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Abstract 

The Gram-negative bacterium Helicobacter pylori is the most common bacterial pathogen in humans, 

infecting 24–79% of the population at any time. Standard eradication protocols involve multi-target 

therapy including combinations of antibiotics, which has promoted the emergence of resistant strains. 

To address this challenge, we prepared antibiotic-free colloidal nanoparticles designed to interfere 

with the adhesion mechanisms of H. pylori and thus prevent both the onset and recurrence of 

infection. Our colloidal particles comprised a nanocapsule (NC) formulation based on an oil-core 

nanoemulsion co-stabilized with lysozyme and lecithin, coated with negatively-charged low-

molecular-weight (DexS40-NC) or high-molecular-weight (DexS500-NC) dextran sulfate, or 

positively-charged chitosan (CSHMC+30-NC). The oil core of all NC formulations was also loaded with 

curcumin, a model lipophilic drug with well-documented documented anti-inflammatory and anti-

tumor activities. Our proof-of-principle experiments showed that the DexS40-NC formulation 

inhibited the adhesion of H. pylori to AGS stomach cells in a dose-dependent manner. DexS40-NC 

achieved more potent inhibition than DexS500-NC or uncoated control nanoemulsions, whereas the 

effect of CSHMC+30-NC was not clearcut given the ability of this formulation to aggregate bacteria. 

DexS40-NC, unlike DexS500-NC, showed no cytotoxic effects against AGS, Caco-2, or MDCK cell 

lines. DexS40-NC is, therefore, a promising candidate for further development as an alternative or 

complementary therapy against H. pylori infections. 
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Introduction 

Helicobacter pylori is a Gram-negative bacterial pathogen carried by 4.4 billion people worldwide  

[1]. The prevalence of H. pylori is highest in Africa (79.1%), Latin America and the Caribbean 

(63.4%), and Asia (54.7%), and lowest in North America (37.1%), Western Europe (34.3%) and 

Oceania (24.4%). Although 80% of infections are asymptomatic, the pathogen causes chronic gastritis 

and gastric ulcers, and is associated with an increased risk of gastric cancer [2, 3]. Unlike other 

bacteria, H. pylori thrives in the acidic stomach by creating a favorable environment in the mucus 

layer, facilitating the infection of epithelial cells [4]. H. pylori infections can be eradicated by multi-

target therapy using combinations of antibiotics, but the spread of antibiotic resistance has led to the 

development of hybrid quadruple therapies based on proton pump inhibitors, bismuth and 

combinations of antibiotics such as furazolidone, tetracycline, metronidazole and amoxicillin, with 

high eradication rates [5]. Even so, the short residence time and limited efficacy of these drugs under 

the mucus layer often lead to recurrent infections, promoting the emergence of resistant H. pylori 

strains [6]. Alternative therapeutic approaches for the eradication of this pathogen are therefore 

urgently required. 

One strategy to address this challenge is the development of formulations that persist in the mucus 

layer, as shown for various liposomes and polymer-based nanoparticles [7-9]. Proteins and 

polysaccharides are preferred materials due to their biocompatibility and mucoadhesive properties 

[10]. High-molecular-weight polysaccharides interact more strongly with mucin than 

oligosaccharides because the polymer backbone is flexible and features more entanglement points 

[11]. Furthermore, charged polysaccharides such as dextran sulfate are better than neutral ones such 

as dextran because binding to the mucin glycoprotein is improved by electrostatic interactions [11]. 

Certain polysaccharides can also directly interfere with interactions between H. pylori adhesins and 

the gastric mucosa [12], such as those extracted from okra (Abelmoschus esculentus) [13, 14], ginseng 

(Panax ginseng) [15] and aloe vera (Aloe vera L. var. chinensis) [16] as well as sulfated 

exopolysaccharides from microalgae [17] and brown seaweeds such as Cladosiphon okamuranu [18, 

19] and Fucus vesiculosus [20], both of which produce fucoidan. Dextran sulfate was shown to 

prevent the adhesion of H. pylori to immobilized mucin but not to a human gastric cell line. However, 

dextran sulfate pretreatment can inhibit the adhesion of H. pylori to heparan sulfate [21] and the 

urease-mediated adhesion of H. pylori to MKN45 cells under acidic conditions [22].  

Thus far, there has been no attempt to explore the anti-adhesive effect of nanoparticles containing 

mucoadhesive dextran sulfate components. Accordingly, we prepared nanocapsule (NC) 

formulations featuring oil cores co-stabilized with lecithin and lysozyme (Lyz) and loaded with 



curcumin as a model lipophilic drug with well-documented biological activities [23]. We evaluated 

the performance of formulations coated with one of two forms dextran sulfate (negative charge) 

differing in molecular weight, another formulation coated with chitosan (positive charge), and an 

uncoated control nanoemulsion (NE) with a negative charge. We characterized the biophysical 

properties of each formulation and compared them in terms of their interaction with pancreatic 

phospholipase (PLA2), their cytotoxicity towards three cell lines (human Caco-2 and AGS 

gastrointestinal carcinoma lines and the canine kidney cell line MDCK) and their ability to block the 

adhesion of H. pylori to AGS cells. An optimal formulation with mucin-binding activity and anti-

adhesive effects would provide a valuable new approach for the development of antibiotic-free 

therapies for the eradication of  H. pylori.  

 

Materials and methods 

Materials 

Soybean lecithin (Epikuron 145v) was purchased from Cargill (Hamburg, Germany) and Mygliol 812 

N was purchased from Sasol (Witten, Germany). The low-molecular-weight (DexS40) and high-

molecular-weight (DexS500) sodium salts of dextran sulfate from Leuconostoc spp. were purchased 

from Merck KGaA (Darmstadt, Germany). DexS40 has the following properties: Mw 49,000; []H2O 

pH 4.5 = 53 mL/g; []0.1M NaCl pH 4.5 = 14 mL/g. DexS500 has the following properties: Mw 632,000; 

[]H2O pH 4.5 = 828 mL/g; []0.1M NaCl pH 4.5  = 76 mL/g. Lyz from chicken egg white (dialyzed, 

lyophilized powder ~100,000 units/mg protein), curcumin, PLA2 from porcine pancreas (ammonium 

sulfate suspension, ≥600 units/mg protein), porcine stomach mucin (type III, bound sialic acid 0.5–

1.5%, partially-purified powder [11,12]), fluorescein-5-isothiocyanate isomer I (FITC), bovine serum 

albumin (BSA) and RPMI-1640 were also purchased from Merck KGaA. Pharmaceutical-grade 

chitosan CSHMC+30 (DA 32.3%, Mw 17,600) was purchased from HMC+ (Halle/Saale, Germany). 

Fetal bovine serum, 100x penicillin-streptomycin solution and 100x L-glutamine were obtained from 

PAA Laboratories (Pasching, Austria). Tryptic soy agar (TSA) and Tween-20 were purchased from 

Merck KGaA. Sheep blood (defibrinated, sterile, without additives for microbiological purposes) was 

obtained from Oxoid (Wesel, Germany).  

Solutions 

Dextran sulfate, Lyz and CSHMC+30 solutions were prepared in MilliQ water by gentle magnetic 

stirring overnight. For the total dissolution of CSHMC+30, a 5% stoichiometric excess of HCl was 



added. Each solution was filtered through a 5-µm pore membrane. Curcumin was dissolved in 

absolute ethanol at a maximum concentration of 1.5 mg/mL. Purified porcine stomach mucin was 

dissolved in PBS (pH 6.8) at a concentration of 1 mg/mL.  

Preparation of nanocapsules 

NCs comprising a lysozyme nanoemulsion (NE-Lyz) coated with DexS40 or DexS500 were prepared 

by solvent displacement [24] with modifications. Briefly, an organic phase was prepared by 

dissolving 40 mg of lecithin in 0.5 mL ethanol and then adding 150 µL Mygliol and 9 mL acetone. 

This was poured into 20 mL water containing 0.75 mg/mL Lyz and the pH was adjusted to 4.5. The 

NE-Lyz dispersion (primary emulsion) was divided into six 5-mL aliquots and 1 mL DexS40 or 

DexS500 (concentrations of 0.01, 0.1, 0.5, 1 or 2 mg/mL) was added to each aliquot by magnetic 

stirring at 1500 rpm. The organic solvent and part of the water were evaporated to 30% of the initial 

volume by exposure to a pressure gradient (5 min at 150 mbar, 5 min at 80 mbar and 10 min at 40 

mbar) at 37 °C in a Büchi Rotavapor fitted with an automatic pressure controller. For all subsequent 

experiments, higher-volume batches were prepared by following the same protocol but adding 3 mL 

of dextran sulfate (1 mg/mL) to 15 mL of NE-Lyz and doubling the exposure time at each pressure 

during evaporation. NCs coated with CSHMC+30 were prepared according to the same protocol, but 

adding 3 mL of a chitosan solution (0.1 mg/mL) instead of dextran sulfate. NEs were prepared as 

above but excluding Lyz from the aqueous phase and adding 3 mL of pure water. Curcumin-loaded 

NCs (cc-DexS40-NC, cc-DexS500-NC, and cc-CSHMC+30-NC) and uncoated control nanoemulsions 

(cc-NE) were prepared as above but the lecithin was dissolved in 4.072 mM curcumin in ethanol. The 

final concentration of curcumin in each NC formulation was 169 µM. When necessary, the NC and 

NE formulations were isolated by centrifuging 1 mL (25,000×g, 60 min, 15 °C) in a Mikro 220R 

device (Hettich, Bäch, Germany) to produce a creamy top layer containing the NCs or NEs. This 

phase was carefully isolated with a syringe and resuspended in water.  

Characterization of nanocapsules 

The Z-average hydrodynamic diameter (size distribution) of 200-fold diluted NCs was measured in 

water by dynamic light scattering with non-invasive back scattering (DLS-NIBS) at an angle of 173°, 

and the effect of the coating on the surface charge was determined by measuring the ζ-potential by 

mixed-laser Doppler electrophoresis and phase analysis light scattering (M3-PALS). Both 

measurements were acquired using a Malvern Zetasizer NanoZS (Malvern Instruments, Malvern, 

UK) at 25 °C. The morphology of the NE, DexS40-NC and DexS500-NC formulations (diluted 10-

fold in 2% phosphotungstic acid and fixed on a carbon-coated copper grid) was determined by 



transmission electron microscopy (TEM) using a Philips (Copenhagen, Denmark) CM100 

instrument.  

Electrokinetic properties as a function of pH  

The ζ-potential of NCs in the pH range 1.2 ± 0.5 to 11.0 ± 0.5 was measured as described above, 

following the dilution of 10 µL of cc-DexS40-NC, cc-DexS500-NC, cc-HMC+30-NC or cc-NE in 

3 mL water and the addition of 1 M HCl or 1 M NaOH as required to reach the target pH. The 

Z-average diameter was also measured over time. 

Efficiency of curcumin encapsulation 

The efficiency of curcumin encapsulation (percentage value) was determined by centrifuging 1 mL 

of each NC formulation (25,000×g, 60 min, 15 °C) in a Mikro 220R device to produce a creamy top 

layer containing NCs, a clear subnatant containing excess components in solution, and a pellet 

containing excess components as complexes. The three phases were separated and the NCs and pellets 

were re-diluted to 1 mL in water. We then mixed 25 µL of each phase with 475 µL ethanol and 

centrifuged the mixture (2200×g, 5 min, room temperature) in a microfuge to precipitate the polymer, 

protein and lecithin residues. The quantity of curcumin in the supernatant was determined by 

spectrophotometry at = 426 nm based on a curcumin in ethanol calibration curve. The distribution 

of curcumin in the three phases was calculated as a percentage of the total concentration. 

Stability in water and physiologically-relevant media 

The stability of NCs in various physiologically-relevant media was investigated by diluting each 

formulation 200-fold in (a) water, (b) 0.2% NaCl, 0.7% (v/v) HCl pH 1.2 (simulated gastric fluid 

(SGFsp) according to USP XXVIIII), (c) mucin (1 mg/mL) in PBS pH 6.8, (d) PBS pH 6.8, or (e) 

RPMI-1640 medium supplemented with 10% (v/v) fetal bovine serum, 1% (v/v) penicillin-

streptomycin and 1% (v/v) L-glutamine pH 7.4, and incubating at 37°C with continuous shaking. The 

Z-average diameter was determined by DLS-NIBS as above after 0, 4 and 24 h. 

Interaction with porcine pancreatic PLA2 

The interaction of NCs with porcine pancreatic PLA2 was monitored by turbidimetry and by 

measuring the Z-average diameter before and after treatment. We mixed 10 µL PLA2 ammonium 

sulfate suspension with 1 mL 10 mM Tris/2 mM CaCl2 (pH 8), diluted the mixture two-fold by 

making up to 2 mL with water, and added 50 µL of the NC formulation. We then transferred 205 µL 

of the mixture to each well of a 96-well microtiter plate and incubated for 5 min at 37 °C in a Safire 



A-5082 microplate reader (Tecan Group, Männedorf, Switzerland). We added 50 µL PLA2 in reaction 

buffer, shook the plate for 5 s and read the absorbance at 520 nm for 100 consecutive cycles at 37 °C. 

Controls consisted of 205 µL of the NC solution mixed with 50 µL reaction buffer without PLA2. 

Absorbance values were calculated relative to time 0. The Z-average size distribution was also 

measured, as described above. 

Cell and bacterial culture 

AGS cells (adherent human stomach adenocarcinoma epithelial cell line ATCC CRL 1739) were 

kindly provided by Prof. Dr. med. Winfried Beil, Medizinische Hochschule, Hannover, Germany. 

Cells were cultured in 75-cm2 culture flasks containing RPMI-1640 medium supplemented with 10% 

(v/v) fetal bovine serum, 1% (v/v) penicillin-streptomycin and 1% (v/v) L-glutamine at 37 °C in a 5% 

CO2 atmosphere. Cell passages from 30 to 45 were used for all experiments. Caco-2 cells derived 

from heterogeneous human epithelial colorectal adenocarcinoma cells were grown in minimal 

essential medium (MEM) with Earle’s salts supplemented with 10% (v/v) fetal bovine serum, 1% 

(v/v) penicillin/streptomycin, 1% (v/v) L-glutamine and 1% (v/v) non-essential amino acids. Cell 

passages from 35 to 47 were used for all experiments. Madin-Darby canine kidney (MDCK-C7) cells 

were grown in MEM with Earle’s salts supplemented with 10% (v/v) fetal bovine serum, 1% (v/v) 

penicillin/streptomycin and 1% (v/v) L-glutamine. Cell passages from 22 to 34 were used for all 

experiments. H. pylori ATCC 700824 (strain J99) was grown on TSA plates enriched with 5% 

defibrinated sheep blood as previously described [25]. 

Cytotoxicity assays 

The influence of the various formulations on the viability of AGS, Caco-2 and MDCK cells was 

evaluated by measuring the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) to its insoluble formazan. Cells were seeded in 96-well microtiter plates (10×104 

cells/well) in 100 µL of complete medium. After 24 h, the medium was removed and replaced with 

100 µL of the curcumin-loaded NCs diluted in minimal medium to final concentrations of 10, 25 and 

50 µM curcumin. Free curcumin and unloaded NC and NE formulations were also tested in the same 

corresponding doses. After incubation for 4 h, the samples were removed and replaced with 100 µL 

MEM. We then added 25 µL MTT (5 mg/mL in PBS) and incubated the cells for another 4 h at 37 

°C. The medium was removed, and 100 µL dimethyl sulfoxide (DMSO) was added to each well, 

followed by incubation for 30 min at 37 °C with orbital shaking in the dark. We then measured the 

absorbance at λ = 490 nm using a Safire A-5082 microplate reader. Cell viability was calculated as a 

percentage relative to the untreated control in MEM. 



Anti-adhesive effect against H. pylori  

The quantitative anti-adhesion assay was performed by flow cytometry as previously described [26]. 

Briefly, H. pylori cells were grown for 48 h, collected from the agar plate, labeled with 1% (w/v) 

FITC in DMSO, washed, and incubated for 2 h at 37 °C in a blocking buffer (0.2% (w/v) BSA, 0.05% 

(v/v) Tween-20 in PBS pH 7.4) in the presence of formulations loaded with 10, 25 or 50 µM curcumin, 

and free curcumin as a control. After incubation, washing and re-suspension in antibiotic-free RPMI-

1640 medium (containing 10% (v/v) fetal bovine serum and 1% (v/v) L-glutamine), H. pylori was 

incubated with AGS cells grown for 48 h in a six-well plate (cell density = 2×105 cell/well) for 1 h at 

37 °C. Flow cytometry was carried out using a FACSCalibur device (Becton Dickinson, Heidelberg, 

Germany) at ex/em = 485/538 nm to determine the number of cells with adherent, FITC-labeled 

bacteria, and the total fluorescence of each sample was expressed relative to the untreated control 

(maximum adherence). Free DexS40, DexS500, CSHMC+30 and Lyz solutions were also tested for their 

anti-adhesive effects.  

Interaction between NCs and AGS monolayers 

The ability of curcumin-loaded NCs to interact with AGS cell monolayers was tested by flow 

cytometry as described above for the quantitative curcumin uptake study. Briefly, AGS cells were 

grown for 48 h in a six-well plate (cell density = 2×105 cell/well) and then incubated for 1 h at 37 °C 

with curcumin-loaded NCs or free curcumin at a concentration of 25 µM diluted in complete medium. 

Unbound NCs were removed by washing with PBS. Cells were treated with trypsin, resuspended in 

RPMI-1640 medium and analyzed by flow cytometry to determine the percentage of fluorescent gated 

cells (FL1 green channel, ex = 488 and em = 510–545 nm). Curcumin uptake was calculated as the 

fold increase in green fluorescence relative to the untreated control.  

Confocal laser scanning microscopy 

Interactions between H. pylori and gastric cells were investigated by confocal laser scanning 

microscopy (CLSM) using a Leica Microsystems (Wetzlar, Germany) TCS SP2 confocal system 

mounted on a Leica DM IRES inverted microscope. Cells and bacteria were treated as described 

above for the flow cytometry experiments. Briefly, FITC-labeled H. pylori were pre-treated with 

formulations containing 50 µM curcumin for 2 h, washed and incubated with cells for 1 h. The cells 

were fixed with 100 µL 4% (w/v) paraformaldehyde for 8 min. After three washes in PBS, the cells 

were permeabilized with 100 µL 0.1% (w/v) Triton-X100. Nuclei were stained using NucBlue Fixed 

Cell Staining Probes (Thermo Fisher Scientific, Waltham, MA, USA) by adding two drops per 

milliliter of medium. After 5 min, the samples were washed and stored in PBS for imaging.  



Statistical analysis 

The experimental results were reported as means ± standard deviations. Significant mean differences 

were determined by one-way analysis of variance (ANOVA) and independent T-sample tests using 

GraphPad Prism (GraphPad Software, San Diego, CA, USA).  

 

Results 

Preparation and physicochemical characterization of nanocapsules 

We prepared the oil core (NE-Lyz) by including Lyz in the aqueous phase (pH 4.5) during the 

spontaneous formation of an oil-in-water nanoemulsion. During the process of solvent displacement, 

the oil phase (containing lecithin, Mygliol, ethanol and acetone) was poured into the water phase, and 

the Lyz was adsorbed at the oil-in-water interface to produce the NE-Lyz homogeneous colloidal 

dispersion with a Z-average diameter of ~400 nm and a near-neutral ζ-potential (about +5.9 mV), as 

determined by DLS-NIBS and M3-PALS, respectively.  

The NE-Lyz was then coated with two kinds of (negatively-charged) dextran sulfate (DexS40, Mw = 

49 kDa, or DexS500, Mw = 632 kDa) by electrostatic interaction to form polymer-coated NCs. 

Rotavapor evaporation removed the organic solvents and part of the water. The variations in Z-

average diameter and ζ-potential as a function of the DexS/Lyz charge ratio are shown in Figure 1. 

 

 

Figure 1. Variations in the Z-average diameter (bars) and ζ-potential (symbols) of NE-Lyz (0.75 
mg/mL Lyz in the aqueous phase) coated with increasing concentrations of DexS40 or DexS500 
(0.01, 0.1, 0.5, 1.0 and 2.0 mg/mL) expressed as the DexS/Lyz (n–/n+) charge ratio at pH 4.5 (a) before 



and (b) after isolation by centrifugation (n.i. = not isolated). The Z-average diameter and ζ-potential 
were measured in MilliQ water and 1 mM KCl, respectively, at 25 °C (mean ± SD; n = 3). 

 

At a DesS/Lyz n–/n+ charge ratio of 0.07, the polysaccharide-coated NCs had a Z-average diameter 

> 1000 nm for DexS500 and ~800 nm for DexS40. In both cases, the ζ-potential was the same as the 

uncoated NE-Lyz formulation. When the DesS/Lyz charge ratio was < 0.07, the amount of 

polysaccharide added was insufficient to change the ζ-potential of the NCs, suggesting incomplete 

coating of the NE-Lyz surface. For both forms of dextran sulfate, the ζ-potential became highly 

negative when the DesS/Lyz charge ratio was ≥ 0.35, but the Z-average diameter of the NCs was 

~250 nm regardless of the type of polysaccharide. The ζ-potential profile was similar for both forms 

of the polysaccharide, although DexS40-NCs were slightly more negative when the DesS/Lyz charge 

ratio rose to 1.4. After centrifugation, only NCs with a DesS/Lyz charge ratio ≥ 0.35 could be isolated 

and the Z-average diameter and ζ-potential (Figure 1b) were similar to those before isolation (Figure 

1a). NC prototypes with a DexS/Lyz charge ratio of 0.7 were selected for scaled-up production and 

curcumin loading. Pure NE was prepared using the same protocol, but Lyz was not included in the 

aqueous phase and the polysaccharide coating was omitted. A schematic representation of the process 

used to prepare the NE, DexS40-NC and DexS500-NC formulations is provided in Figure 2a. 

CSHMC+30-NCs were prepared using the same protocol to determine the effect of a (positively-

charged) chitosan coating on the biological properties of NCs. Uncoated NE-Lyz systems were not 

subsequently included in the experiments due to phase separation observed during short-term storage. 

The Z-average diameters of DexS40-NC, DexS500-NC and CSHMC+30-NC formulations (loaded and 

unloaded) were significantly higher than NE, reflecting the presence of the polymeric shell. The 

positive ζ-potential of CSHMC+30-NC confirmed the efficient adsorption of the cationic polysaccharide 

on the NE-Lyz surface. Table 1 summarizes the physical properties of the final selected prototype 

formulations (loaded with curcumin and unloaded controls). In keeping with the hypothesis that the 

polymers form a shell in the DexS40-NC and DexS500-NC formulations, TEM images revealed that 

the NCs are spherical particles with electron densities differing according to the type of formulation 

(Figure 2b). The NE formulation was easily distinguished by its naked electron-dense oil core, 

whereas the DexS-NCs featured a brighter surrounding layer. This layer was much wider and softer 

for the DexS500-NCs compared to the DexS40-NCs. Elemental analysis revealed the presence of 

sulfur solely in DexS40-NC and DexS500-NC formulations and not in the NE, as expected (Figure 

2c).  

 



 

 

 

 

 

Table 1. Physicochemical characterization of unloaded and curcumin-loaded NCs (DexS/Lyz         
n–/n+ charge ratio = 0.7). Values are means of three independent batches. 

 Unloaded  Curcumin-loaded 

Formulation 
Size 

(d., nm) 
PIa -potential 

(mV) 
Formulation 

Size  
(d., nm) 

PI 
 -potential 

(mV) 

NE 166 ± 18 0.113 –59.4 ± 2.9 cc-NE 179 ± 24 0.125 –55.7 ± 3 

NE-Lyz 381 ± 11 0.097 +5.9 ± 0.2 cc-NE-Lyz 353 ± 120 0.080 –1.5 ± 6.7 

DexS40-NC 198 ± 9 0.139 –60.5 ± 6.5 cc-DexS40-NC 216 ± 11 0.096 –53.5 ± 4.5 

DexS500-NC 201 ± 10 0.112 –55.7 ± 2.3 cc-DexS500-NC 220 ± 5 0.109 –52.2 ± 5.7 

CSHMC+30-NC 187 ± 3 0.103 +40.5 ± 2.9 cc-CSHMC+30-NC 227 ± 25 0.141 +23.8 ± 4.9 

aPI = Polydispersity index 

 



 

Figure 2. (a) Schematic representation of the NC preparation protocol. (b) Transmission electron 
micrographs of cc-NE, cc-DexS40-NC and cc-DexS500-NC formulations (n–/n+ charge ratio = 0.7) 
(magnification bar = 200 nm). (c) Elemental analysis to determine the sulfur content of the 
formulation before (“Not iso”) and after isolation (“Isolated”).  

Stable curcumin-loaded NCs were successfully prepared, as evidenced by the visible homogeneous 

distribution of the deep-yellow color of curcumin in the colloidal dispersion. Although the inclusion 

of curcumin in the oil core caused a slight reduction in ζ-potential, in particular for the CSHMC+30-NC 

formulation, in most cases there was no considerable variation in the Z-average diameter (Table 1). 

We also tested the activity of Lyz in the freshly-prepared NCs (both non-isolated and isolated), which 

revealed that Lyz retained its activity in all formulations, albeit to different degrees (Supporting 

Information, Fig. S1). In contrast to our expectations, the inclusion of Lyz in the CSHMC+30-NC 

formulation did not trigger the autodigestion of the chitosan shell, despite the well-known ability of 

Lyz to hydrolyze chitosan with a high degree of acetylation [27].  

 

 



Electrokinetic properties as a function of pH 

The physicochemical characteristics of the NCs were studied in more detail by investigating their 

surface electrical properties as a function of the coating. Figure 3a shows the ζ-potential of NCs at 

different pH values, consistent with the functional group exposed on the surface. The simple cc-NE 

formulation showed a neutral point at pH ~3.0 in keeping with the exposure of phosphatidylcholine 

phosphate groups, representing the major component of lecithin Epikuron 145v (pKa ~3 and ~4), at 

the emulsion interface. Below pH 3.0, when the phosphate groups of cc-NE are mostly protonated, 

the net positive charge of the choline residue dominates, conferring an overall positive ζ-potential. 

For the cc-DexS-NC formulations, the sulfate groups (pKa ~1.5–2) contribute most of the negative 

charge, and the ζ-potential of cc-DexS40-NC thus remains strongly negative even at pH ~1.2, whereas 

cc-DexS500-NC approaches a near-neutral ζ-potential at pH < 2.0. For the cc-CSHMC+30-NC 

formulation, the amino groups contribute to a positive charge under acidic pH conditions, and the ζ-

potential thus goes from positive to negative as the pH declines, passing through an isoelectric point 

at pH ~8.0. The Z-average diameter of all the NC formulations increased when the pH was equivalent 

to the isoelectric point, consistent with the charge compensation phenomenon (star symbols in Figure 

3b).  

Figure 3. Variation of (a) the ζ-potential and (b) the Z-average diameter as a function of pH for the 
different NCs and NE. Stars indicate Z-average diameters that do not meet the instrument’s size 
determination quality criteria (mean ± SD; n = 3). 

 

Efficiency of curcumin encapsulation 

Centrifugation of the curcumin-loaded formulations yielded three phases: a creamy top layer 

containing the NCs, a subnatant comprising excess dissolved components, and a pellet comprising 



excess DexS/Lyz complexes. Curcumin was unevenly distributed among the three phases, as shown 

in Table 2. 

 

Table 2. Distribution of curcumin as a measure of association efficiency (%) in the three phases of 
each formulation after isolation. 

Formulation 
Isolated 

NCs 

(%) 

Subnatant 

(%) 

Pellet 

(%) 

Overall 
encapsulated 
concentration 

(µM) 

cc-NE 69.3 ± 1.9 26.0 ± 1.4 4.7 ± 1.0 125 ± 2 

cc-DexS40-NC 72.4 ± 5.6 13.8 ± 4.5 13.7 ± 3.3 146 ± 8 

cc-DexS500-NC 68.4 ± 3.7 16.7 ± 3.7 14.9 ± 2.5 141 ± 6 

cc-CSHMC+30-NC 73.3 ± 2.7 21.3 ± 0.4 5.4 ± 3.1 133 ± 1 

 

Before isolation, excess DexS/Lyz complexes are homogeneously dispersed together with the NCs in 

a colloid and contribute to a narrow Gaussian distribution of particle sizes as shown by the low 

polydispersity index (PI) of < 0.1 (Table 1). These complexes sequester curcumin, and therefore 

reduce the quantity of curcumin found in the subnatant by ~50% when the cc-DexS-NC formulations 

are compared to cc-NE and cc-CSHMC+30-NC. However, they do not interfere with the loading 

capacity of the isolated NCs, which sequester ~70% of the curcumin in all formulations. Given that 

curcumin is only sparingly soluble in water (0.5 µM), the large amount of free curcumin found in the 

subnatant of the NE and cc-CSHMC+30-NC formulations suggests that free lecithin may influence the 

curcumin partition coefficient during centrifugation.   

Stability in physiologically-relevant media 

The stability of the formulations under conditions that simulate the gastrointestinal tract (SGFsp, 

mucin, and PBS pH 6.8) and in cellular medium (supplemented RPMI-1640) is summarized in Figure 

4 as a function of the particle Z-average diameter (bars) and the derived count rate (DCR, symbols) 

at time points 0, 4 and 24 h. The Z-average diameter of cc-DexS500-NC (Figure 4a) and cc-DexS40-

NC (Figure 4b) in SGFsp increased during the first 4 h, concomitant with the dramatic reduction in 



the DCR. In contrast, the cc-NE formulation remained stable in all media (Figure 4c) whereas the cc-

CSHMC+30-NC formulation was much less stable in PBS pH 6.8 than in water, as shown by the lower 

DCR at time point 0 (Figure 4d). In supplemented RPMI-1640 medium, all formulations became 

progressively smaller during incubation, accompanied by an increase in the DCR. In the presence of 

mucin (1 mg/mL), the Z-average diameter and DCR of all four formulations remained essentially 

constant for 4 h.  

 

Figure 4. Variation in the Z-average diameter (bars) and derived count rate (symbols) during 
incubation in water and various physiologically-relevant media at time 0, 4 and 24 h at 37 °C: (a) cc-
DexS500-NC;  (b) cc-DexS40-NC; (c) cc-NE; (d) cc-CSHMC+30-NC (mean ± SD; n = 3). 

 

Interaction with PLA2 

To gain insight into the NC degradation mechanisms in the gastrointestinal tract and the potential for 

NCs to interact with H. pylori adhesins, we incubated the formulations with PLA2 (Figure 5a). When 

treated with the same amount of PLA2, the relative absorbance of cc-NE, cc-DexS500-NC and cc-

DexS40-NC declined at different rates with respect to the controls, and reached a minimum value 

after 900 s in the order cc-DexS40-NC > cc-NE > cc-DexS500-NC. For cc-DexS500 and cc-DexS40, 

the reduction in relative absorbance was consistent with the declining particle size, whereas there was 

no difference in size between cc-NE and the control (Figure 5b). Interestingly, the major difference 

between formulations was the rate at which absorbance decreased during the early stages of the 



reaction (< 200 s), with the steepness of the slopes ranked as follows: cc-NE > cc-DexS500-NC > cc-

DexS40-NC. During the later stages (> 200 s), the relative absorbance remained constant for cc-NE, 

but declined steadily for cc-DexS40-NC and cc-DexS500-NC. Conversely, the cc-CSHMC+30-NC 

system exhibited a monotonic and essentially linear increase in relative absorbance.   

 

Figure 5. (a) Relative absorbance (=520 nm) during the incubation of the formulations with PLA2 
(values normalized to time point 0). (b) Z-average diameter and derived count rate endpoint values 
following the incubation of cc-DexS40-NC, cc-DexS500-NC and cc-NE with PLA2 (initial, control 
and endpoint PLA2, as shown in the labels). Conditions for the enzymatic reaction: 5 mM CaCl2 and 
1 mM EDTA (pH 8) for ~15 min at 37 °C (mean ± SD; n = 4). 

 

Figure 5b also shows a decline in the relative absorbance and DCR of the sample collected after the 

kinetic measurements. In the control treatments, the Z-average diameters of the cc-NE and 

cc-DexS40-NC formulations remained similar to the original values for these formulations, whereas 

there was a slight increase for cc-DexS500-NC (Table 1). However, the Z-average diameters of both 

cc-DexS40-NC and cc-DexS500-NC declined significantly in the presence of PLA2, accompanied by 

an increase in the DCR, in keeping with the progressive reduction in turbidity, suggesting that the 

major contribution to the scattered light was the particle size. In the case of cc-CSHMC+30-NC, intensity 

and DCR values could not be recorded due to the high polydispersity of the sample (PI ~1) and the 

poor quality of the measurements, indicating that these NCs are unstable in the reaction buffer both 

in the presence and absence of PLA2.  

 

 

Effect of NCs on the viability of eukaryotic cells 



The influence of curcumin-loaded NCs on the viability of MDCK-C7, Caco-2 and AGS cell lines was 

tested by culturing the cells in MEM and then exposing them to the NCs for 4 h at 37 °C, followed 

by an MTT assay. Figure 6 shows the dose-dependent effect of free curcumin and curcumin-loaded 

NCs at identical curcumin doses. Notably, free curcumin solution induced cytotoxic effects in all 

three cell lines, albeit only at 50 µM in MDCK-C7 cells (Figure 6a) but with a clear dose-dependent 

effect in Caco-2 and AGS cells (Figures 6b and 6c). However, the inclusion of curcumin in the NCs 

abrogated these effects in all three cell lines, even at the highest concentration (50 M), and in some 

cases even promoted a slight increase in cell viability. MDCK cells responded similarly to all NCs 

except cc-NE, which showed increased cell viability, regardless of curcumin dose (Figure 6a). Similar 

behavior was observed for the control NE formulation lacking curcumin (lower panel, Figure 6a). In 

Caco-2 cells, cc-NE and cc-CSHMC+30-NC enhanced cell viability whereas cc-DexS400-NC and cc-

DexS500-NC reduced viability by 80% and 50%, respectively, also regardless of the curcumin dose. 

Moreover, DexS500-NC was cytotoxic even in the absence of curcumin (lower panel, Figure 6b). 

Note that, in AGS cells, as the curcumin dose increased in the different formulations from 10 to 50 

µM,  the cell viability increased from ~70% to ~120–130% for cc-CSHMC+30-NC and cc-DexS40-NC, 

from ~50% to ~70% for cc-DexS500-N, and remained unchanged for the cc-NE formulations. 

Interestingly, the AGS cell line was more sensitive to the unloaded formulations, given that all such 

treatments reduced cell viability by up to 50% regardless of the dose.  

Interaction between NCs and AGS cells 

Based on the principle of interaction with immobilized mucin, the green fluorescence of curcumin 

was used to quantify the interaction between NCs and monolayers of AGS cells by flow cytometry 

(Figure 7). Interestingly, the cells treated with the formulations carrying a negative net charge            

(cc-NE, cc-DexS4-NC and cc-DexS500-NC) showed significantly higher fluorescence values than 

those treated with the positively-charged formulation (cc-CSHMC+30). However, the uptake of 

curcumin by the cells was much higher when they were presented with the free compound rather than 

the NC formulations.  

 



 

Figure 6. Effect of the NC formulations and free curcumin on relative cell viability, determined by 
MTT assay in (a) MDCK-C7, (b) Caco-2 and (c) AGS cells after 4 h incubation in MEM. Upper 
panel: treatment of the cells with NCs with increasing concentrations of curcumin. Lower panel:  the 
corresponding results for the effects of unloaded formulations at equivalent doses as the curcumin-
loaded NCs. Values are means ± SD (n = 3 independent experiments, 8 replicates each) relative to 
untreated cells. 

 

 

 

Figure 7. (a) Interaction of AGS cells after 1 h of incubation with free curcumin (25 µM) and with 

curcumin-loaded NCs (25 M curcumin) measured by flow cytometry, showing the increasing 
percentage of gated green fluorescent cells relative to untreated control (autofluorescence). (b) 
Histogram of AGS cells treated with the different formulations (mean ± SD; n = 3 independent 
experiments with 2 replicates each; *p < 0.05; **p <0.01). 



 

Interference of NCs with the adhesion of H. pylori to AGS cells 

The ability of FITC-labeled H. pylori to adhere to an 80% confluent monolayer of AGS cells was 

quantified by flow cytometry following the pretreatment of the bacteria with curcumin-loaded NCs. 

The results were expressed as percentage adhesion relative to the untreated control (set to 100%). 

Figure 8 shows the dose-dependent reduction in the adhesion of H. pylori following pretreatment with 

the formulations (Figure 8a) or their free components (Figure 8b), together with the flow cytometry 

histograms (Figure 8c). The anti-adhesive properties of the NCs were ranked as follows: cc-DexS40-

NC >> cc-DexS500-NC > cc-NE. In contrast, the positively-charged cc-CSHMC+30-NC formulation 

promoted the attachment of bacteria to the AGS cells, as did the free chitosan solution at an equivalent 

concentration to that found in the NCs. Free curcumin significantly inhibited adhesion only at the 

highest equivalent dose (50 µM).  

 

 

 



 

Figure 8. Relative adhesion of FITC-labelled H. pylori to AGS cells as determined by flow cytometry 
after pre-incubation of the bacteria (in 0.2% (w/v) BSA, 0.05% (v/v) Tween-20 in PBS pH 7.4, 2 h, 
37 °C) with varying concentrations of: (a) curcumin-loaded NCs and (b) free solutions of the 
components at the same doses (equivalent dose 1 = 0.04 mg/mL DexS40 or DexS500 or CSHMC+30, 
0.1 mg/mL Lyz or 10 µM curcumin; equivalent dose 2 = 0.1 mg/mL DexS 40 or DexS500 or 
CSHMC+30, 0.25 mg/mL Lyz or 25 µM curcumin; equivalent dose 3 = 0.2 mg/mL DexS 40 or DexS500 
or CSHMC+30, 0.5 mg/mL Lyz or 50 µM curcumin). (c) Representative flow cytometry histograms of 
AGS cells (violet shaded area) AGS + H. pylori (gray shaded area) and AGS + H. pylori treated with 
curcumin-loaded NCs (50 µM curcumin). Data in (a) and (b) are relative to untreated control (mean 
± SD; n = 3 independent experiments with 2 replicates each; *p < 0.05; **p <0.01). 

 

H.pylori-cell interaction by confocal laser scanning microscopy (CLSM) 

CLSM images recorded upon incubation of bacteria and the different formulations revealed that 

untreated FITC-labeled H. pylori efficiently binds to the membrane of AGS cells as can see by the 

green fluorescence occurring all around the shape of the cells (Supporting Information Figure S5). 

Treatment with the different  nanoformulations revealed that the bacterial adhesion was affected, 

however, a quantitative assessment was not possible and the fluorescence of the NC formulations 

a b 



themselves can interfere with the assay. In the case of CSHMC+30 NC, large aggregates were visible in 

the proximity of the AGS cells, suggesting a bacterial clustering effect. 

 

Discussion 

Antibiotic-free options for the treatment of H. pylori infections are needed urgently to prevent the 

further spread of drug-resistant strains, and nanomaterials that persist or diffuse within the mucus 

layer of the stomach are ideal for this purpose. Efficacious formulations should meet at least the 

following three criteria: (a) they should increase the residence time in the stomach by interacting with 

mucins; (b) they should inhibit bacterial adhesion and/or communication thus exploiting a local mode 

of action; and (c) they should release small molecules such as curcumin that help to prevent gastric 

ulcers and inflammation. Our previous studies have shown that both anionic polysaccharides such as 

dextran sulfate and cationic ones such as chitosan can interact with mucin [11], and some of these 

can also modulate adhesive interactions with H. pylori. We therefore prepared NC formulations based 

on NE-Lyz (with or without curcumin) coated with different forms of dextran sulfate or chitosan, and 

tested their ability to disrupt the adhesion between H. pylori and gastric epithelial cells. 

NC formulations can be prepared using a spontaneous emulsification solvent displacement method 

[24, 28] in which a negatively-charged oily core stabilized by the anionic surfactant lecithin is coated 

with cationic polymers such as chitosan [24] or poly-L-asparagine [29]. The use of synthetic cationic 

surfactants instead provides the means to coat NCs with anionic polymers such as kappa-carrageenan 

[30] or hyaluronan [31], but this approach is restricted by the limited availability of pharmaceutical-

grade cationic surfactants [32]. Strategies to overcome this limitation include the use of non-ionic 

surfactants with coacervated ions [33] and the layer-by-layer technique involving sequential coating 

with positively and negatively charged polyelectrolytes [34-39]. We addressed the challenge by 

including Lyz as a non-toxic, amphiphilic protein that acts as a co-surfactant together with lecithin 

during the formation of a primary emulsion (NE-Lyz). This allowed the preparation of NC 

formulations coated with anionic dextran sulfate. Lyz is a small protein (14 kDa, dimensions 4.5×3×3 

nm) with a high isoelectric point of 11.16, thus conferring a net positive charge across a broad pH 

range [40,41] and facilitating its absorption at the oil-in-water interface [42]. Based on the effect of 

Lyz and other proteins on NC properties in earlier studies [43-45], we selected a concentration of 

0.75 mg/mL to ensure that the negatively charged lecithin core of our NCs was covered but not 

overwhelmed, in agreement with the behavior of chitosan when added at varying concentrations to 

the primary NE-Lyz emulsion (Supporting Information Figure S2), as also described for SDS-

stabilized chitosan-NCs [31].  



The composition of the DexS500-NC (but not DexS40-NC) formulations was optimized based on the 

change in -potential of NE-Lyz when adding varying amounts of dextran sulfate, expressed as the 

DexS/Lyz n–/n+ charge ratio (Figure 1). At low charge ratios (n–/n+ < 0.07) the -potential was near 

neutral, suggesting that Lyz is not homogeneously distributed on the surface of the emulsion but may 

be intercalated in the phospholipid monolayer, exposing its positively charged groups. This indicates 

that the absorption of the polysaccharide to the particle surface does not depend on the polymer chain 

length when coverage is sparse [46]. In contrast, when dextran sulfate was added at high  charge ratios 

(n–/n+ > 0.07), the coverage was sufficient for both forms of the polysaccharide to induce a high 

negative -potential (approximately –55 to –60 mV; Z-average diameter ~200 nm, low 

polydispersity). No major size differences were observed by TEM, but there were significant 

differences in morphology, including a marked contrast between the electron-dense oily core and the 

surrounding shell structure for DexS500-NC but not DexS40-NC, which may reflect differences in 

the packing of the long and short polymer chains [47, 48]. These differences did not influence the 

capacity to load curcumin in the oily core (Table 2) although there was evidence for greater affinity 

between curcumin and the DexS40-NC/DexS500-NC colloidal suspensions.  

The pH-dependent -potential profile revealed that DexS40-NC and DexS500-NC have a negative   

-potential at pH < 3.0, confirming the presence of sulfate groups on the surface (Figure 3).  However, 

DexS500-NC was more effectively neutralized at low pH (~1.5) than DexS40-NC, which may reflect 

the lower flexibility of the smaller polymer chains restricting the accessibility of the positively 

charged functional groups by making the coating more compact [11], consistent with the TEM data 

(Figure 2b). The expanded coating of the DexS500-NC formulation may allow more access for 

protonation to facilitate the neutralization of the NC surface. The pH titration profiles could also 

explain why neither DexS40-NC nor DexS500-NC were stable in SGFsp resulting in them gaining 

size and experiencing a reduction in the DCR during the first 4 h of incubation, whereas CSHMC+30-

NC and NE maintained a fairly constant profile. This may indicate that the presence of NaCl 

(equivalent to 34 mM) in the SGFsp stabilizes the system, as previously observed in oil-core colloidal 

nanocapsules at < 50 mM NaCl [48]. Although the in vitro stability studies may predict that neither 

DexS40-NC nor DexS500-NC would be suitable for direct in vivo administration to the stomach, 

different dosage forms could be developed (such as freeze/spray-dried powders or gel capsules) to 

protect the formulations from contact with gastric juice before they reach the gastric mucus layer. All 

formulations were stable in complete RPMI-1640 medium at pH 7.4 and also in PBS at pH 6.8 in the 

presence of mucin, where the -potential was either highly negative or moderately positive, enhancing 

electrostatic colloidal stabilization.  



To gain insight into biological behavior of the NCs, we investigated their degradation by PLA2, which 

hydrolyzes the sn-2 ester bond of phospholipids according to their structure and organization, 

favoring negatively charged lipids [49], monolayers [50] and liopolymers such as polyethylene glycol 

[51,52]. We found that PLA2 interacted more readily with the smaller, negatively charged NE, which 

has a large surface area. There was little activity against DexS40-NC, probably reflecting the compact 

structure of its coating, but a more consistent effect against the more expansive DexS500-NC coating, 

resulting in a monotonic decline in turbidity, as observed for a lipid-nanoemulsion digested with PLA2 

in simulated intestinal fluid containing 5 mM Ca2+ [53]. Moreover, the release of hydrolysis products 

from structured phospholipid assemblies may promote structural rearrangement [50]. This may 

explain why NE maintained a constant size in the presence of PLA2 whereas DexS40-NC and 

DexS500-NC became smaller, as a portion of the DexS/Lyz complex on the surface was stripped 

away. The CSHMC+30-NCs behaved in a distinct manner despite their general poor stability, probably 

because interaction with the enzyme promoted aggregation due to bridging phenomena.   

We also tested the effect of curcumin-loaded NC and NE formulations on the viability of AGS, Caco-

2 and MDCK-C7 cells. AGS and Caco-2 are carcinoma lines from the human gastrointestinal tract, 

and we observed the dose-dependent cytotoxic effect of free and encapsulated curcumin after 4 h 

exposure. The dose-dependent inhibition of carcinoma cell proliferation by curcumin is associated 

with the induction of apoptosis, with IC50 values of ~22 and ~10 µM against AGS and Caco-2 cells, 

respectively [54,55]. Even in absence of curcumin, DexS500-NC was more cytotoxic than DexS40-

NC towards Caco-2 cells due to their higher sensitivity towards the higher-molecular-weight dextran 

sulfate [56]. In contrast, cytotoxicity against the canine kidney cell line MDCK-C7 was observed 

solely at the highest curcumin concentration of 50 µM, reflecting the general resistance of kidney 

cells to curcumin [57]. We found that the cytotoxicity of free curcumin was attenuated by 

encapsulation in the NCs, which contrasts with previous studies using nanoparticles, nanocapsules 

and micelles, possibly because these studies involved different formulations, cell lines and incubation 

times [55,58,59]. Curcumin has a cytoprotective effect due to its antioxidant activity [60] but can also 

induce mitochondrial dysfunction in AGS cells and the intestinal epithelial cell line HT-29 [54] by 

opening the mitochondrial permeability transition pore (PTP), although the latter activity is inhibited 

by hydrophobic substrates [60]. We found that the dose-dependent cytotoxicity of free curcumin in 

AGS cells was ameliorated in the NC formulation by an increase in metabolic activity, perhaps 

because the PTP activity is blocked in this context.  

Regarding the safety of dextran sulfate, the repeated administration of high concentrations (2–10% 

w/v) of the polysaccharide (Mw 5000–54,000) in drinking water induces colitis in mice and rats [61]. 



In contrast, the concentration of dextran sulfate in the antiadhesive NC formulations was at least two 

orders of magnitude lower (0.02% w/v) than that known to induce gastrointestinal side effects in 

animals. Indeed, dextran sulfate is increasingly considered as an excipient for food and 

pharmaceutical formulations [62,63]. In addition, the developed NC formulation can be seen as 

versatile platform opening the possibility of including other negatively-charged polyanions with 

potential antiadhesive activity (e.g. fucoidan, okra pectins, etc.). What is more, besides curcumin, 

other lipophilic active pharmaceutical and natural ingredients could also be co-loaded at the oily core 

of other new formulations able to aid in H. pylori eradication.  

The interaction between H. pylori and gastric carcinoma cell line MKN45 can be blocked and 

reversed by exposure to chitosan microspheres, with preferential inhibition at pH 6 regardless of the 

bacterial strain/adhesin profile [64]. However, the properties of nanomaterials and microparticles 

often differ. Accordingly, we found that the small negative charge of H. pylori at pH 7.4 (-potential 

of approximately –7 mV) [65] attracted the CSHMC+30-NC formulation (-potential of approximately 

+20 mV at pH 7.4), reflecting the formation of electrostatic interactions between NCs and bacteria, 

in line with our own studies [66] and those of others [67]. The mixture of H. pylori and CSHMC+30-NC 

was difficult to resuspend after incubation for 2 h, probably reflecting the formation of aggregates, 

which may have generated false positive fluorescent signals in the adhesion assay with AGS cells 

[68]. This may explain why the CLSM images in the case of H. pylori treated with CSHMC+30-NC did 

show fluorescence and a large cluster  around a single cell (Supporting Information Fig. S5). 

Chitosan-coated NCs may, therefore, influence the viability and morphological adaptation of the 

bacteria [69], making them unsuitable for adhesion assays, although we observed no such toxicity in 

disc diffusion assays (Supporting Information,  Fig. S3). 

In contrast to chitosan systems, negatively charged NCs are not thought to promote bacterial 

clustering [66,67] but they can interact with H. pylori and prevent its adhesion in situ [70]. Negatively 

charged polysaccharides inhibit the adhesion of H. pylori to gastric adenocarcinoma cells and human 

tissue sections due to the high content of uronic acid residues [13, 16], low degree of chain branching 

[13], high molecular weight and presence of sulfated groups [18]. Dextran sulfate can trigger the 

dissociation of H. pylori-mucin complexes and inhibit adhesion to gastric adenocarcinoma cells in a 

urease-dependent manner at low pH [22], inhibit the binding of heparan sulfate to its receptor on the 

H. pylori surface at pH 4.5 [71], and inhibit H. pylori binding to gastric mucin at pH < 4.0 [18]. We 

found that free DexS40 and DexS500 did not inhibit H. pylori adhesion to AGS cells but cc-DexS40-

NC and cc-DexS500-NC inhibited bacterial adhesion by up to ~60% even at pH 7.4. Unloaded 

DexS40-NC and DexS500-NC also inhibited adhesion but significantly less than the curcumin-loaded 



formulations, suggesting curcumin may contribute to the observed anti-adhesive properties 

(Supporting information, Figure S4).   

Conclusion 

We developed a novel Lyz/lecithin-stabilized NE that can be coated with anionic polysaccharides, 

avoiding the use of cationic surfactants. The presence of the different polymeric coats was confirmed 

by electrokinetic analysis, morphological visualization, elemental analysis, and stability testing, and 

biological activity was also verified. We found that NCs coated with low-molecular-weight dextran 

sulfate (DexS40-NC) were less cytotoxic towards human gastric carcinoma cells than counterparts 

coated with high-molecular-weight dextran sulfate (DexS500-NC). The DexS40-NC and DexS500-

NC formulations significantly inhibited the adhesion of H. pylori to gastric cells, but a bulk solution 

of dextran sulfate did not achieve this anti-adhesive effect. To the best of our knowledge, this is the 

first in vitro proof of concept that dextran sulfate-coated NCs can inhibit the adhesion of H. pylori to 

stomach cells, at least in the context of in vitro cell monolayers. Studies in vivo using infected mice 

are required to gain mechanistic insights and establish the efficacy of anti-adhesive formulations, as 

well as to demonstrate tolerability and safety. Given that the formulations described herein can be 

adapted to contain only food-grade ingredients, we anticipate a feasible roadmap to aproval as a food 

supplement in the future. The antiadhesive formulations could also be used to facilitate erradication 

quadruple therapy, by making it more difficult for the bacteria (in the presence of antibiotics) to hide 

underneath the mucus layer where antibiotics do not penetrate effectively, thus making them more 

sensitive to current therapeutic doses. One shortcoming of the H. pylori-AGS stomach cells model is 

that it does not account for the presence of mucin in vivo. However, we propose that the presence of 

dextran sulfate on the surface of the NCs may help to modulate the binding of H. pylori mediated by 

the intertaction between bacterial adhesin BabA and mucin MUC5A [72]. Future studies should 

address the mucoadshesive or mucodiffusive behavior of the NC formulations. We conclude that 

curcumin-loaded oil-core NCs coated in dextran sulfate have the size, composition and surface 

characteristics necessary to develop novel antibiotic-free strategies to prevent and treat H. pylori 

infections, particularly in settings affected by the increasing prevalence of antibiotic resistance.     
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