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Abstract  25 

Several zeolite-based delivery systems (ZDS) built with faujasite structure were prepared 26 

containing silver (Ag+) and 5-Fluorouracil (5-FU) as antimicrobial and antineoplastic 27 

agents, respectively. The idea behind this drug combination is an answer to the increasing 28 

evidence of colonization of tumor microenvironments by pathogenic microorganisms and 29 

their active role in tumor growth. Two ZDS with a fixed load of 5-FU and different silver 30 

loads, Ag7(5-FU)@Y and Ag4(5-FU)@Y, were prepared through ion-exchange of silver 31 

followed by 5-FU encapsulation in liquid phase. The developed ZDS were characterized 32 

in-depth by scanning microscopy (SEM), thermogravimetric analysis (TGA), N2 33 

adsorption analysis, ICP-AES analyses and X-ray photoelectron spectroscopy (XPS), and 34 

successfully confirmed the incorporation of both drug-active species into the zeolite 35 

framework without inducing structural alteration. Finally, the antimicrobial properties of 36 

the ZDS were investigated against various strains of bacteria. ZDS containing both drug-37 

active species - Ag and 5-FU - displayed lower Minimum Inhibitory Concentration (MIC) 38 

values than AgxY, indicating higher effectiveness in inhibiting bacterial growth. Ag4(5-39 

FU)@Y resulted to be the most favourable combination exhibiting efficient encapsulation 40 

of 5-FU while containing an efficient amount of silver. 41 

 42 

Keywords: Zeolite; 5-Fluorouracil; Silver; Microbial infections; Tumor 43 

microenvironment 44 

 45 

1. Introduction 46 

Antimicrobial resistance (AMR) and its impact on the health and well-being of the global 47 

population and economy has been highlighted by the World Health Organization (WHO) 48 

[1,2]. According to estimates, there were 4.95 million deaths linked to antimicrobial 49 
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resistance (AMR) in 2019, with 1.3 million directly attributed to bacterial AMR [3]. 50 

These staggering numbers motivate the creation and improvement of new and cost-51 

effective treatment options and alternative antimicrobial solutions, while minimizing the 52 

negative impacts on human and animal health, as well as on the environment.  53 

Bacteria play a significant role in various diseases beyond conventional bacterial 54 

infections. In the oncology field, it has been reported that bacterial infections can 55 

contribute to the development of tumor-like conditions [4-6]. One well-known example 56 

is Helicobacter pylori, which has been associated with gastric cancers and mucosa-57 

associated lymphoid tissue (MALT) lymphoma [4]. This phenomenon is not limited to 58 

specific types of cancer or this bacterium, as other bacterial species have been found to 59 

have a role in cancer initiation and progression [5].  60 

In fact, Hanahan's study [6] on cancer hallmarks identified polymorphic microbiomes as 61 

one of the “enabling characteristics” of cancer. The variability of these microbiomes 62 

amongst population individuals seems to profoundly affect cancer phenotypes [6] (Figure 63 

1). Recent studies also suggest that malignant tumors not only exhibit specific bacterial 64 

profiles, but some of these bacteria can also compromise the efficacy of cancer therapies 65 

[7-9]. Furthermore, the immune system of cancer patients is also negatively affected, by 66 

the disease itself, or by the treatments they undergo, making them more susceptible to 67 

infections, particularly in hospital environments [10].  68 
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 69 

Figure 1. New “emerging hallmarks” and “enabling characteristics” of cancer, including 70 

the polymorphic microbiomes. Adapted from [6].  71 

 72 

Therefore, the development of a treatment system that addresses two interconnected 73 

clinical scenarios: microbial infections, and potentially cancer, is highly desirable. In this 74 

context, the use of host porous structures with the capacity to accommodate multiple 75 

active species could be an interesting strategy. Zeolites, stable aluminosilicate 76 

nanomaterials, possess the unique ability to undergo an ion exchange process and 77 

effectively encapsulate other compounds within their porous structure [11]. The 78 

adsorption characteristics of zeolites rely on the capability of adsorbing molecules to enter 79 

the vacant spaces within the zeolite structures. This diffusion process is constrained by 80 

the dimensions of the molecules and the sizes of the zeolite pores. As such, zeolites have 81 

already shown the capability of stabilizing various drugs and being used as drug delivery 82 

systems [11-13].  83 

Among the different zeolites, the faujasite structure stands out due to its 12-ring pore 84 

openings and three-dimensional channel system. The faujasite structure consists of 85 

hexagonal prisms, sodalite cages, and supercages, characterized by a low Si/Al ratio. This 86 
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unique composition allows for a high cation exchange capacity while maintaining 87 

excellent biocompatibility for health-related applications [11-18]. This framework is 88 

employed in numerous applications, including their use as adsorbents, heterogeneous 89 

catalysts, and ion-exchangers [14, 15]. With this in mind, preliminary studies were 90 

conducted as proof of concept to evaluate the capability of faujasite-type ZDS as a dual-91 

host. The ion-exchange capability of zeolites was exploited in these studies, with silver 92 

being specifically chosen as one of the pharmacologically active species.   93 

Silver is known for its antimicrobial activity [19, 20] and its antitumoral effect has also 94 

been reported against specific types of tumors [21, 22]. As reviewed by Dutta et al. [23], 95 

different types of zeolites have already been investigated as platforms for silver storage 96 

and delivery, either in the form of silver ions (Ag+) or silver nanoparticles (AgNPs). 97 

However, to the best of our knowledge, no study has been conducted to explore the 98 

synergistic effects of silver and a chemotherapeutic drug when both are simultaneously 99 

loaded into a zeolite framework. 5-Fluorouracil (5-FU) emerges as a promising candidate 100 

for this combined approach since it is a small organic molecule, able to penetrate the 101 

micropores of a faujasite zeolite, as previously demonstrated in earlier studies [24, 25]. 102 

As one of the extensively utilized drugs in chemotherapy, 5-FU finds wide application in 103 

the treatment of breast, colorectal, stomach, pancreatic, and skin cancers [24, 26, 27]. 104 

Several ZDS samples were prepared by incorporating both silver and 5-FU into the NaY 105 

zeolite. The silver loading onto the zeolite framework was varied to create different 106 

samples. The resulting ZDS samples were thoroughly characterized and subsequently 107 

evaluated for their antimicrobial properties against a range of bacteria, including the 108 

Gram-negative bacteria Escherichia coli and Pseudomonas aeruginosa, as well as the 109 

Gram-positive bacteria Staphylococcus aureus (SA), Methicillin resistant Staphylococcus 110 
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aureus (MRSA), Methicillin sensitive Staphylococcus aureus (MSSA), Streptococcus 111 

pyogenes and Propionibacterium acnes.  112 

By assessing their efficacy against Gram-negative and Gram-positive bacteria, we aimed 113 

to shed light on the potential applications of these dual-loaded ZDS in combating 114 

microbial infections in tumor-like microenvironments. The findings of this study have the 115 

potential to contribute to the development of novel therapeutic strategies for cancer, 116 

thereby providing enhanced treatment outcomes through a multi-angle approach. 117 

2. Experimental 118 

2.1 Materials and chemicals 119 

NaY, a faujasite-type zeolite structure, was supplied from Zeolyst International 120 

(CBV100, Si/Al = 2.83) in powder form. Silver nitrate (AgNO3) and 5-fluoro-1H, 3H-121 

pyrimidine-2,4-dione (5-Fluorouracil, 5-FU) were provided from Fisher Scientific and 122 

Sigma Aldrich, respectively, and were used as received. Acetone (ACS reagent,  99.5%) 123 

was purchased from Sigma Aldrich, and deionized water was obtained through an 124 

ultrapure water system (Milli-Q, EQ 7000). 125 

2.2 Preparation and characterization of the ZDS samples 126 

To prepare the ZDS samples, a two-step process was followed: (i) Initially, the ion-127 

exchange method described in other studies [20, 28, 29] was used to obtain two silver-128 

NaY samples containing 4.0 and 7.0 wt% of silver (as analysed by Inductive Coupled 129 

Plasma (ICP)), named Ag4Y and Ag7Y, respectively. (ii) These samples were employed 130 

as hosts to encapsulate 5-FU using a previously established method [24], resulting in 131 

Ag4(5-FU)@Y and Ag7(5-FU)@Y. A control sample containing only 5-FU – (5-FU)@Y 132 

- was prepared in the same conditions as (ii).  133 
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To obtain ZDS samples with different silver contents, varying amounts of silver nitrate 134 

aqueous solutions (0.200 mmol/gNaY or 0.400 mmol/gNaY) were added to a volumetric 135 

flask. To prevent the reduction of silver ions, which are sensitive to light exposure, and 136 

undesired Ag+ reduction reactions, the flask was coated with aluminum foil [30]. NaY 137 

was added to these silver solutions and stirred constantly at 300 rpm for 24 h, at room 138 

temperature (RT). The resulting suspensions were filtered, washed with deionized water, 139 

and dried overnight at 60 ºC. The resultant white powders were then calcined at 350 ºC 140 

for 4 h. 141 

Before 5-FU encapsulation in the synthesized AgxY, the sample powders were dried at 142 

150 ºC for 4 h, to avoid the presence of water molecules inside the pores. For the 143 

encapsulation of 5-FU, a solution of 0.577 mmol 5-FU in a solvent mixture of 80% 144 

acetone and 20% water (v/v) was added to 200 mg of the corresponding AgxY. The liquid-145 

phase encapsulation process involved continuous stirring at RT for 48 h, with the system 146 

sealed to prevent solvent evaporation.  147 

A systematic study was carried out to understand the effect of silver in the 5-FU 148 

encapsulation with the sample Ag7(5-FU)@Y. To that purpose, the resulting suspension 149 

of Ag7(5-FU)@Y was filtered and divided into two samples: The first one was dried in 150 

an oven at 60 ºC for 12 h, to evaporate the solvent - Ag7(5-FU)@Y1. The second was 151 

washed after the filtration step with the same solvent used for the encapsulation of 5-FU, 152 

to eliminate any non-encapsulated 5-FU, and dried in the same conditions - Ag7(5-153 

FU)@Y2. The same procedure of filtration and washing was used for creating the Ag4(5-154 

FU)@Y sample. All the steps to obtain the final samples are schematized in Figure S1. 155 

The samples were characterized by X-ray photoelectron spectroscopy (XPS) using a 156 

Kratos Axis-Supra instrument (Thermoscientific). Measurements were carried out using 157 

Al-Kα radiation as a monochromatic X-ray source (h = 1486.6 eV). Photoelectrons were 158 
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collected from a take-off angle of 90º (defined as the angle between the sample surface 159 

and the axis of the XPS analyzer lens). The measurement was done in a Constant Analyzer 160 

Energy mode (CAE) with a 15 mA of emission current and 160 and 40 eV pass energy 161 

for, respectively, survey spectra and high-resolution spectra. Data analysis and atomic 162 

quantification were determined from the XPS peak areas using the ESCApe software 163 

supplied by the manufacturer Kratos Analytical. 164 

Loading of 5-FU and thermal stability of the samples were determined by 165 

thermogravimetric analysis in an STA 409 PC Luxx® Netzsch thermal analyzer 166 

(Netzsch-Gerätebau). The atmosphere used was high-purity air (99.99 % minimum 167 

purity) with a constant flow rate of 50 cm3/min. Crucibles of alumina oxide, supplied by 168 

Netzsch, were used as sample holders where a certain amount of sample powder was 169 

placed and heated for 65 min, between 50 and 700 ºC at a heating speed of 10 ºC/min.  170 

Silver loading was performed by Inductively Coupled Plasma Atomic Emission 171 

Spectrometry (ICP-AES), using a Philips ICP PU 7000 Spectrometer, after acid digestion 172 

of the samples in “Laboratório de Análises” of the Instituto Superior Técnico (Portugal). 173 

To study the morphology, SEM. Scanning electron micrographs were collected on a 174 

LEICA Cambridge S360 scanning microscope equipped with an EDX system analyzed 175 

samples. Samples were coated with a thin layer of gold under vacuum (to prevent 176 

deflection of electrons caused by particles in the air) before analysis, using a Fisons 177 

Instruments SC502 sputter coater.  178 

The textural characterization of the samples was based on the N2 adsorption isotherms, 179 

determined at -196 ºC with a Quantachrome NOVA 4200e apparatus. All samples were 180 

previously degassed at 150 ºC under vacuum for 1 h and then at 250 °C with a heating 181 

rate of 5 °C min-1 for 6 h, up to a residual pressure smaller than 0.5 Pa. The micropore 182 

volumes (Vmicro) and mesopore surface areas (Smeso) were calculated by the t-method. 183 
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BET equation was used to calculate the surface areas. The desorption branch of the 184 

isotherm was utilized to obtain the mesoporous size distributions, using the Barrett-185 

Joyner-Halenda (BJH) method. 186 

2.3 Release studies 187 

The silver release profile was studied by inductively coupled plasma-optical emission 188 

spectrometry (ICP-OES) using Optima 8000 inductively coupled plasma-optical 189 

emission spectrometer (Perkin-Elmer) [28]. The S10 Autosampler (Perkin-Elmer) was 190 

used for high throughput and automated analysis of the standard and sample solutions. 191 

For that purpose, 25 mg of the sample was added to 50 mL of a PBS buffer solution at 192 

pH 7.4 and 37 ºC for 72 h. An identical procedure used for the release assay of 5-FU was 193 

followed in this case as well. After filtration, samples were acidified with 10 µL of 194 

concentrated nitric acid 60 % (v/v) to keep metals in solution.  195 

For in vitro release studies, 10 mg of the Agx(5-FU)@Y samples were added to 50 mL of 196 

a buffer solution of phosphate-buffered saline (PBS), simulating body fluid, with pH = 197 

7.4 at 37 ºC. Aliquots of 5 mL of the mixture were withdrawn at predetermined intervals 198 

and replaced by the same amount of fresh buffer, to maintain the volume of released 199 

medium constant. Release studies were carried out throughout 6 h. The collected aliquots 200 

were filtered with disposable 0.20 µm nylon membrane filters. Then, the UV-vis 201 

absorption spectrum of each withdrawn sample was recorded with a UV-2501PC 202 

spectrophotometer (Shimadzu) at 𝜆max 266 nm and using PBS as a blank sample for 203 

baseline correction. Measurements were conducted in triplicate and the averaged values 204 

were considered for posterior analysis. The amount of 5-FU released was determined 205 

according to previous studies [24, 28]. 206 

2.4 Evaluation of antimicrobial activity 207 

Jo
urn

al 
Pre-

pro
of



10 
 

The Gram-negative bacteria Escherichia coli CECT 423 (E. coli) and Pseudomonas 208 

aeruginosa 7697099 (P. aeruginosa), as well as the Gram-positive bacteria Methicillin 209 

Sensitive Staphylococcus aureus ATCC6538 (MSSA), Methicillin Resistant S. aureus 210 

DB1 (MRSA) and Propionibacterium acnes H60803 (Pr. acnes) - all obtained from the 211 

culture collection of the Biology Department at the University of Minho, Pt - were used 212 

as susceptible indicator strains to evaluate the antimicrobial potential of the prepared Ag-213 

ZDS samples. Bacterial strains were cultured in agar plates containing Lysogeny Broth 214 

medium (DifcoTM LB Broth, Sigma Aldrich) supplemented with agar 2 % (w/v) (LBA) 215 

and then incubated for 24 h at 37 ºC, to promote growth and obtain fresh cultures.  216 

The antimicrobial action of the prepared ZDS samples as well as of the NaY zeolite 217 

precursor was evaluated through an agar dilution assay as previously described [20, 25, 218 

28]. Different LBA media supplemented with 0.2, 0.5, 1.0, and 2.0 mg/mL of NaY, Ag7Y, 219 

or Ag7(5-FU)@Y2 was prepared and poured into Petri dishes. Each bacterial strain was 220 

cultured in LB at 37 ºC and 200 rpm until a mid-log growth phase was reached (OD600 221 

 0.4 - 0.6). Then, a 5 µL drop of each culture was added (in triplicate) to the plates 222 

containing the culture medium supplemented with the above-referred ZDS samples and 223 

concentrations. In addition, a 5-FU solution at a concentration equivalent to the amount 224 

of 5-FU loaded on the (5-FU)@Y sample was also tested. After 24 h of incubation at 37 225 

°C, the plates were examined for the presence/absence of growth. The minimum 226 

inhibitory concentration (MIC) value, defined as the lowest concentration of the sample 227 

that prevented bacterial growth, was determined for each pair of zeolite samples/bacteria 228 

tested. 229 

Also, an agar well diffusion test was carried out with E. coli and S. aureus (MSSA and 230 

MRSA) to evaluate the bacterial growth inhibition in the presence of 0.05 mg/mL of the 231 

ZDS samples Ag4Y, Ag4(5-FU)@Y and NaY as well as in the presence of AgNO3 (5.5 232 
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µM) and 5-FU (150 µM) solutions, used for comparison purposes. A sterile cotton swab 233 

was dipped in each bacterial inoculum, prepared as mentioned above, and then used to 234 

wipe across the surface area of an LBA plate. After that, 50 µL of each ZDS sample at 235 

0.05 mg/mL, or of the AgNO3 and 5-FU solutions, was added to the wells previously 236 

formed. A commercial disc containing the antibiotics amoxicillin/clavulanic acid (Sensi-237 

DiskTM Amoxicillin/Clavulanic Acid 20/10 mcg, Fischer Scientific) was used as a 238 

positive control. For a negative control, two LBA plates each with bacterium and empty 239 

wells were used. After 24 h incubation at 37 °C, the plates were examined for the presence 240 

of growth inhibition zones, whose diameter was measured. 241 

The level of significance in all the statistical analysis was set at *p<0.05. All assays were 242 

performed in triplicate and three independent experiments were performed. The results 243 

were expressed as mean value ± SD of the triplicate assays. Statistical analysis of the 244 

results was done using Microsoft Excel 2013® to compare antimicrobial test data sets by 245 

a 2 tailed homoscedastic Student’s t-test.  246 

 247 

3. Results and Discussion 248 

The commercially available NaY zeolite, belonging to the faujasite structure family, with 249 

a Si/Al ratio of 2.83, was employed as the host material for the preparation of ZDS 250 

samples. Silver and 5-FU were selected as the pharmacologically active species to be 251 

incorporated into the zeolite framework. The preparation of the drug-loaded ZDS samples 252 

involved two steps: first, the introduction of the silver ions in the faujasite structure (NaY) 253 

by an ion-exchange method (1) followed by the encapsulation of 5-FU (2), as illustrated 254 

in Figure 2.  255 
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 256 

Figure 2. Two-step preparation of ZDS samples: (1) ion exchange of Ag+ and (2) 257 

encapsulation of 5-FU. 258 

 259 

The amount of silver in the final AgxY samples was quantified by ICP analysis: the Ag7Y 260 

sample contained 7.4 wt% of silver, while Ag4Y contained 4.2 wt% of silver. These 261 

variations in silver content are attributed to the different amounts of AgNO3 utilized 262 

during the ion exchange procedure. 263 

The N2-physisorption isotherms of NaY, AgY, and Ag7(5-FU)@Y are displayed in Figure 264 

S2. According to the International Union of Pure and Applied Chemistry (IUPAC) 265 

classification, AgY and Ag(5-FU)Y samples exhibit a type-I isotherm, similar to isotherm 266 

of NaY [23]. This type of isotherm is the typical pattern used to describe adsorption on 267 

microporous solid materials [16, 23]. The resemblance in the isotherms of the samples 268 

implies that the incorporation of silver ions and 5-FU into NaY has a minimal effect on 269 

the zeolite's structural characteristics [28]. The textural properties, as determined by the 270 

analysis of N2 adsorption data, further corroborate that the introduction of silver ions and 271 

5-FU into NaY has a minor impact on the zeolite structure (Table S1) [28]. 272 
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SEM and EDX analysis of the Agx(5-FU)@Y zeolites highlight two aspects: (i) the 273 

experimental procedure to obtain the final samples did not affect the pristine zeolite 274 

morphology and, (ii) the presence of 5-FU at the surface (spot B) is evidenced in the 275 

sample prepared with higher amount of silver (Figure 3).  276 

 277 

Figure 3. SEM images of NaY, Ag4Y, Ag4(5-FU)@Y and Ag7(5-FU)@Y1 with 5000x 278 

magnification, and Ag7(5-FU)@Y1 EDX spectra of the spots A and B [28]. 279 

 280 

SEM images of AgxY samples confirm that the NaY particles’ geometry is preserved after 281 

Ag+ incorporation through the ion-exchange method, as well as the characteristic particle 282 

size. Similarly, no morphological or structural changes were observed after the 283 

encapsulation of 5-FU to yield Agx(5-FU)@Y. All samples showed a typical microporous 284 

crystalline aluminosilicate structure with relatively regular small particles and well-285 

defined geometrical shapes. The sample's average particle diameter varied from 286 

approximately 100 to 750 nm, in agreement with previous works [20, 24, 29]. This 287 

confirms that the incorporation of silver ions into the zeolite framework, as well as the 288 

A

B

A

B

NaY

Ag7(5-FU)@Y

Ag4Y Ag4(5-FU)@Y

X5.000 5µm X5.000 5µm
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subsequent incorporation of 5-FU, had minimal impact on the size, shape, and overall 289 

morphology of the zeolite particles, which maintained their faujasite structure [28].  290 

The relative weight percentage of silicon and aluminium detected by EDX further 291 

confirmed these results. The spectra revealed that the Si/Al ratios of Ag7Y, Ag4Y and the 292 

corresponding Agx(5-FU)@Y were relatively constant: 2.96 for Ag7Y, 2.94 for Ag4Y, 293 

2.92 for Ag7(5-FU)@Y1 (unwashed sample) and 2.95 for Ag4(5-FU)@Y. These values 294 

are very close to those of the pristine NaY (2.83), meaning that the framework did not 295 

undergo significant changes during the ion exchange and subsequent 5-FU encapsulation, 296 

in agreement with N2 adsorption analysis. Moreover, silver quantification indicated that 297 

the metal is homogeneously distributed across the Ag7Y sample, as the amount of silver 298 

detected in different sample spots was very similar, 7.4±0.8 wt % (Figure S3). However, 299 

this was not corroborated for Ag7(5-FU)@Y1, where more divergent amounts of silver 300 

were identified across the sample: 7.8±0.9 wt% in spot A and 4.3±0.6 wt % in spot B 301 

(Figure 3).  302 

Regarding the 5-FU encapsulation, an important portion of 5-FU was detected at the 303 

surface of Ag7(5-FU)@Y1 particles, although a remarkable difference was observed 304 

across the sample (22.8±0.6 wt % in the spot B whereas 2.1±0.4 wt % of 5-FU was 305 

detected in spot A). Contrary to silver atom distribution (Figure S3), the distribution of 306 

5-FU throughout this sample was found to be highly heterogeneous. This observation 307 

suggests that the presence of silver may inhibit the accessibility of 5-FU to penetrate the 308 

zeolite structure.  309 

XPS measurements were performed on all ZDS samples, revealing the surface 310 

composition, distribution of surface elements, and their corresponding oxidation states. 311 

The typical surface elements that predominate in all ZDS samples (O, Si, Al, and Na) 312 

were identified by the photoelectron peaks from oxygen (O 1s), silicon (Si 2p), aluminum 313 
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(Al 2s), and sodium (Na 1s) in their survey XPS spectra (Figure 4 for the samples Ag4Y, 314 

with and without 5-FU).  315 

 316 

 317 

Figure 4. Survey XPS spectra of Ag4Y and Ag4(5-FU)@Y. 318 

 319 

The identified O, Si, and Al atoms belonging to the zeolite are present in a distinct three-320 

dimensional configuration, which arises from chemical bonds within the tetrahedral units 321 

Ag4Y

Ag4(5-FU)@Y
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[SiO4] and [AlO4]-. These units are interconnected by bridging oxygen ions, with Na+ 322 

ions serving as the counter ion of the zeolite framework [29, 31]. Sodium cations (Na+), 323 

which are present in the interstice of the NaY framework to maintain the electroneutrality 324 

of the structure, were progressively exchanged for Ag+ cations during the ion exchange 325 

reaction [31]. The ZDS samples with 5-FU and silver additionally displayed the presence 326 

of fluorine (F 1s) and silver (Ag 3d). Table 1 illustrates the binding energies (BE) and 327 

weight percentages (wt%) of the primary elements detected by XPS on the ZDS sample 328 

surfaces.  329 

 330 
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 331 

Table 1. Binding energies (BE) and relative amount of surface elements (wt%) in the NaY and ZDS samples obtained by XPS. 332 

XPS 

Peaks 

Si 2p Al 2s Na 1s O 1s F 1s Ag 3d 

BE 

(eV) 

wt 

(%) 

BE 

(eV) 

wt 

(%) 

BE 

(eV) 

wt 

(%) 

BE 

(eV) 

wt 

(%) 

BE 

(eV) 

wt 

(%) 

BE 

(eV) 

wt 

(%) 

NaY 103.8 27.550.24 118.8 7.670.27 1074.9 10.600.19 534.0 54.190.36 - - - - 

Ag7Y [28] 102.1 25.070.51 117.7 8.320.16 1072.5 8.150.13 532.9 54.680.42 - - 368.8 3.780.03 

Ag4Y 102.7 27.460.24 117.5 7.360.22 1073.2 9.760.16 532.8 53.440.27 - - 368.8 1.660.03 

(5-FU)@Y 102.6 27.260.26 117.5 7.900.24 1072.3 7.160.31 532.8 53.680.27 689.0 0.030.01 - - 

Ag7(5-FU)@Y1 

[28] 

103.6 28.980.54 117.7 8.290.21 1072.5 9.120.16 531.5 49.660.51 689.0 0.320.04 368.8 3.960.03 

Ag4(5-FU)@Y 102.9 30.790.44 117.5 10.690.33 1072.8 5.660.35 532.9 48.330.26 689.1 0.060.01 368.6 1.510.03 
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As shown in Table 1, the BE values of the typical zeolite elements were close to those of 1 

the NaY precursor. This confirms that the faujasite structure is minimally affected by the 2 

treatments employed to incorporate silver and 5-FU (namely ion-exchange and drug 3 

encapsulation), in agreement with the results from SEM/EDX analysis. For the samples 4 

subjected to the ion-exchange method, the Ag 3d photoelectron spectrum showed a single 5 

peak at approximately 369 eV indicating the presence of silver. Moreover, the amount of 6 

silver remains comparable after 5-FU encapsulation in both Ag-ZDS samples. For the 7 

sample Ag7(5-FU)@Y1, the amount of Ag is 3.960.03 wt%, closer to that of Ag7Y, 8 

3.780.03 wt%. The same behaviour was observed for the ZDS samples prepared with a 9 

lower amount of silver, with 1.510.03 wt% and 1.660.03 wt% of Ag, for Ag4(5-10 

FU)@Y and Ag4Y, respectively. This confirms that no lixiviation was observed after the 11 

encapsulation of the drug. 12 

Interestingly, a discrepancy in the observed silver content is evident between the XPS and 13 

ICP results for all Ag-ZDS samples. This disparity suggests a variation in the distribution 14 

of silver within the zeolite structure: half of the total amount of silver (53.5 %) in Ag7(5-15 

FU)@Y1 is at the surface, while only 36.0 % of silver is detected for Ag4(5-FU)@Y. In 16 

addition, the amount of the fluorine (F 1s) at the surface was quantified for both Agx(5-17 

FU)@Y, with 0.320.04 wt% for Ag7(5-FU)@Y1 and 0.060.01 wt% for Ag4(5-FU)@Y, 18 

which corresponds to 0.170 mmol and 0.032 mmol, respectively. These values seem to 19 

indicate that higher amounts of 5-FU are present on the surface of Ag7(5-FU)@Y1, 20 

compared to Ag4(5-FU)@Y. This discrepancy in the F relative amounts between the 21 

Agx(5-FU)@Y samples can be attributed to the more limited diffusion of 5-FU into the 22 

zeolite structure when a higher amount of silver is encapsulated, in accordance with the 23 

SEM/EDX results.  24 
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The deconvolution of the F 1s core level shows the presence of three peaks at BE of 689.6, 1 

691.2, and 693.3 eV for Ag7(5-FU)@Y, and two peaks at 686.1 and 689.5 eV for Ag4(5-2 

FU)@Y, respectively. The peak closer to 689.0 eV for the fluorine atoms confirms the 3 

presence of the drug in both Ag-ZDS. These results are in good agreement with values 4 

reported in the literature for 5-FU and confirm the molecular integrity of the molecule 5 

[31-33].  6 

Besides allowing the identification and quantification of surface elements in the sample, 7 

XPS also provides valuable information regarding the oxidation state of these elements. 8 

In the case of Ag-ZDS samples, the high-resolution spectra of the Ag 3d core level in the 9 

samples underwent peak deconvolution, enabling the recognition of separate peaks that 10 

originated from photoelectrons in the Ag 3d orbitals. This process also facilitated the 11 

determination of the associated binding energy values. In all the Ag-ZDS samples, two 12 

main peaks corresponding to Ag 3d5/2 and Ag 3d3/2 regions were detected at 368.8 eV and 13 

374.6 eV, respectively. These BE values remain unaltered after the encapsulation of 5-14 

FU (see Figure 5 for Ag 3d high resolution and kinetic spectra of the representative Ag7Y 15 

and Ag7(5-FU)@Y1 samples) and suggested the presence of silver in its ionic Ag+ form 16 

[29, 34], which acts as counter-ion of the negative framework.  17 Jo
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 1 

Figure 5. The deconvolution of Ag 3d high-resolution and kinetic spectra of Ag7Y and 2 

Ag7(5-FU)@Y1 (B) [28]. 3 

 4 

To confirm the oxidation state of silver in all Ag-ZDS samples, the Auger parameter was 5 

calculated using the equation: BE (Ag 3d5/2) + KE (Ag M4NN), where BE represents the 6 

binding energy of photoelectron peak for Ag 3d5/2, and KE is the Auger kinetic energy 7 

[35]. The calculated Auger parameter values were 722.9 eV for Ag7Y and 717.0 eV for 8 

Ag4Y. For Agx(5-FU)@Y, the Auger parameter values were found to be 718.7 eV and 9 

716.8 eV for Ag7(5-FU)@Y1 and Ag4(5-FU)@Y, respectively. These results are similar 10 

among the Ag-ZDS samples and are in good agreement with the Auger parameter values 11 

reported for the ionic state of silver (Ag+) [36, 37]. 12 

The release of silver was representatively studied in the Ag7(5-FU)@Y2 sample by ICP-13 

OES, given the higher amount of silver in this sample compared to Ag4(5-FU)@Y [28], 14 

Kinetic Energy (eV)

Ag 3d5/2

369.36
M4N45N45

353.52

Ag 3d5/2

369.09
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thus maximizing detection capability. The release was performed in a phosphate buffer 1 

solution (PBS) at a pH of 7.4 and 37 ºC simulating body fluid conditions, for a period of 2 

72 h (Figure 6).  3 

 4 

Figure 6. Release profiles of Ag+ ions from Ag7(5-FU)@Y2 (blue curve) determined by 5 

ICP-OES, and the tendency profile. Measurements were conducted in simulated 6 

physiological conditions, using a PBS solution at pH=7.4 and 37 ºC [28]. The results are 7 

expressed as the mean Ag+ concentration ± SD of three independent assays performed in 8 

triplicate.  9 

 10 

Notably, the ZDS released very small amounts of silver with an initial burst observed 11 

during the initial 6-hour period. Subsequently, a gradual and sustained release was 12 

observed over time throughout the whole experiment. At the end of the experiment, only 13 

8.28x10-4 ppm of silver was released, which accounts for less than 1% of the initial silver 14 

amount (7.4 wt%). The electrostatic forces inherent to the zeolite structure play a crucial 15 

role in stabilizing the silver as a counter-ion within its negative framework. The minimal 16 

release is very likely due to the depletion of silver species on the outer surface, provoking 17 

the migration of a part of the stored silver within the structure to the surface to continue 18 

its action. 19 
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Thermogravimetric analysis (TGA) was conducted to assess the loading of 5-FU in Ag-1 

ZDS samples over a temperature range of 50-700 ºC (Figure S4). All the samples 2 

exhibited similar behaviour up to about 150 ºC, with a weight loss associated with the 3 

removal of physisorbed water in the zeolite structure. An additional extended weight loss 4 

was observed from 430 to 600 ºC, ascribed to the melting of the 5-FU and its subsequent 5 

degradation [24, 32]. Table 2 displays the TGA results for the AgxY samples loaded with 6 

5-FU. The ZDS samples containing silver present a lower efficiency for the encapsulation 7 

of 5-FU when compared to the NaY precursor (0.460 mmol of 5-FU). 8 

 9 

Table 2. Loading of 5-FU in the ZDS samples. 10 

ZDS RTheo
1 RExp

1,2 

5-FU 

(mmol/gNaY)2 

5-FU@Y 0.375 0.299 2.30 

Ag7(5-FU)@Y1 [28] 0.375 0.144 1.15 

Ag4(5-FU)@Y 0.375 0.190 1.46 

1RTheo and RExp are the theoretical and experimental ratios, respectively, of [5-FU]/NaY (wt/wt); 11 

25-FU loading in NaY determined by TGA.  12 

 13 

The ion-exchange of silver in solution occurs between two univalent cations, Na+ and 14 

Ag+, described by the following reaction:  15 

NaY + Ag+ (aq)  AgY + Na+ (aq). 16 

The exchange occurs between both cations and, as a result, the Ag+ ions will occupy the 17 

different crystallographic sites of the faujasite structure [33, 34]. The ionic radius of Na+ 18 

is 0.95 Å while Ag+ is 1.14 Å [29]. Replacing Na+ with Ag+ led to a 1.2-fold increase in 19 

the ionic radius. Consequently, the crystallographic sites occupied by Ag+ ions imposed 20 

certain limitations on the diffusion of 5-FU into the structure. This effect was particularly 21 
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pronounced in the case of Ag7(5-FU)@Y. For this sample, the 5-FU loading was 0.223 1 

mmol and 0.170 mmol for Ag7(5-FU)@Y1 (unwashed) and Ag7(5-FU)@Y2 (washed) 2 

samples, respectively. According to the amount of 5-FU at the surface detected by XPS 3 

for the unwashed sample, these results point out that only 25% of 5-FU was inside the 4 

structure. As the amount of silver is reduced, such as in Ag4(5-FU)@Y, the amount of 5-5 

FU inside the structure increases (0.260 mmol), in good agreement with the values 6 

obtained from TGA (0.292 mmol) and XPS (0.032 mmol at the surface). 7 

To confirm this evidence, the cumulative release behaviour of 5-FU from unwashed and 8 

washed samples [28] of Ag7(5-FU)@Yx, was monitored for 6 h, in a PBS solution at pH 9 

7.4, by UV/vis spectrophotometry (Figure 7). The concentration of 5-FU released was 10 

measured over time at 266 nm, the characteristic wavelength of the maximum absorption 11 

peak of 5-FU.  12 

 13 

Figure 7. Release profiles of 5-FU from Ag7(5-FU)@Y samples as determined by UV/vis 14 

during 6 h and 1 h. Measurements were conducted in simulated physiological conditions 15 

in triplicate, using a phosphate buffer solution (PBS) at pH=7.4 and 37 ºC [28]. The results 16 
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are expressed as the mean 5-FU concentration ± SD of three independent assays 1 

performed in triplicate.  2 

 3 

The results indicate that after 5-FU release from Ag7(5-FU)@Yx samples, the compound 4 

showed a similar characteristic wavelength of its maximum absorption, thereby 5 

confirming its molecular integrity after encapsulation (Figure S5). The 5-FU release 6 

profile for the unwashed and washed Ag7(5-FU)@Yx samples was similar between them. 7 

Both profiles presented an initial burst release followed by a steady regime in which the 8 

cumulative 5-FU concentration stabilized after 30 min and increased continuously over 9 

time until the end of the assay (6 h).  10 

However, in the washed sample, the release of the drug was slightly different with a 11 

steeper initial slope in the beginning followed by the same behaviour as the unwashed 12 

sample. During the initial 15 min, approximately 50% of the 5-FU was released from the 13 

Ag7(5-FU)@Y1 sample, while the Ag7(5-FU)@Y2 sample exhibited a slightly lower 14 

release (35%).  This means that from 30 min onwards, the diffusion of 5-FU depends on 15 

the structure of the host, as is evident from the release profiles present in Figure 7. The 16 

desorption of 5-FU from both Ag7(5-FU)@Y samples at 1 h was consistent with previous 17 

studies [24, 26, 32], and the diffusion of 5-FU, attributed to its small organic molecular 18 

size, is controlled by the limitations imposed by the Ag+ ions [24]. 19 

The difference in drug release between the two cases is likely due to the different amounts 20 

of 5-FU adsorbed on the zeolite’s surface, which in the washed sample was effectively 21 

removed by the solvent during the washing step. Mathematical kinetic models usually 22 

used to describe in vitro drug dissolution and release from pharmaceutical dosage 23 

formulations [38] can also represent these behaviours. Table S2 summarizes the selected 24 

release kinetic models used for the coefficient of determination (R2) which indicates the 25 
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best-fit model for each sample. The zero-order model provides a better description of the 1 

release pattern observed in the unwashed sample, Ag7(5-FU)@Y1, as evidenced by its 2 

equation displaying the highest level of linearity (Zero-order, R2 = 0.9781). In broad 3 

agreement with previous studies [16, 24, 25] using the same host, the Weibull model (R2 4 

= 0.9846) is the best for the washed sample, Ag7(5-FU)@Y2. 5 

In summary, the characterization results indicate that high silver concentrations pre-6 

loaded within the zeolite framework hinder 5-FU accessibility into the zeolite structure. 7 

On the other hand, lower silver concentrations seem to have a minor effect on the 8 

diffusion of 5-FU into the zeolite's structure. Consequently, higher 5-FU levels on the 9 

zeolite surface, attributed to a higher silver content, result in reduced drug loading in 10 

contrast with the ZDS with a lower amount of silver.  11 

 12 

3.1  Antimicrobial activity assays 13 

The antimicrobial activity of the prepared Ag-ZDS samples was evaluated against the 14 

Gram-negative bacteria E. coli and P. aeruginosa, as well as the Gram-positive bacteria 15 

Methicillin Sensitive S. aureus (MSSA), Methicillin Resistant S. aureus (MRSA) and Pr. 16 

acnes. These bacterial species, selected as susceptible indicator strains, are known for 17 

their capacity to cause infections [36-39] and have been recently associated with different 18 

types of malignant tumors. Indeed, E. coli has been directly associated with the promotion 19 

of colorectal cancer [40]. In addition, it has been already shown that this bacterium has 20 

the potential to inhibit the activity of several chemotherapeutic drugs [5, 6]. Skin wounds 21 

also create a favourable and nutrient-rich environment for the growth of bacteria such as 22 

E. coli and P. aeruginosa. These flagellated bacteria seem to have tumor-promoting 23 

effects on wound-induced skin cancer [41]. Also correlated with the progression of skin 24 

cancer is an overabundance of S. aureus, with a role in tumor growth already described 25 
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in the literature [42]. Furthermore, the potential involvement of Pr. acnes in the 1 

carcinogenesis of prostate and ovarian cancers was also reported [43, 44].  2 

First, the antibacterial activity of the ZDS samples with higher amounts of silver was 3 

assessed by testing increasing concentrations of the samples (0.2, 0.5, 1.0, and 2.0 4 

mg/mL) and determining the respective MIC values against the chosen bacterial panel by 5 

an agar dilution test (Figure 8 and Table 3).  6 

 7 

Figure 8. Antimicrobial potential of 2.0 mg/mL NaY (A), 1.0 mg/mL Ag7Y (B), and 0.5 8 

mg/mL Ag7(5-FU)@Y2 (C). Images show the presence/absence of growth of P. 9 

aeruginosa, Pr. acnes, MRSA, MSSA, and E. coli in an LBA medium supplemented with 10 

the referred ZDS-samples and concentrations [28]. 11 

 12 

Table 3 summarizes the results obtained in agar dilution tests for the samples against the 13 

microorganisms studied. 14 

 15 

Table 3. MIC values (mg/mL) for the samples tested against the chosen panel of 16 

microorganisms [28]. 17 
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Microorganisms NaY Ag7Y Ag7(5-FU)@Y2 

Pr. acnes >2 0.5 0.5 

MRSA >2 1.0 0.5 

MSSA >2 1.0 0.2 

E. coli >2 0.5 0.5 

P. aeruginosa >2 1.0 0.5 

 1 

 2 

The analysis of results shows that every strain grew equally in the presence of NaY, 3 

regardless of the concentration of the system tested, meaning that the zeolite itself has no 4 

antibacterial effect. This was an expected result since precursor zeolites have been 5 

described as inert and devoid of antimicrobial properties [20, 29]. 6 

On the other hand, Ag7Y exhibited antibacterial activity against all tested strains, and no 7 

bacterial growth was detected in the presence of 1.0 mg/ mL (Figure 8), or even 0.5 8 

mg/mL, depending on the strain (Table 3). Ag4Y has also shown a MIC of 0.5 mg/mL for 9 

E. coli as described in previous work [29]. The introduction of silver in its ionic state into 10 

the zeolite framework seems to provide the material with antibacterial properties.  11 

Interestingly, Ag7(5-FU)@Y2 has lower MIC values than Ag7Y when tested against 12 

MRSA, MSSA, and P. aeruginosa (Table 3), suggesting that 5-FU might also exert an 13 

antimicrobial effect together with the silver ions on the zeolite. In fact, although it is 14 

widely known as a cytotoxic agent for cancer cells, 5-FU was reported to exhibit 15 

inhibitory effects on the growth and viability of several microorganisms [45, 46]. 16 

According to the literature, the first study of the antimicrobial action of 5-FU was 17 

performed in E. coli and showed that its inhibitory effects resulted from the intracellular 18 

conversion of 5-FU to the metabolite fluorodeoxyuridylate (FdUMP). Thymidine 19 

starvation causes the cessation of DNA synthesis and repair and finally ends in the so-20 
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called ‘thymineless death’ [45]. Another study suggested the perturbation of the cell wall 1 

biosynthesis as a mechanism of 5-FU toxicity towards E. coli. It was demonstrated that 2 

5-FU partially inhibited the synthesis of the cell wall mucopeptide in S. aureus (MSSA) 3 

[46]. In a study exploring the antibacterial activity of antineoplastic agents, 5-FU was one 4 

of the few antineoplastic agents with appreciable inhibitory effects, showing activity 5 

against > 80% of the bacterial isolates tested [47]. 6 

To understand the effect of 5-FU in all strains, a control with 5-FU at a concentration 7 

equivalent to the one present in Ag7(5-FU)@Y2 was studied. Figure 9 shows that the 8 

outcome of 5-FU treatment was not homogeneous in all strains. For example, the viability 9 

of P. aeruginosa and MRSA was not affected, as both strains grew equally in the absence 10 

(control) and the presence of 5-FU in the culture medium. The 5-FU concentration used 11 

in these cases seems to have no effect, contrary to what was described in the literature 12 

[45-47], but that could also be explained by the different characteristics of the used 13 

strains. 14 

 15 

 16 

Figure 9. Antimicrobial activity assays in the absence and presence of 5-FU solution 17 

corresponding to the 5-FU concentration present in 0.5 mg/mL of ZDS [28], after 24 h of 18 

incubation. 19 

 20 
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According to these results, the lower MIC values observed for Ag7(5-FU)@Y against P. 1 

aeruginosa and S. aureus, both MRSA and MSSA (Table 3), cannot be justified by either 2 

the presence of 5-FU (Figure 9) or Ag alone within the range of concentrations tested. 3 

The results suggest a synergistic effect coming from the combination of 5-FU with the 4 

strong microbicidal capabilities of silver ions, which effectively suppress bacterial 5 

growth. In the case of S. aureus, no growth was observed when exposed to 5-FU alone 6 

(Figure 9). These findings may account for the notable difference in the MIC values 7 

between Ag7Y and Ag7(5-FU)@Y, as indicated in Table 3. Specifically, the MIC value 8 

was lower after the loading of 5-FU in the ZDS sample, suggesting that the incorporation 9 

of 5-FU resulted in an increased antimicrobial activity. Regarding E. coli, the bacterium 10 

only grew slightly in the presence of 5-FU, which highlights the inhibitory properties of 11 

5-FU against E. coli, but suggests that this concentration is still insufficient to completely 12 

abolish bacterial growth.  13 

As Ag-ZDS samples with a lower amount of silver allow more effective 5-FU 14 

encapsulation, the performance of Ag4Y and Ag4(5-FU)@Y, along with NaY and (5-15 

FU)@Y was assessed. This comparison was conducted through agar well diffusion tests 16 

using E. coli and S. aureus (MSSA and MRSA) as susceptible indicator strains. In this 17 

case, a lower concentration of the system was used in the test (0.05 mg/mL), as this 18 

concentration ensured optimal cell cytotoxicity without compromising nutrient exchange 19 

in cancer cell assays [48]. 20 

A similar effect of 5-FU antibacterial activity was observed in the agar well diffusion test 21 

for MRSA, MSSA, and E. coli, suggesting that 5-FU might also exert an antimicrobial 22 

effect together with the silver ions (data not shown). The results indicate that only MSSA 23 

exhibits inhibition when exposed to (5-FU)@Y and Ag4(5-FU)@Y. For samples with 24 

lower Ag content, such as Ag4Y and Ag4(5-FU)@Y, growth inhibition was observed for 25 
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the sample loaded with 5-FU, whereas the other bacteria showed no inhibition in the 1 

presence of NaY, Ag4Y, (5-FU)@Y, and Ag4(5-FU)@Y (data not shown). In addition, 2 

the inhibition halo of Ag4(5-FU)@Y seems to increase in dimension compared to 5-FU 3 

alone (Figure 10), with the following distribution: Ag4(5-FU)@Y > 5-FU > antibiotic.  4 

 5 

 6 

Figure 10. Antimicrobial activity assay with NaY, AgNO3, Ag4Y, Ag4(5-FU)@Y, and 5-7 

FU solution against MSSA, after 24 h of incubation using agar well diffusion test. 8 

Interestingly, these results suggest that, in the dual system, the combined effect of both 9 

5-FU and Ag+ is possibly contributing to the antimicrobial activity of this ZDS. To the 10 

best of our knowledge, the use of silver-loaded zeolites together with pharmaceutical 11 

agents has been primarily documented in the context of their combination with 12 

antibiotics. For instance, the simultaneous release of the antibiotic sulfadiazine and the 13 

silver ions using a zeolite beta framework exhibited enhanced efficacy against a range of 14 

microorganisms [49]. In another study, the silver-loaded faujasite zeolite, Ag-Z, 15 

enhanced the effectiveness of rifampicin against E. coli [50]. Due to the drugs under 16 

investigation and the different methods employed, conducting a direct comparison with 17 
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our study may not be feasible. Nevertheless, the results highlight the potential role played 1 

by silver-supported zeolites in achieving improved antibacterial efficacy. 2 

Although both Ag-loaded ZDS samples showed promising results, a reduced level of 3 

silver will always be advantageous for ZDS in anticancer applications. The 4 

characterization results of Ag4(5-FU)@Y further revealed a more uniform distribution of 5 

5-FU within the zeolite framework, along with an increased drug loading. To further 6 

enhance the antineoplastic efficacy of these samples, future studies could explore the 7 

combined effects of 5-FU@Y with Ag4Y or 5-FU@Y with Ag4(5-FU)@Y. Such an 8 

approach holds promise for improving the anticancer properties of these samples and 9 

contributes to their potential as effective delivery systems with dual properties, including 10 

antimicrobial and antitumor activities. Indeed, the development of dual-action 11 

nanoparticles, based on liposomes, has already demonstrated promising results in 12 

addressing cancer-related bacterial infections, with improved cytotoxicity outcomes [51]. 13 

However, it is worth emphasizing that the use of zeolites in this context has been 14 

relatively overlooked but seems to have the potential to serve as efficient and cost-15 

effective alternatives. 16 

4. Conclusions 17 

In conclusion, this study focused on the development of zeolite-based delivery systems 18 

(ZDS) using a faujasite structure and incorporating silver (Ag+) and 5-Fluorouracil (5-19 

FU) as antimicrobial and antineoplastic agents, respectively. Two ZDS samples, Ag7(5-20 

FU)@Y and Ag4(5-FU)@Y, were prepared by varying the initial silver nitrate amounts 21 

using an ion-exchanged method. The characterization analysis confirmed the successful 22 

incorporation of both species without significant changes to the zeolite structure. Both 23 

SEM/EDX and XPS results revealed that the presence of silver within the framework 24 

hindered the diffusion of 5-FU, particularly in the case of Ag7(5-FU)@Yx. This leads to 25 
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higher amounts of 5-FU on the zeolite surface and consequently to a lower drug loading 1 

when compared to the ZDS with less amount of silver. Finally, the results of antimicrobial 2 

assays indicate that the antimicrobial activity of the ZDS may be attributed to the 3 

combined effect of both 5-FU and Ag+ in the dual system. However, Ag4(5-FU)@Y might 4 

represent the best compromise between effective 5-FU loading, optimal silver content, 5 

and antibacterial activity. These findings suggest that the combined effects of 5-FU@Y 6 

and Ag4Y or 5-FU@Y and Ag4(5-FU)@Y could hold significant potential for enhancing 7 

the antineoplastic properties of these samples, thus contributing to their application in 8 

cancer therapy. 9 
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Highlights 

• Dual Ag+/5-FU@NaY (ZDS) as antimicrobial and antineoplastic agents; 

• Higher amounts of Ag+ limit 5-FU drug loading into NaY in the dual system; 

• ZDS outperformed individual drug effectiveness in inhibiting bacterial growth; 

• ZDS has the potential to eliminate microbial infections in tumor-like 

microenvironments. 
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