis of Student’s t test. The level 
of significance (P value) is set at < 0.05.

Results and discussion

Characterization results of zeolites

XRD for mineralogical detection

Figure 1 illustrates the XRD patterns of micronized zeolites, 
ZSM-5, ZA and ZX, prepared under microwave conditions 
of 140, 80 and 110 °C for 5, 2 and 2 h, respectively. The 
obtained XRD peak positions and intensities were matched 
well with the reference cards of ZSM-5 (PDF # 43-0322(Q), 
linde-type A zeolite (PDF # 73-2340) and Faujasite-Nax 
(PDF#12-0228) with corresponding chemical composi-
tions of Na2.2Al2Si91O186.1, Na12Al12Si12O48.27H2O and 
Na2Al2Si4O12.8H2O, respectively. The sharp and complete 
sets of peaks with high intensities indicated the formation 
of well crystalline powder with nearly complete crystalliza-
tion, since there are no background humps. The chemical 
composition given by the XRD data reflected the aluminum 
contents of each zeolite type with a successive rational Si/
Al order of ZA > ZX ≫ ZSM-5.

SEM–EDX analysis

SEM micrographs and EDX analysis of the zeolites (ZSM-5, 
ZA and ZX) are shown in Fig. 2 and Table 2. The average 
crystallite sizes of zeolite powders were found to be less than 
7 µm. The microstructure indicated well-developed zeolite 

Fig. 1   XRD patterns with d-spacing values of different zeolites 
hydrothermally heated at different temperatures and durations via 
microwave technique



106	 Progress in Biomaterials (2019) 8:101–113

1 3

Fig. 2   SEM micrographs and 
EDX analysis for ZSM-5, ZA 
and ZX samples

Table 2   EDX elemental in 
atomic (at)%, surface area 
(m2/g) and total pore volume 
(cc/g) of ZSM-5, ZA and ZX

EDX analysis (at%) Texture analysis

O Na Al Si Surface area 
(m2/g)

Total pore 
volume 
(cc/g)

ZSM-5 52 0.91 0.4 46.69 526 1.34 × 10−2

ZA 51.3 12.1 17.2 19.2 251 0.78 × 10−2

ZX 56.1 8.7 12.8 22.4 578 2.86 × 10−2
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phases with interlocked twinning plate-shaped ZSM-5 crys-
tals, cubic ZA and bipyramidal-shaped particles of ZX. For 
each zeolite type, particles were uniform in size with narrow 
particle size distribution of 6–7, 4–5 and 2–3 µm for ZSM-
5, ZA and ZX, respectively. This uniform structure of the 
prepared powders was due to the fact that microwave heating 
was volumetric and penetrating through and distributed in 
a fast and homogenous way to affect reactants, and favor-
ing earlier and simultaneous nucleation of minute crystals 
with narrow particle size distribution. Energy saving, cost-
effective and time reduction were the main benefits of using 
microwaves in hydrothermal synthesis (Youssef et al. 2008; 
Sathupunya et al. 2004).

EDX analysis displayed in Table  3 implies different 
atomic percentages (at%) of zeolites constituents, which in 
turn, indicated different Si/Al ratios for ZA (1.12) and ZX 
(1.75), since ZSM-5 has a neglecting amount of aluminum 
per unit cell (~ 0.4). The results obtained from the EDX 
analyses for zeolite samples well agreed with the previous 
data given by XRD cards. ZA contained much more Na+ 
percentage (12.1%) than that detected for ZX (8.7%) and 
ZSM-5 (0.91%), while Al contents were found in the respec-
tive order of ZA > ZX ≫ ZSM-5; thus, the latter percentage 
of Al can be neglected.

Surface area

The surface area (m2/g) and total pore volume (cc/g) of 
ZSM-5, ZA and ZX samples are shown in Table 4. The 
measured surface areas were about 526, 251, and 578 m2/g 
for ZSM-5, ZA and ZX, respectively. As seen from the table, 
ZX has the highest value of BET surface area of 578 m2/g 
and the total pore volume of 2.86 × 10−2 cc/g, whereas ZA 
has the lowest with a corresponding value of 251 m2/g and 
0.78 × 10−2 cc/g, respectively. The previous result agreed 
well with the fact that ZX is a member in the Faujasite zeo-
lite group of minerals that has the widest channel diameter of 
7.4 Å, compared to 4.2 and 4–6 Å for zeolite-A and ZSM-5, 
respectively (Mumpton 1999; First et al. 2011). Also, it was 
not surprising for ZX to show the largest BET value, since 
it had the smallest crystallite sizes (2–3 µm), compared to 
ZA (5–6 µm) and ZSM-5 (6–7 µm) types.

In vitro zeolite dissolution test in FaSSGF 
and FeSSGF

During the whole span of experiments (1–96 h), zeolites 
showed different behavior in liberating their ions into the 
two immersing solutions. Two main stages were noticed; 
stage I (0–12 h), with the relatively rapid ion release, and 
the later stage II (starting 12 h and afterwards) within which 
a very slow discharge of elements into the soaking media 
occurred. The release rate of each stage was calculated by 
fitting the ion concentration with square root of time (h−0.5).

Figure  3a and b shows the Na+ ions released in 
FaSSGF(pH 1.6) and FeSSGF (pH 5) solutions with time. 
In stage I and for the respective type of ZSM-5, ZA and 
ZX zeolites, the liberated Na+ ions in FaSSGF(1885.5, 
1859.4 and 1819.4  ppm  h−0.5) were notably higher 
than those eluted in the FeSSGF (1243.9, 1298.1 and 
1262.6 ppm h−0.5) solution. In stage II and for the same 
sequence of zeolites, a somewhat reduced rates of sodium 
ions prevailed in both solutions; FaSSGF (96.5, 109.8 
and 105.2  ppm  h−0.5) and in FeSSGF (252.3, 244.5 
and 215.3  ppm  h−0.5). Table  3 shows the whole data. 

Table 3   The release rates (ppm  h−0.5) of Si, Na and Al ions from 
the samples ZSM-5, ZA and ZX in FaSSGF and FeSSGF (Stage I: 
1–12 h and Stage II: 12–96 h)

Ion Sample FaSSGF FeSSGF

Stage I Stage II Stage I Stage II

Na ZSM-5 1885.5 96.5 1243.9 252.3
ZA 1859.4 109.8 1298.1 244.5
ZX 1819.4 105.2 1262.6 215.3

Al ZA 37.4 23.9 15.6 1.4
ZX 33.5 19.3 21.7 0.9

Si ZSM-5 0.26 0.06 0.7 0.33
ZA 16.07 10.8 5.7 2.87
ZX 23.08 8.7 8.9 3.03

Table 4   Regression coefficients 
(R2) and two release rates, 
KH and KBL, calculated from 
Higuchi and Baker–Lonsdale 
models, respectively

Higuchi Baker–Lonsdale

Stage I Stage II

R2 KH R2 KH R2 KBL

FaSSGF ZSM-5 0.945 5.3 – – 0.991 11 × 10−4

ZA 0.952 10.8 – – 0.983 47 × 10−4

ZX 0.971 9.2 – – 0.993 19 × 10−4

FeSSGF ZSM-5 0.908 7.0 0.949 1.7 0.972 4 × 10−4

ZA 0.894 7.6 0.995 1.4 0.889 5 × 10−4

ZX 0.918 9.7 0.986 1.7 0.933 7 × 10−4
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Considering the values of freed sodium ions, there were 
no significant differences between the concentrations of 
Na+ ions detached from each zeolite type in both solu-
tions. This finding indicated that the liberation of Na+ 
ions from zeolites did not depend on the zeolite type, but, 
it depended on pH value of the immersing solution. On 
the other hand, the ejection of Na+ ions showed a diffu-
sion-controlled release with two release phases in both 
solutions.

Figure 3c, d presents the cumulative concentrations of 
Al3+ coming out from both aluminosilicate frameworks 
(ZA and ZX). The contents of Al3+ in solutions incubated 
ZSM-5 were out of the instrumental detection limit and are 
omitted from the curve. The absence of aluminum ions is 
strongly supported by the Al-poverty of the parent zeolite 
composition. In contrast to the sodium manner, the release 
profiles of Al3+ in FaSSGF showed a significant differ-
ence from that of FeSSGF. Two stages were marking the 
evolution of aluminum ions in containing media with no 
significant difference for the detected amounts of Al3+ for 
each zeolite, either in FaSSGF or in FeSSGF. However, the 
solution pH seemed to be the limiting factor in controlling 
the Al3+ ion detachment from zeolites.

There were significant differences (p < 0.01) between 
the amounts of Al3+ released into FaSSGF and that in 
FeSSGF. These differences can be observed clearly from 
the calculated rates of eluted aluminum during stages I 
and II. For instance, the measured amounts of deliberated 
Al3+ were 37.4 and 33.5 ppm h−0.5 in FaSSGF, and 15.6 
and 21.7 ppm h−0.5 in FeSSGF for ZA and ZX, respec-
tively. Meanwhile, during stage II, the corresponding rates 
were 23.9 and 19.3  ppm  h−0.5 in FaSSGF, and 1.4 and 
0.9 ppm h−0.5 in FeSSGF, respectively. Likewise, the release 
of Al3+ ions showed a diffusion-controlled release with two 
release phases in both solutions.

Similar to Al3+, the release profile of Si4+ ions in FaSSGF 
was also significantly different from that in FeSSGF as can 
be seen from Fig. 3e, f. Obviously, the amounts of Si4+ 
ions that flushed out from the aluminosilicate species were 
significantly (p < 0.0003 for FaSSGF and p < 0.008 for 
FeSSGF) higher than that came out from ZSM-5, while 
the differences of silicon quantities in both solutions were 
insignificant (p < 0.4). Moreover, the amount of detected 
silicon ions in FaSSGF was significantly (p < 0.008) higher 
than that measured in FeSSGF for the corresponding zeo-
lite samples. In the previous figure, the release profiles of 

Fig. 3   a Cumulative concentration of Na+ (a and b), Al3+ (c and 
d) and Si4+ (e and f) ions released from ZSM-5, ZA and ZX, and b 
cumulative concentration fitted with h−0.5 for Na+ (g and h), Al3+ (i 

and j) and Si4+ (k and l) ions released from ZSM-5, ZA and ZX after 
soaking in FaSSGF and FeSSGF, respectively
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silicon ions for all zeolites were presented in two stages. The 
release profile of silicon cations out of zeolite samples was 
somewhat similar to that of aluminum ions detachment. On 
the other hand, Si4+ elution rates showed that the release in 
both stages occurred in two stages. Moreover, the release 
rates were higher in FaSSGF than that in FeSSGF during 
stages I and II; these behaviors were similar to the release 
behaviors of Al3+ ions. In the rapid release stage (stage I), 
the release rates of Si4+ ions from ZSM-5, ZA and ZX in 
FaSSGF were 0.3, 16.1 and 23.1 ppm h−0.5, and in FeSSGF 
were 0.73, 5.7 and 8.9 ppm h−0.5, respectively, while they 
demonstrated almost similar values during stage II which 
were 0.06, 3.6 and 2.5 ppm h−0.5 in FaSSGF, and 0.06, 3.7 
and 2.5 ppm h−0.5 in FeSSGF, respectively. Similar to Al3+ 
ion release, the Si4+ ion release was shown a diffusion-con-
trolled release with two release phases in both solutions.

Interpretation of zeolite ion release

To explain the release of zeolite ions (Na+, Al3+ and Si4+) 
in a given solution, the cation exchange capacity, known for 
zeolites (CEC), is one of the relevant options. This character 
is typically demonstrated in zeolites and dated back to their 
genesis. During formation, the isomorphous substitution 
of zeolite tetrahedral Si4+ by Al3+ (SiO4 tetrahedra is the 
main building unit of alumino silicate zeolite) occurred and 
negatively charged vacancies are to be initiated. Those (−ve) 
places are compensated by the introduction of some (+ve) 
cations from the solutions (called exchangeable cations, 
EC), such as Na+, K+, Ca2+, and Mg2+. The number of EC 
is proportional to Al content of any aluminosilicate zeolite 
(Munthali et al. 2014; Kühl et al. 1999). Therefore, zeolite 
with lower Si/Al ratio (i.e., with high Al content) normally 
has high number of exchangeable cations. Accordingly, ZA 
with the least Si/Al ratio (Si/Al = 1.12) is presumed to have 
the highest amounts of Na+ and the highest CEC compared 
to ZX (Si/Al = 1.75) and ZSM-5 (Si/Al = 116.72). ZSM-5 
composition has the least aluminum contents (0.4 per unit 
cell) among other structures and its effect on the frame-
work dissolution can reasonably be neglected. Depending 
on this concept, ZA and ZX exhibited a high selectivity 
to hydronium ion (H+) than that of ZSM-5. H+ ions (ionic 
radius = 1.0 Å) originated from the dissociation of water and 
found their way to replace Na+ ions (ionic radius = 1.9 Å) in 
their framework sites (Munthali et al. 2015). Thus, sodium 
ions were increasingly eluted with high amounts to the 
supernatant at the early stages of immersion (stage I). At 
longer times (stage II) and due to the Na+ ion release, zeo-
lite frameworks might have become unstable, especially in 
such high acidic solution, and suffered structural alteration 
with partial decay in the form of some silicon and aluminum 
cation evolution into the media. Under such conditions, 
the combined interaction of released Na+ ions with the 

dissociated Si and Al were likely to precipitate an amor-
phous layer of sodium aluminosilicate on zeolite surfaces 
to protect and prevent more Na+ ion release from zeolite 
assemblies and reached the steady-state release (Munthali 
et al. 2015; Nagy et al. 2011; Beran and Dubsky 1979). The 
whole zeolite dissolution profile can be seen in the light 
of the instability of their aluminosilicate structure in acidic 
media (Kuronen et al. 2000; Wilkin and Barnes 1998). In 
such highly acidic solution, FaSSGF (pH 1.6), an aggressive 
attack of the solution affected the zeolite structure greatly by 
preventing it from retaining its sodium contents. The release 
of weakly linked Na+ ions (van der Waals bond) from zeo-
lite pores marked the beginning of the structure alteration 
at the first stage of immersion, and Na+ was replaced by H+ 
from water dissociation (Munthali et al. 2015). The release 
of sodium was followed by framework instability and sub-
sequent release of Al3+ ions from the aluminosilicate zeo-
lite (after 12 h), since Al3+ was more susceptible to acidic 
media than Si4+. At this stage, zeolite construction was then 
completely altered and its stability was deteriorated to the 
extent that the whole entity was subjected to extensive break 
down of its main building SiO4 units, which then started to 
be released into the solution in an amorphous phase. Com-
paratively, in less acidic medium, FeSSGF (pH5), Si4+ ion 
release might be due to Si–O–Si bonds breaking by water to 
form Si–OH groups, which in turn precipitated the dissolved 
silica again on zeolite surface as amorphous layer (Čimek 
et al. 1997). Therefore, this reaction did not depend mainly 
on Si-to-Al ratio, but it depended on the degree of oxygen 
bond breaking and hydration reaction.

The dissolution of zeolite main structure not only depends 
on the Si/Al ratio, but also depends on the particle size dis-
tribution of the zeolite grains, since the larger the particle, 
the higher will be its capabilities of withstanding the acidic 
media of the gastric fluids. Accordingly, Faujasite-NaX with 
the smallest grain size (2–3 µm) will have the largest surface 
area of contact with the attacking solution, resulting in more 
affinity toward structural dissolution. Meanwhile, the case 
of zeolite-A dissolution may be due to its low Si/Al con-
tent, combined with its smaller grain size of 5–6 µm. In the 
same context, the higher stability of ZSM-5 and its ability in 
resisting decay in the acidic gastric conditions are attributed 
to its high Si/Al ratio, along with the relatively higher sizes 
of its particles (6–7 µm).

Taking into consideration the small sizes of the used zeo-
lites, along with their low Si/Al contents, combined with the 
long incubation period of 96 h and the detachment of a very 
small amounts of the main backbone structural elements 
(Si4+ and Al3+), compared to Na+ (naturally of exchang-
ing nature), zeolites can be considered as a material with 
relevant stability for carrying and delivering drugs even in 
highly acidic media such as FaSSGF.
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For avoiding the problem of aluminum loss in the organ-
ism, grain size of zeolite particle can be increased to ≥ 7 µm 
(the highest grain size in the current study) to enable the 
close-fitting structure of zeolite crystal to withstand the 
aggressive acidity. The idea, during mineral synthesis, is 
especially from raw materials of layered structure such as 
kaolin rock in our case, the born crystals used to attach to 
parent raw sheets, which leave the chances for the presence 
of part of rock debris of amorphous structure and easy decay 
nature. Thus, zeolites with complete crystallinity, higher 
grain sizes ≥ 7 µm and high Si/Al ratios were considered 
of more stability and safety in use for the drug delivery 
purposes.

Drug delivery test

Drug release profiles

The percentages of drug hosted in zeolite samples were 
77.9 ± 0.4%, 70.8 ± 0.8% and 71.5 ± 0.7% for ZSM-5, ZA 
and ZX, respectively. The release profile of 5-Fu from zeo-
lite samples was investigated by studying the in vitro release 
in FaSSGF (pH 1.6) and FeSSGF (pH 5) at 37 °C (to simu-
late pH value of stomach and colon in the body). FeSSGF 
was prepared without milk addition because of the difficulty 
encountered in measuring the concentration of the released 
drug by UV–Vis spectroscopy due to the spectrophoto-
metric interference arising from the opaque white color of 
milk. Figure 4a, b compares the in vitro 5-Fu released from 
ZSM-5, ZA, and ZX samples in FaSSGF and FeSSGF over 
a period of 12 h (720 min). In general, the drug found its 
way into the media by two-stage sustained release process; 
the first stage was rapid in which the drug was rushed into 
the solution (from 10 to 60 min), whereas, in the second 
stage, the slow release was dominant (from 60 to 720 min). 
However, in some samples, the drug was completely flushed 
out before the end of the soaking time (from 0 to 10 min). 
In FaSSGF, the Fu-5 was totally eluted within 480, 120 and 
240 min from ZSM-5, ZA and ZX, respectively. Whereas, 
the encapsulated Fu-5 into zeolite pores and channels in the 
FeSSGF solution continued to release out during the whole 
span of incubation with total cumulative drug percentages 
of 73%, 70% and 81% for ZSM-5 ZA and ZX, respectively. 
Accordingly, the flushed Fu-5 percentages from the cor-
responding zeolite samples in FaSSGF were significantly 
(p < 0.05) higher than that measured in the FeSSGF. Hence, 
the release of 5-Fu by zeolites was pH dependent. Never-
theless, it was observed for FaSSGF and FeSSGF that the 
cumulative drug percentages released from zeolite ZSM-5 
were almost lower than that released from ZA and ZX.

The release behavior of 5-Fu from the zeolites can be 
explained from different sides of view. It was possible to 
explain it from the charge and isoelectric point (IEP) of 5-Fu 

and zeolites. IEP of 5-Fu is 8.0 (Wenande et al. 2017), and 
so, it possesses a positive charge in aqueous media of pH < 8. 
Therefore, 5-Fu acquired a positive charge in FaSSGF (pH 
1.6) and FeSSGF (pH 5). As mentioned before, aluminosili-
cate zeolites are usually synthesized by the substitution of 
zeolite tetrahedral Si4+ by Al3+, leaving behind negatively 
charged vacancies in zeolite structures which usually com-
pensated with positively charged sodium ions, and conse-
quently, the number of introduced Na+ is proportional to the 
number of substituted Si4+ by Al3+. In both simulated gastric 
fluids, as a result of Na+ ion leaching, zeolites have nega-
tive lattice charges, and these positions increased for more 
aluminous zeolites (Perminova et al. 2005). In this study, ZA 
and ZX possessed higher Si/Al ratio (1.12 and 1.75, respec-
tively) than ZSM-5, thus contained a higher lattice nega-
tive charged places in the aqueous medium. Considering the 

Fig. 4   Cumulative 5-Fu release (%) from ZSM-5, ZA and ZX in dis-
tilled FaSSGF and FeSSGF
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IEP of 5-Fu, and taking zeolite Si/Al ratio into account, it 
can be stated that a relatively higher electrostatic attraction 
force was found between 5-Fu, and ZA and ZX than that 
generated between the drug and ZSM-5. Furthermore, as 
previously mentioned, silanol groups (Si–OH) were likely 
to be predominantly formed on ZSM-5 surfaces in aqueous 
solution due to breaking of Si–O–Si bonds by water to form 
Si–OH groups (Čimek et al. 1997); these groups can initiate 
hydrogen bonding with 5-Fu molecules. Yet, the drug was 
likely attached to ZA and ZX by electrostatic force, and by 
stronger hydrogen bonding for ZSM-5. Consequently, the 
drug liberated from ZSM-5 was slowed down.

The drug release profile can also be interpreted through 
the dissolution behavior of zeolites in the two simulated gas-
tric fluids. The drug release profile was likely dependent on 
the whole zeolite dissolution profile. As mentioned before, 
the instability of zeolite was related to the destruction of 
aluminosilicate structure in the media (Kuronen et al. 2000; 
Wilkin and Barnes 1998), where the aluminosilicate struc-
ture was easier to be altered and decomposed in more acidic 
solution (FaSSGF) than in less acidic solution (FeSSGF); 
thus, the drug was released easier. Beside this description, 
5-Fu was found to have higher solubility in more acidic 
media (El-Sherbiny et al. 2005). Therefore, the combined 
high zeolite dissolution and high 5-Fu solubility in acidic 
media explained the complete drug evolution in FaSSGF.

Drug release kinetics

To analyze the in vitro release kinetics of 5-Fu drug, dif-
ferent release data were fitted in different kinetic models 
(Higuchi and Baker–Lonsdale), and the correlation coeffi-
cient, R2, was used as indication of data fitting to know the 
mechanism of drug release from these formulations. Table 4 
shows the release constants and regression coefficients (R2) 
as a result of the data fittings with Higuchi and Baker–Lon-
sdale kinetic models (the fitting curves are not shown). From 
the table, it was observed that the fitting of the data of the 
drug released in FaSSGF with Higuchi model demonstrated 
a high degree of linearity of one-stage drug release from 
ZSM-5, ZA and ZX, and the estimated release rates were 
5.3, 10.8 and 9.2 h−0.5 for ZSM-5, ZA and ZX, respec-
tively. ZX was the best fitted sample with Higuchi model 
(R2 = 0.971), whereas, ZSM-5 was the worst (R2 = 0.945). 
However, the drug release examined in the FeSSGF was 
shown a two-stage release. Stage I was a slow release stage, 
and the derived rates were 7.0, 7.6 and 9.7 h−0.5 for ZSM-5, 
ZA and ZX, respectively, whereas, stage II was shown as 
a fast release stage and the anticipated rates were 1.7, 1.4 
and 1.7 h−0.5 for ZSM-5, ZA and ZX, respectively. Accord-
ingly, the drug release from different zeolites in both fluids 
was proportional to h−0.5. Nevertheless, the drug release 
from ZSM-5, ZA and ZX occurred by diffusion mechanism 

from three zeolites into FaSSGF in one stage, while it was 
released in two stages by diffusion mechanism. Likewise, 
the curves of the drug release in FeSSGF fitting with Higu-
chi model was almost similar to the curves produced by the 
fitting of cumulative Al3+ and Si4+ ion concentrations with 
the square root of time, and consequently, the mechanism of 
drug released from the zeolite samples was directly related 
to the solubility mechanism of these zeolites, which was a 
pH-dependent solution.

Furthermore, different zeolite samples under investigation 
represented good linearity with Baker–Lonsdale equation, 
where R2 ranged from 0.889 to 0.993. This denoted that the 
drug was released from spherical zeolite particles. Interest-
ingly, regression coefficient of ZSM-5 sample was high for 
both solutions. This attributed to a spherical shape of ZSM-5 
sample, as it was confirmed by SEM micrographs.

In vitro cytotoxicity cell culture evaluation of zeolite 
samples

Inhibitory actions of each zeolite type and its minimum dose 
causing a harmful effect on the cells, as well as encapsula-
tion of anticancer drug, 5-Fu, into the zeolite particles were 
investigated on the colon cancer cells (CaCo-2) using MTT 
assay after 48 h of incubation. Figure 5 shows the activities of 
free and drug-loaded zeolites in terms of cytotoxic percent-
age of lethal action after 48 h of incubation. Obviously, par-
ent zeolites have neglecting percentages of cytotoxic effects; 
meanwhile, their drug-loaded versions showed appreciable 
cytotoxic action with the corresponding values of 21.3, 15, 
and 13.4% for ZSM-5, ZA, and ZX, respectively. Notably, 
ZSM-5 implied the lowest inhibition efficacy, followed by 
the other two low Si/Al zeolites. This may contradict the 
idea of the poisonous effect of Al released from zeolites, 
since ZSM-5 has nearly no aluminum contents compared to 
the other two zeolites ZA and ZX. Despite ZSM-5 had wider 

Fig. 5   Cytotoxic effect of ZSM-5, ZA and ZX (100 µg/ml) with/with-
out 5-FU on colon cancer cell line (CaCo-2) in comparison with pure 
5-Fu using MTT assay (n = 3), data expressed as the mean value of 
cell cytotoxicity (% of control)
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pore diameter than ZA and ZX, its structure stability was 
likely regulated by the sustained evolution of drug from the 
pores. Moreover, as previously mentioned, in the aqueous 
medium, 5-Fu molecules likely formed hydrogen bonding 
with the developed silanol groups on ZSM-5 surfaces, which 
slowed down the drug release from these zeolite particles and 
so decreased the drug cytotoxic effect on the cancer cells. On 
the other hand, silicon ions are known to enhance the cell 
viability due to their rapid adherence to the cell membranes 
(Absher and Mortara 1980).

Moreover, the cytotoxic effect of zeolite samples with and 
without 5-Fu on CaCo-2 cell line at different concentrations 
ranging from 100 to 12.5 µg/mL was screened to calculate 
LC50 value for each, as shown in Fig. 6. As shown in the 
figure, ZA was the most potent in free and loaded samples 
with 5-Fu followed by ZX and ZSM-5 with 127.6, 168.3 
and 170.8 µg/mL, respectively, compared to drug-free sam-
ples (185.2, 196.8 and 233 µg/mL, for ZA, ZX and ZSM-5, 
respectively). 5-Fu is widely referred to as a chemotherapy 
drug against different solid tumors. However, 5-Fu has sev-
eral limitations including short biological half-life due to 
rapid metabolism, inadequate and non-uniform oral absorp-
tion, harmful reactions on bone marrow and the gastroin-
testinal tract, and non-specific activity against solid cells 
(Li et al. 2008). In addition, there is evidence that it has an 
impact of standard-dose chemotherapy on cognitive function 
(Winocur et al. 2006). From the above results, the incorpora-
tion of 5-Fu with ZA, ZX, and ZSM-5 has successfully man-
aged to decrease the 5-Fu dose by maintaining its efficacy as 
well, and it is expected to have more potent cytotoxic action 
on the viability of CaCo-2 cells at higher concentrations 
assay of more than 100 µg/mL.

Conclusion

ZSM-5, zeolite A and faujasite-NaX zeolites (encoded, 
ZSM-5, ZA and ZX) were synthesized in this study mainly 
from cost-effective kaolin raw material using a low-energy 
microwave approach. The zeolite dissolution effect on the 
drug release behaviors was studied. The investigation of 
Na+, Al3+ and Si4+ ion release profiles of zeolites in two 
simulated gastric fluids (FaSSGF and FeSSGF) showed that 
the behavior of degradation and ion release were related to, 
or better said affecting the release profiles of 5-Fu from 
zeolite particles and the inhibition effect of 5-Fu-free 
zeolites and 5-Fu-conjugated zeolites on the cancer cells 
(CaCo-2). Similarity in many aspects, the ion liberation 
has occurred through two stages; rapid (1–12 h) and fast 
release (12–96 h), and the amounts of eluted ions were pH 
dependent, where they were significantly higher in fluid of 
pH 1.6 than in that of pH 5. Likewise, 5-Fu was released 
from different zeolites almost by a sustained release through 
two stages (rapid and steady-state release), as well as the 
percentage of released drug from the zeolite samples was 
pH dependent, where they were significantly higher in fluid 
of pH 1.6 than in that of pH 5. Moreover, the detachment of 
drug to zeolites was mainly dependent on the dissociation 
and ion release behaviors of zeolites. Finally, the zeolites 
have shown distinct antitumor activity against CaCo-2 cells 
when loaded with 5-Fu. Hence, these zeolites can be used as 
good reservoir for anticancer drug which releases in a con-
trolled manner. All prepared zeolites showed a safe behavior 
for the CaCo-2 cells; meanwhile, all were of cytotoxic action 
when loaded with the 5-Fu drug.

Acknowledgements  This paper is supported financially by the Science 
and Technology Development Fund (STDF), Egypt, Grant No: 5150.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Absher M, Mortara M (1980) Effect of silica on the proliferative 
behavior of human lung fibroblasts. Vitro Cell Dev Biol Plant 
16:371–376

Al-Thawabeia RA, Hodali HA (2015) Use of zeolite ZSM-5 for loading 
and release of 5-fluorouracil. J Chem 2015:403597. https​://doi.
org/10.1155/2015/40359​7

Fig. 6   Cytotoxic effect (LC50 values) of free different zeolite samples 
(ZSM-5, ZA and ZX) and different zeolite samples conjugated with 
5-Fu against colon cancer cell line (CaCo-2) compared to 5-Fu using 
MTT assay (n = 3), data expressed as the mean value of cell cytotox-
icity (% of control)

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2015/403597
https://doi.org/10.1155/2015/403597


113Progress in Biomaterials (2019) 8:101–113	

1 3

Banerjee A, Pathak S, Subramanium VD, Dharanivasan G, Murugesan 
R, Verma RS (2017) Strategies for targeted drug delivery in treat-
ment of colon cancer: current trends and future perspectives. Drug 
Discov Today 22:1224–1232

Beran S, Dubsky J (1979) Quantum chemical study of the electronic 
structure of Na-X and Na-Y zeolites. J Phys Chem 83:2538–2544

Bougeard D, Smirnov KS, Geidel E (2000) Vibrational spectra and 
structure of kaolinite: a computer simulation study. J Phys Chem 
B 104:9210–9217

Chandrasekhar S, Raghavan P, Sebastian G, Damodaran A (1997) 
Brightness improvement studies on ‘kaolin based’zeolite 4A. 
Appl Clay Sci 12:221–231

Čimek A, Subotić B, Šmit I, Tonejc A, Aiello R, Crea F et al (1997) 
Dissolution of high-silica zeolites in alkaline solutions II. Dissolu-
tion of ‘activated’ silicalite-1 and ZSM-5 with different aluminum 
content. Microporous Mater 8:159–169

Costa P, Lobo JMS (2001) Modeling and comparison of dissolution 
profiles. Eur J Pharm Sci 13:123–133

Datt A, Burns EA, Dhuna NA, Larsen SC (2013) Loading and release 
of 5-fluorouracil from HY zeolites with varying SiO 2/Al2O3 
ratios. Microporous Mesoporous Mater 167:182–187

El-Ghannam A, Ricci K, Malkawi A, Jahed K, Vedantham K, Wyan H 
et al (2010) A ceramic-based anticancer drug delivery system to 
treat breast cancer. J Mater Sci Mater Med 21:2701–2710

El-Sherbiny I, Lins R, Abdel-Bary E, Harding D (2005) Preparation, 
characterization, swelling and in vitro drug release behaviour of 
poly [N-acryloylglycine-chitosan] interpolymeric pH and ther-
mally-responsive hydrogels. Eur Polym J 41:2584–2591

First EL, Gounaris CE, Wei J, Floudas CA (2011) Computational char-
acterization of zeolite porous networks: an automated approach. 
Phys Chem Chem Phys 13:17339–17358

Higuchi T (1963) Mechanism of sustained-action medication. Theo-
retical analysis of rate of release of solid drugs dispersed in solid 
matrices. J Pharm Sci 52:1145–1149

Karavasili C, Amanatiadou EP, Kontogiannidou E, Eleftheriadis GK, 
Bouropoulos N, Pavlidou E et al (2017) Comparison of different 
zeolite framework types as carriers for the oral delivery of the 
poorly soluble drug indomethacin. Int J Pharm 528:76–87

Khodaverdi E, Soleimani HA, Mohammadpour F, Hadizadeh F (2016) 
Synthetic zeolites as controlled-release delivery systems for anti-
inflammatory drugs. Chem Biol Drug Des 87:849–857

Kralj M, Pavelic K (2003) Medicine on a small scale: how molecular 
medicine can benefit from self-assembled and nanostructured 
materials. EMBO Rep 4:1008–1012

Kühl G, Weitkamp J, Puppe L (1999) Catalysis and zeolites: funda-
mentals and applications. Springer, Berlin

Kuronen M, Harjula R, Jernström J, Vestenius M, Lehto J (2000) Effect 
of the framework charge density on zeolite ion exchange selectivi-
ties. Phys Chem Chem Phys 2:2655–2659

Li S, Wang A, Jiang W, Guan Z (2008) Pharmacokinetic characteris-
tics and anticancer effects of 5-fluorouracil loaded nanoparticles. 
BMC Cancer 8:103

Marques MR, Loebenberg R, Almukainzi M (2011) Simulated biologi-
cal fluids with possible application in dissolution testing. Dissolu-
tion Technol 18:15–28

Mumpton FA (1999) La roca magica: uses of natural zeolites in agri-
culture and industry. Proc Natl Acad Sci 96:3463–3470

Munthali MW, Elsheikh MA, Johan E, Matsue N (2014) Proton adsorp-
tion selectivity of zeolites in aqueous media: effect of Si/Al ratio 
of zeolites. Molecules 19:20468–20481

Munthali MW, Johan E, Matsue N (2015) Proton adsorption selectivity 
of zeolites in aqueous media: effect of exchangeable cation species 
of zeolites. Environments 2:91–104

Nagy A, Harrison A, Sabbani S, Munson RS Jr, Dutta PK, Waldman 
WJ (2011) Silver nanoparticles embedded in zeolite membranes: 

release of silver ions and mechanism of antibacterial action. Int J 
Nanomed 6:1833–1852

Pasquino R, Di Domenico M, Izzo F, Gaudino D, Vanzanella V, Griz-
zuti N et al (2016) Rheology-sensitive response of zeolite-sup-
ported anti-inflammatory drug systems. Colloids Surf B Bioint-
erfaces 146:938–944

Perminova IV, Hatfield K, Hertkorn N (2005) Use of humic substances 
to remediate polluted environments: from theory to practice. 
Springer, Berlin

Rimoli MG, Rabaioli MR, Melisi D, Curcio A, Mondello S, Mirabelli 
R et al (2008) Synthetic zeolites as a new tool for drug delivery. J 
Biomed Mater Res, Part A 87:156–164

Sağir T, Huysal M, Durmus Z, Kurt BZ, Senel M, Isık S (2016) Prepa-
ration and in vitro evaluation of 5-flourouracil loaded magnetite–
zeolite nanocomposite (5-FU-MZNC) for cancer drug delivery 
applications. Biomed Pharmacother 77:182–190

Sanders L (1990) Drug delivery systems and routes of administration 
of peptide and protein drugs. Eur J Drug Metab Pharmacokinet 
15:95–102

Santos C, Martins M, Franke R-P, Almeida M, Costa M (2009) Cal-
cium phosphate granules for use as a 5-fluorouracil delivery sys-
tem. Ceram Int 35:1587–1594

Sathupunya M, Gulari E, Jamieson A, Wongkasemjit S (2004) Micro-
wave-assisted preparation of zeolite K–H from alumatrane and 
silatrane. Microporous Mesoporous Mater 69:157–164

Spanakis M, Bouropoulos N, Theodoropoulos D, Sygellou L, Ewart 
S, Moschovi AM et al (2014) Controlled release of 5-fluoroura-
cil from microporous zeolites. Nanomed Nanotechnol Biol Med 
10:197–205

Thabrew MI, Hughes RD, Mcfarlane IG (1997) Screening of hepato-
protective plant components using a HepG2 cell cytotoxicity 
assay. J Pharm Pharmacol 49:1132–1135

Thom DC, Davies JE, Santerre JP, Friedman S (2003) The hemolytic 
and cytotoxic properties of a zeolite-containing root filling mate-
rial in vitro. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 
95:101–108

Thomassen LC, Napierska D, Dinsdale D, Lievens N, Jammaer J, Lison 
D et al (2012) Investigation of the cytotoxicity of nanozeolites A 
and Y. Nanotoxicology 6:472–485

Vellaian Karuppiah NK, Manavalan R (2012) In-vitro and simulated 
in vivo dissolution of dipyridamole extended release capsules. Int 
J Pharm Sci Rev Res 13:5

Vilaça N, Amorim R, Machado AF, Parpot P, Pereira MF, Sardo M et al 
(2013) Potentiation of 5-fluorouracil encapsulated in zeolites as 
drug delivery systems for in vitro models of colorectal carcinoma. 
Colloids Surfaces B Biointerfaces 112:237–244

Wenande E, Olesen UH, Nielsen MM, Janfelt C, Hansen SH, Anderson 
RR et al (2017) Fractional laser-assisted topical delivery leads to 
enhanced, accelerated and deeper cutaneous 5-fluorouracil uptake. 
Expert Opin Drug Deliv 14:307–317

Wilkin R, Barnes H (1998) Solubility and stability of zeolites in aque-
ous solution: I. Analcime, Na-, and K-clinoptilolite. Am Mineral 
83:746–761

Winocur G, Vardy J, Binns MA, Kerr L, Tannock I (2006) The effects 
of the anti-cancer drugs, methotrexate and 5-fluorouracil, on cog-
nitive function in mice. Pharmacol Biochem Behav 85:66–75

Youssef H, Ibrahim D, Komarneni S (2008) Microwave-assisted versus 
conventional synthesis of zeolite A from metakaolinite. Micropo-
rous Mesoporous Mater 115:527–534

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Different zeolite systems for colon cancer therapy: monitoring of ion release, cytotoxicity and drug release behavior
	Abstract
	Graphical abstract
	Introduction
	Materials and methods
	Materials
	Preparation of different zeolites
	Zeolite characterization
	In vitro dissolution test in FaSSGF and FeSSGF
	Drug delivery test
	Antitumor activity test
	Statistical analyses

	Results and discussion
	Characterization results of zeolites
	XRD for mineralogical detection
	SEM–EDX analysis
	Surface area

	In vitro zeolite dissolution test in FaSSGF and FeSSGF
	Interpretation of zeolite ion release

	Drug delivery test
	Drug release profiles
	Drug release kinetics

	In vitro cytotoxicity cell culture evaluation of zeolite samples

	Conclusion
	Acknowledgements 
	References




