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Resumo 

A infeção crónica por Helicobacter pylori (H. pylori) está associada ao desenvolvimento 

de cancro gástrico. As terapias atualmente disponíveis, baseadas em antibióticos, 

apresentam elevadas taxas de insucesso, atingindo até 40% dos casos, o que reforça 

a necessidade de novas abordagens terapêuticas. 

Para sobreviver, o H. pylori tem de extrair colesterol das células gástricas e incorporá-

lo na sua membrana, um processo que desestabiliza as jangadas lipídicas e 

desencadeia uma resposta inflamatória exacerbada. Estudos prévios demonstraram 

que a bactéria reconhece colesterol imobilizado em superfícies de ouro e sofre lise ao 

interagir com nanopartículas (NP) de ouro funcionalizadas com colesterol. Com base 

neste estudo de prova de conceito, foram formuladas NP de quitosano conjugado com 

grupos norborneno (NorChit), posteriormente funcionalizadas com colesterol (Chol-NP). 

As Chol-NP foram produzidas através de um sistema de microfluídica, obtendo-se uma 

concentração na ordem de grandeza de 10¹⁰ NP/mL. A concentração e o diâmetro 

hidrodinâmico das NP foram determinados por Análise de Rastreamento de Partículas 

(NTA). 

As Chol-NP demonstraram ser citocompatíveis em linhas celulares gástricas e em 

macrófagos, além de não apresentarem atividade hemolítica. A sua capacidade de 

induzir polarização (M1 ou M2) em macrófagos humanos foi avaliada por citometria de 

fluxo, analisando a expressão dos marcadores CD163, CD206, CD86, CD40 e HLA-DR. 

Os resultados mostraram que as Chol-NP não alteraram significativamente a expressão 

destes marcadores, sugerindo que estas NP são imuno-seguras. 

Em conjunto, estes resultados reforçam as Chol-NP como uma estratégia promissora 

no combate à infeção por H. pylori, promovendo a continuação do seu desenvolvimento.  

 

 

Palavras-chave: Biocompatibilidade, Helicobacter pylori, Resposta Imune, 

Nanopartículas de Quitosano. 
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Abstract 

Chronic Helicobacter pylori (H. pylori) infection is strongly associated with the 

development of gastric cancer. Currently available antibiotic-based therapies have high 

failure rates, reaching up to 40% of cases, reinforcing the need for new therapeutic 

approaches. 

To survive, H. pylori relies on the uptake of cholesterol from gastric cells and its 

incorporation into the membrane, a process that destabilizes the lipid rafts and triggers 

an exacerbated inflammatory response. Previous studies have shown that the bacterium 

recognizes cholesterol immobilized on gold surfaces (2D) and undergoes lysis upon 

interacting with cholesterol-functionalized gold nanoparticles (NP, 3D). Based on this 

proof-of-concept study, chitosan NP conjugated with norbornene groups (NorChit) were 

designed and subsequently functionalized with cholesterol (Chol-NP). The Chol-NP were 

produced using a microfluidic system, achieving a concentration in the order of 

magnitude of 10¹⁰ NP/mL. The concentration and hydrodynamic diameter of the NP were 

determined by Nanoparticle Tracking Analysis (NTA). 

Chol-NP were cytocompatible with gastric cell lines and macrophages, as well as non-

hemolytic. Their ability to induce polarization (M1 or M2) in human macrophages was 

assessed by flow cytometry, analyzing the expression of the markers CD163, CD206, 

CD86, CD40, and HLA-DR. The results showed that Chol-NP did not significantly alter 

the expression of these markers, suggesting that these NP are immunosafe. 

Taken together, these results further support the development of Chol-NP as a promising 

strategy to counteract H. pylori infection. 

 

 

Keywords: Biocompatibility, Chitosan Nanoparticles, Helicobacter pylori, Immune 

Response. 
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1. Overview of Helicobacter pylori 

 

1.1  H. pylori: Discovery and main characteristics 

For many years, the stomach was considered an inhospitable environment for 

microorganisms due to its acidic nature. However, this changed in 1983, after the 

successful isolation and culture of Helicobacter pylori (H. pylori) by Barry Marshall and 

Robin Warren [1]. Marshall and Warren observed the bacterium in samples from patients 

with gastric inflammation and correlated this clinical observation with the presence of the 

pathogen in the body and its clinical manifestations. To prove their hypothesis, Marshall 

ingested the bacterium, developed gastritis, and cured himself using antibiotics, 

demonstrating the link between H. pylori and gastric infection. This discovery earned 

Marshall and Warren the Nobel Prize in Physiology in 2005 [2]. 

H. pylori is a Gram-negative bacterium and microaerophilic bacterium, as it requires less 

than 5% O2 for optimal growth, and is mainly found in the pyloric region of the stomach 

[3]. Its cell wall is composed of an inner and outer membrane separated by the 

periplasmic space [4] (Figure 1). It possesses a peptidoglycan layer, known as murein 

which, after being analyzed by high-performance liquid chromatography (HPLC) and 

mass spectrometry (MS), revealed a unique amino acid composition, very distinct from 

other Gram-negative bacteria. 

 

  

 

 

 

 

 

 

 

 

These differences provide greater flexibility to the cell, facilitating its movement through 

the gastric environment and allowing the bacteria to undergo changes in shape 

Figure 1. Schematic representation of Helicobacter pylori cell wall structure. Image created using Biorender.com 

(not to scale). 
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(morphological plasticity) [5], being able to exhibit either a bacillus (“S” shaped) or a 

coccoid morphology, a non-metabolically active state that is associated to stress 

conditions, as antibiotics exposure or nutrient starvation [6]. When in its bacillar 

morphology, H. pylori has approximately 0.5 to 1 µm in width and 2 to 4 µm in length and 

features 4 to 6 unipolar flagella covered by a characteristic sheath, essential for this 

extracellular pathogen to cross the gastric mucus layer and reach the surface of epithelial 

cells, where it establishes infection [7, 8]. 

 

1.2  Pathologies caused by H. pylori infection 

Upon infection, H. pylori infection elicits a strong immune and inflammatory response 

that may cause several pathologies, as chronic gastritis, gastric ulcers and, in 

approximately 2% of infected individuals,  gastric cancer (GC), the fifth most common 

and deadliest cancer worldwide [9], with a 5-year survival rate of less than 20% [10]. H. 

pylori infection is also linked to 92-98% of Mucosal Associated Lymphoid Tissue (MALT) 

lymphoma cases. In 1994, it was classified as a class 1 human carcinogen by the 

International Agency for Research on Cancer (IARC) and, to date, remains the only 

known carcinogenic bacterium [11].  

The H. pylori-induced inflammatory process (Figure 2) begins with an increased 

recruitment of inflammatory cells, which play a key role in triggering the release of 

reactive oxygen species (ROS), degradative enzymes and pro-inflammatory cytokines 

[12]. The accumulation of these molecules progressively induces cellular damage and 

disturbs the local gastric microenvironment (commonly associated with gastritis and 

ulcers), eventually triggering epithelial-to-mesenchymal transition (EMT) in epithelial 

cells [13], which become potential tumor precursor cells [14]. 
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Figure 2. Summary representation of immune and inflammatory response after Helicobacter pylori infection. A) 

Uninfected gastric epithelial cells show no sign of inflammation; B) Upon H. pylori infection, inflammation of the gastric 

mucosa (gastritis) occurs; C) Ineffective bacterial clearance leads to prolonged infection and continuous recruitment of 

immune cells, resulting in chronic inflammation; D) Depending also on genetic and environmental factors, approximately 

1–2% of the patients will undergo further cellular changes and disease will progress to gastric cancer. Image adapted 

from [8] using Biorender.com. 

The carcinogenic process that subsequently occurs is described by the Correa´s 

Cascade [15]. This chain of events describes the histopathological changes provoked by 

H. pylori infection in the gastric mucosa, starting with chronic gastritis, progressing to 

gastric atrophy, followed by metaplasia and dysplasia, being gastric cancer the last stage 

[16]. These cellular changes are also driven by bacterial virulence factors, such as toxins, 

and by mechanisms involved in immune evasion and bacterial survival [17], including the 

extraction of cholesterol from the gastric epithelium [18], a process that will be discussed 

in detail in following sections. 

 

1.3  Diagnosis and prevalence  

The most common tests to diagnose H. pylori infection include:  

(a) Urea Breath Test (UBT), in which the patient ingests a solution containing urea 

labelled with carbon isotopes. Then, if the molecule is hydrolyzed by the bacterium 

enzyme urease, the labelled carbon will be detected in the patient's exhalation (CO2), 

confirming the infection [19];  
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(b) Serological tests that detect antibodies against H. pylori, although this method cannot 

distinguish between an active infection and a previously eradicated one [20];  

(c) Stool antigen tests, which detect specific bacterial proteins in the feces [21]; 

(d) Endoscopy combined with a biopsy, allowing the physician to directly visualize the 

gastric mucosa and collect tissue samples to screen for other potential malignant lesions 

[22]. 

H. pylori infection occurs mainly in childhood and is common among family members 

that cohabit [3]. Infection is usually asymptomatic and can persist for life if left untreated 

[23]. Approximately 4 billion people are infected globally, being the heterogeneous 

worldwide distribution of H. pylori infection depicted in Figure 3: in less developed 

countries, infection rates can reach 80-90% of the population, while more developed 

countries have lower prevalence rates, generally below 50% [23, 24]. This discrepancy 

may be related with the mechanism of transmission, as H. pylori is thought to mainly 

spread via oral-oral or fecal-oral transmission through contaminated water or food in 

areas where hygiene practices are inadequate [25]. Also, recent studies suggest that 

men have a higher infection rate than women [26]. 

 

Figure 3. Global map of the prevalence of Helicobacter pylori infection. Countries shaded in darker red indicate 

higher prevalence rates, whereas lighter red tones represent low or negligible prevalence. Image adapted from [27] using 

mapchart.net. 

Although classified as a developed country, Portugal ranks among the countries with the 

highest H. pylori prevalence worldwide, being estimated that over 60% of the Portuguese 

population carries the bacterium, with rates climbing to 84% in the North region [28]. 
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1.4  Virulence and colonization factors 

H. pylori has several mechanisms that enable its survival and allows it to efficiently 

colonize the gastric epithelium, which are summarized in Figure 4 and explored below.  

 

Figure 4. Structure and virulence factors of Helicobacter pylori. Virulence factors such as flagella, urease, adhesins, 

lipopolysaccharide, CagA toxin, VacA toxin and CagA toxin injection system into the host cell via a type IV secretion 

system. Image adapted from [29] using Biorender.com. 

Adhesion to gastric cells: Specific adhesion to the surface of gastric epithelial cells is 

possible due to several adhesive proteins (adhesins) expressed on the bacterium outer 

membrane, which are encoded by the Outer Membrane Protein (OMP) genes. Among 

them are the blood group antigen-binding adhesin (BabA) and the sialic acid-binding 

adhesin (SabA) that bind to the Lewis b and Lewis X receptors, respectively, present on 

the host gastric epithelium [30]. 

Survival in acidic environment: H. pylori can survive in the acidic environment (pH <4) of 

the stomach due to the enzyme urease. This enzyme catalyzes the hydrolysis of urea 

into carbon dioxide and ammonia, an alkaline product that not only neutralizes the 

microenvironment surrounding the bacterium, but also alters the viscosity of the gastric 

mucus layer, thereby facilitating  its  penetration and enabling H. pylori to reach the 

gastric epithelial surface, where infection is established [31, 32]. 

Morphological plasticity: H. pylori can also alter its bacillar morphology to a coccoid 

morphology (spherical shape) under stress conditions, such as nutrient deprivation or 

sublethal doses of antibiotics [33]. Coccoid form is a metabolically inactive form that 
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represents a “viable but non-culturable” state, wherein H. pylori can survive but does not 

grow in vitro when cultured. This makes the detection and treatment with conventional 

antibiotics, whose activity rely on active cellular processes, more challenging [34]. 

Additionally, this state facilitates the accumulation of toxic substances within the 

bacterium, which can be later released, further increasing its pathogenicity when it 

returns to its metabolically active form (bacillar) [33, 35]. 

Toxins: The production of protein toxins, such as the Cytotoxin-associated gene A 

(CagA) and Vacuolating cytotoxin A (VacA), contribute to the virulence of the bacteria 

and further promote cellular damage [36]. The cytotoxin associated with the gene cagA 

(CagA toxin), present in more pathogenic strains (type 1 strains, associated with poorer 

prognosis), is injected into epithelial cells through a type IV secretion system (T4SS). 

This toxin interferes with several intracellular signaling pathways, such as nuclear factor 

kappa-B (NF-κB) and epidermal growth factor receptor mitogen-activated protein kinase 

(EGFR-MAPK) pathways, eventually leading to cellular DNA damage [37]. In addition to 

protein effectors, the T4SS is also capable of delivering bacterial genetic material, such 

as DNA fragments, directly into host cells. This exogenous DNA can activate innate 

immune sensors, triggering pro-inflammatory responses [38]. The Vacuolating cytotoxin 

A (VacA toxin), encoded by the vacA gene, is present in all H. pylori strains [39]. This 

gene can encode different subtypes of these toxins, which are associated with a higher 

likelihood of developing peptic ulcers and gastric cancer [36]. This toxin is classified as 

pore-forming, inducing the formation of vacuoles that are absorbed by the cells and 

directed to the mitochondria, causing dysfunction of the organelles and apoptosis [40, 

41]. Furthermore, it has been previously demonstrated that VacA increases 

Cyclooxygenase-2 (COX2) levels, which through positive feedback promotes the 

production of prostaglandins, leading to a robust immune response [42].  

Outer Membrane Vesicles (OMVs): Another factor that facilitates H. pylori colonization 

and survival is the secretion of OMVs. OMVs are employed by H. pylori and other Gram-

negative bacteria to exchange genetic material, signaling molecules and other 

compounds that facilitate communication, enhance pathogenicity, and potentially 

contribute to biofilm formation [43], thereby promoting more challenging conditions for 

the treatment [44]. 

Immune system evasion: The ability of H. pylori to evade the host immune system, either 

through antigenic disguise by mimicking host molecules, such as Lewis blood group 

antigens [45] or by expressing lower amounts of pro-inflammatory lipopolysaccharides 

(LPS) in its cell wall, as it will be discussed in the following sections, is one of the main 
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reasons for both the persistence of the bacterium and the difficulty in achieving 

therapeutic efficacy [46]. 

 

2. Helicobacter pylori evasion and modulation of the host immune 

system 

2.1 Recognition of H. pylori by the immune system 

Upon infection, the host immune system is primarily activated through pattern recognition 

receptors (PRRs), which are expressed by a variety of cells, including epithelial and 

immune cells [47]. PRRs are classified into several major families, including Toll-like 

receptors (TLRs), NOD-like receptors (NLRs), and RIG-I-like receptors (RLRs). Each 

group detects specific types of microbial or danger signals, either at the cell surface, in 

endosomal compartments or within the cytoplasm [48]. PRRs play a crucial role in 

detecting invading pathogens by recognizing conserved molecular signatures known as 

pathogen-associated molecular patterns (PAMPs), as well as damage-associated 

molecular patterns (DAMPs) released from stressed or dying host cells. PAMPs include 

components such as bacteria LPS, flagellin and nucleic acids, while DAMPs comprise 

host-derived DNA or RNA fragments, as well as mitochondrial DNA [17, 49]. In the case 

of H. pylori, TLRs and NLRs are particularly relevant. TLRs, such as TLR4 and TLR5, 

are located on the plasma membrane and are typically responsible for detecting 

extracellular bacterial components like LPS and flagellin [50]. 

Beyond surface receptors, intracellular receptors like NOD1 (a member of the NLR 

family) detect bacterial peptidoglycan delivered into epithelial cells. Upon activation, 

NOD1 initiates two parallel signaling cascades: one involving the transcription of the 

inflammatory protein 1 (AP-1) or the NF-κB transcription factor, which promotes the 

expression of pro-inflammatory cytokines and defensins, and another involving interferon 

regulatory factor 3 and 7 (IRF3/7) that leads to the production of type I interferons (e.g. 

IFN-β) [17]. These responses further amplify the innate immune response and contribute 

to mucosal inflammation. 

 

2.2  Strategies of H. pylori for evading innate and adaptive immunity 

Beyond the action of its virulence factors, the remarkable persistence of H. pylori in the 

human stomach is also attributed to its ability to evade the host immune system through 

various mechanisms [17, 51]. 
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H. pylori exhibits molecular modifications in its LPS (in the lipid A domain) that weaken 

its detection by TLR4, being its flagellin also poorly recognized by TLR5 [52]. In addition, 

H. pylori is also capable of escaping immune recognition by other intracellular receptors, 

as summarized in Table 1. 

Table 1. Summary of Helicobacter pylori mechanisms of immune evasion via pattern recognition receptors 
(PRRs). Table adapted from [48]. 

PRR Type PRR PAMP Recognized Mechanism of Immune Evasion by H. pylori Ref 

TLR 
TLR4       

Plasma membrane 

receptor 

Lipopolysaccharide 

(LPS) 

Removal/modification of phosphate groups at 1′ 

and 4′ positions in lipid A, reducing TLR4 

activation 

[53] 

TLR 
TLR5        

Plasma membrane 

receptor 

Flagellin (FlaA) 
Divergent sequences in flagellin monomers 

reduce TLR5 recognition 
[54] 

TLR 

TLR9  

Intracellular 

receptor 

(endosomes) 

CpG DNA motifs 

Suppression of IL-17 production to reduce 

inflammatory response and facilitate immune 

evasion 

[55] 

STING 
STING    

Cytosolic sensor 
Intracellular DNA 

Upregulation of TRIM30a (STING suppressor) 

and downregulation of IRF3, impairing bacterial 

DNA sensing pathways 

[56] 

RLR 
RIG-I     

Cytosolic sensor 
Intracellular RNA Downregulation of IRF3 [56] 

NLR 
NOD1    

Cytosolic sensor 
Peptidoglycan 

Deacetylation of peptidoglycan, reducing NOD1 

recognition 
[57] 

 

DNA – Deoxyribonucleic Acid; FlaA – Flagellin; IL-17 – Interleukin 17; IRF3 – Interferon Regulatory Factor 3; LPS – 

Lipopolysaccharide; NLR – NOD-like Receptor; NOD1 – Nucleotide-binding Oligomerization Domain-containing Protein 

1; RIG-I – Retinoic Acid-Inducible Gene I; RLR – RIG-I-like Receptor; STING – Stimulator of Interferon Genes; TLR4 – 

Toll-like Receptor (4); TRIM30a – Tripartite Motif-containing Protein 30a. 

Although H. pylori initially evades some of the innate immune mechanisms (Figure 5A), 

partial detection through the processing of antigens presented by antigen-presenting 

cells (APCs), such as dendritic cells (DCs) and macrophages [49], results in the 

activation of the adaptive immune response, both cellular (T cell activity) and humoral 

(antibody production by B cells), which constitute the host second line of defense [17].  

Macrophages primarily phagocytose pathogens or their components and release 

cytokines that act at the site of infection, amplifying the immune response. DCs, in turn, 

are responsible for migration to lymph nodes and the activation of naive T cells [58]. 

Within these lymph nodes, DCs drive the differentiation of naive T cells into CD4+ and 

CD8+ T cells, capable of recognizing molecules bound to the major histocompatibility 
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complex (MHC) class II and class I molecules, respectively [48]. This process marks the 

beginning of the adaptive immune response [46]. 

In a H. pylori infection scenario, T cells antigen presentation occurs predominantly via 

MHC class II molecules, leading to the differentiation of CD4+ T cells mainly into T helper 

(Th)1, Th17 and regulatory T cells (Treg) (Figure 5B) [48]. Th1 cells produce pro-

inflammatory cytokines, including interferon-γ (IFN-γ), tumor necrosis factor-β (TNF-β) 

and interleukin (IL)-2, which typically mediate immune responses against intracellular 

pathogens [59, 60] or, in the case of H. pylori, against bacterial toxins and antigens that 

gain access to host cells. Th17 cells, on the other hand, direct their immune response 

toward extracellular pathogens through the production of IL-17, contributing to 

inflammation associated with neutrophil infiltration [48], resulting in severe damage to 

the gastric mucosa [61]. Treg cells, in turn, regulate and suppress the inflammatory 

response mediated by Th1 and Th17 cells to prevent excessive tissue damage [48]. 

However, this immunoregulatory activity contributes to the persistence of H. pylori in the 

stomach, as chronic suppression of inflammation undermines the effectiveness of the 

immune response [62, 63]. Furthermore, H. pylori has been shown to attenuate the 

strong Th1 mediated pro-inflammatory response by promoting the differentiation of CD4⁺ 

lymphocytes into Th2 cells (Figure 5B), thus hindering the pathogen elimination by the 

immune system [60, 64]. Although Th2 responses are generally associated with pro-

inflammatory action against extracellular parasites, in the context of H. pylori infection 

these cells ultimately favor immune evasion by counteracting/regulating Th1-induced 

inflammation. Thus, H. pylori exploits the regenerative functions of Th2 associated 

cytokines, creating an illusory signal of repair and homeostasis that tricks the immune 

system into interpreting the gastric mucosa as recovering, despite the persistence of the 

infection. Figure 5B summarizes these adaptive immune processes during infection by 

the pathogen H. pylori, in addition to briefly explaining how the initial (innate) 

compromised detection occurs in the host (Figure 5A). 
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Figure 5. Schematic representation of how Helicobacter pylori is recognized, triggering an A) innate and B) 

adaptive immune response. A) H. pylori prevents the initiation of pro-inflammatory cytokines production and type I 

interferon responses by reducing detection via TLR4 and TLR5 and by delivering its genetic material intracellularly through 

the type IV secretion system  [17, 52, 53]. B) The differentiation of naive T cells into Th1 (pro-inflammatory) cells is 

attenuated by H. pylori, which promotes differentiation toward Th2 cells. [55, 56, 61]. IRF3 – Interferon Regulatory Factor, 

NF-κB – Nuclear Factor kappa-light-chain-enhancer of activated B cells, ROS – Reactive Oxygen Species, STING – 

Stimulator of Interferon Genes, T4SS – Type IV Secretion System, TLR4 – Toll-like Receptor 4, TLR5 – Toll-like Receptor 

5. Image created using Biorender.com. 

Although initially there is an intense inflammatory response that damages the epithelium, 

over time H. pylori can promote immune modulation to prevent elimination and maintain 

a chronic low-grade infection [60, 64].  

 

2.3 Biological consequences of cholesterol extraction - immune evasion and 

inflammation 

To survive H. pylori must extract cholesterol from the host cell membranes as it is unable 

to synthesize this molecule de novo  (auxotrophic for cholesterol) [65]. H. pylori 

possesses the enzyme cholesterol-α-glucosyltransferase, which transforms the 

extracted cholesterol into cholesteryl glucosides that are subsequently incorporated into 

the cell membrane. This incorporation provides disguise to the immune system and 

increases bacterial resistance to antibiotics [66], either by physically protecting the 

bacterial membranes or by altering the membrane fluidity, which hinders the entry of 

drugs that target the cytoplasmic environment [67]. Furthermore, it has also been proven 

that an increased cholesterol-α-glucosyltransferase activity is directly related to the 
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worsening of gastric inflammation, since this enzyme is recognized by invariant natural 

killer T cells  (distinct type of T cells of the innate immune system) [68]. Upon recognition 

of the cholesterol-derived glycolipids, natural killer T cells become rapidly activated and 

release large amounts of cytokines, resulting in the recruitment and activation of other 

immune cells [69]. 

On mammalian cells, cholesterol is mainly found in microdomains within cellular 

membranes known as lipid rafts [18, 70]. The cholesterol removal disrupts these lipid 

rafts where the IFN-γ receptors are located. These receptors are required for activating 

the Janus kinase/Signal Transducer and Activator of Transcription 1 (JAK/STAT1) 

signaling pathway [71], which is crucial for producing molecules that attract T cells as 

well as antimicrobial peptide producing cells [72], including neutrophils and epithelial 

cells, to the site of infection [73]. Thus, by blocking this pathway, H. pylori reduces the 

inflammatory response and evades the immune system, creating a protected 

environment for its survival [71]. The process of cholesterol extraction also promotes 

disruption of cell polarity, promoting to gastric carcinogenesis [74]. 

The cholesterol auxotrophy coupled with H. pylori positive chemotaxis toward this 

molecule makes cholesterol an appealing target for the development of new therapeutic 

strategies aimed at bacterial elimination [74]. 

 

  2.4  Macrophage polarization and gastric damage  

The H. pylori-induced exacerbated inflammatory response results from the infiltration of 

inflammatory cells, mainly neutrophils and monocytes that, upon entry in the tissue, 

differentiate into macrophages [75], as mentioned in Figure 5. Neutrophils are the first 

cells to reach the site of infection where they actively release ROS. However, while 

neutrophils have a short lifespan and normally survive only a few hours [76], monocytes 

have a longer lifespan, allowing for a more sustained immune response [77]. When 

monocytic cells differentiate, the responses range from combating the initial infection to 

tissue regeneration. In addition, these phagocytic cells act as inflammatory mediators, 

as they are also capable of presenting bacterial antigens to T cells, representing a bridge 

between innate and adaptive immunity [78]. 

Circulating monocytes that reach the site of infection, following bacterial contact with the 

lamina propria, first differentiate into M0 macrophages, an intermediate, non-polarized 

state [79]. From this state, depending on the environment (tissue and stimuli), they can 

further polarize into M1-like (pro-inflammatory) or M2-like (anti-inflammatory) 
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phenotypes [80]. M1-like polarization is typically induced by pro-inflammatory stimuli 

such as IFN-γ, LPS, and Tumor Necrosis Factor-alpha (TNF-α), while M2 polarization is 

triggered by cytokines like IL-4, IL-13, IL-10, corticosteroids or transforming growth 

factor-β (TGF-β) [79-81] (Figure 6). This polarization is a crucial step, as it enables 

macrophages to adopt specialized functional roles, either amplifying the immune 

response and promoting antitumor activities and bacterial clearance (M1-like), or 

regulating inflammation and contributing to tissue repair and angiogenesis processes 

(M2-like) [82, 83]. The M2-like phenotype can be further subdivided into four subsets, 

based on the stimuli they respond to: M2a (induced by IL-4 and IL-13), M2b (induced by 

immune complexes and TLR ligands), M2c (induced by IL-10 and glucocorticoids), and 

M2d (induced by TLR agonists) [80] (Figure 6). These subtypes reflect the functional 

versatility of macrophages in different pathological and physiological contexts and 

represent a fundamental feature of innate immunity [84]. Nevertheless, the M1/M2 

classification is a simplified model as in vivo macrophages exhibit a spectrum of 

overlapping activation states that vary with tissue context and immune challenge, and 

can be distinguished by specific surface markers and cytokine profiles [85, 86]. A proper 

balance between macrophage populations is essential for host homeostasis, as an 

imbalance favoring M1-like cells can lead to chronic inflammation and ultimately genomic 

instability [87], whereas a shift toward M2-like dominance can result in 

immunosuppression [86]. 

 

Figure 6. Macrophage polarization: M1 and M2 subtypes. Diagram illustrating the most reported surface markers, 

cytokines and polarization stimuli associated with each subtype [80, 88, 89]. Image created using Biorender.com. 

CCL(17): C-C Motif Chemokine Ligand 17, CD(14): Cluster of Differentiation (14), IFN-γ: Interferon-gamma, IL-(1β): 

Interleukin-(1 beta), LPS: Lipopolysaccharide, MHCII: Major Histocompatibility Complex Class II, TGF-β: Transforming 
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Growth Factor-beta, TLR: Toll-Like Receptor, TNF-α: Tumor Necrosis Factor-alpha, VEGF: Vascular Endothelial Growth 

Factor. 

H. pylori can stimulate recruited macrophages to polarize towards the M1-like phenotype, 

leading to the production of pro-inflammatory factors that further exacerbate damage to 

the gastric mucosa, as demonstrated in vitro and in vivo [90]. A notable example is the 

chemokine CCL3, whose role has been described in vitro. CCL3 secretion during 

infection induces phosphorylation of p38, a member of the MAPK kinase family, leading 

to the disruption of tight junction proteins and compromising the integrity of the gastric 

epithelial barrier. These effects are mediated by inflammatory signaling, since CCL3 was 

also shown to stimulate the expression of pro-inflammatory factors in gastric epithelial 

cells, in addition to promoting their apoptosis and inhibiting cell proliferation [91]. Such 

structural destabilization of the epithelium is a recognized feature of tumors associated 

with H. pylori infection [3].  

Furthermore, the increased expression of inducible nitric oxide synthase (iNOS), a 

hallmark of M1-like macrophages (Figure 6), plays a significant role in tissue damage. 

Excess nitric oxide (NO) production leads to its reaction with ROS, resulting in the 

formation of peroxynitrite (ONOO⁻), a highly cytotoxic molecule [92]. This process has 

been associated with several pathological conditions, including gastritis [93], and 

constitutes an indirect mechanism through which the bacteria promote oxidative stress 

[94]. In parallel, direct mechanisms also contribute to this process, such as bacterial 

metabolic byproducts, namely hydrogen peroxide and superoxide, or the action of 

virulence factors, like CagA and VacA, which stimulate intracellular ROS production in 

epithelial cells [95].  

In summary, the direct and indirect actions of both immune cells and bacterial virulence 

factors, such as CagA and VacA, collectively promote a microenvironment conducive to 

genomic instability and gastric disease progression.  

 

3. Therapeutic approaches for Helicobacter pylori infection  

3.1 Conventional treatment  

Conventional treatment is based on a combination of broad-spectrum antibiotics and 

acid suppressive drugs (proton pump inhibitors (PPI) or H2 antagonists) that are used to 

stabilize and boost the efficacy of the antibiotics in gastric settings, as these compounds 

increase the stomach pH [96, 97]. 
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The treatment regimen is usually chosen empirically, based on regional patterns of 

bacterial resistance, local recommendations and drug availability [96, 98]. The current 

therapeutic gold standard in Europe is the Quadruple Therapy, that combines the use of 

Bismuth Subsalicylate salts with a PPI and the broad-spectrum antibiotics Tetracycline 

and Metronidazole for 10 days [99, 100]. Bismuth, administered orally in the form of salts, 

has a specific antimicrobial effect against H. pylori as it interferes with the bacterial cell 

wall and enzymes. In addition, this compound forms a protective layer over gastric ulcers 

and other gastric lesions to promote healing, while also preventing H. pylori from 

adhering to the gastric epithelium [52]. However, the available antibiotic based therapies 

present several associated problems, such as high rates of resistance, resulting in 

ineffective treatments that further contribute to the antimicrobial resistance crisis [101]. 

Additionally, the antibiotics lead to severe side effects that reduce patient adherence to 

the prescribed treatment, as well as to dysbiosis, with these alterations in the 

gastrointestinal microbiota affecting metabolism, hormonal secretion, and immune 

system modulation [59, 102].  

There is also absence of an effective vaccine, mostly due to the bacterium ability to 

circumvent the host immune system [103]. This, coupled with high and increasing 

antibiotic resistance rates and the often recurrence of infection [23], are some of the 

factors that support the need for new therapeutic approaches.  

 

3.2 Alternative therapeutic strategies  

Probiotics: Probiotics, such as Lactobacillus sp. and Bifidobacterium sp., have 

demonstrated to reduce treatment-related side effects, including nausea and diarrhea, 

contributing to patient compliance to the therapeutic scheme, therefore enhancing 

eradication rates [104, 105]. However, probiotics are only considered adjuvants to 

conventional therapies. 

Phytocompounds: Several plant-derived extracts have demonstrated inhibitory effects 

on H. pylori colonization, including extracts from Pistacia lentiscus, Brassica oleracea, 

and Glycyrrhiza glabra, which have shown promising results in in vivo studies [107]. 

These effects are mainly attributed to the presence of various bioactive molecules with 

antimicrobial properties [106]. For example, flavonoids such as quercetin and catechins, 

have shown the ability to inhibit urease activity, thereby impairing H. pylori survival in the 

gastric environment and colonization capacity [107]. Although supplementation with 

probiotics and/or phytocompounds are promising options, none of these have achieved 



FCUP | ICBAS 
Biological evaluation of bioengineered precision antimicrobial nanoparticles for gastric infection 

16 

 
 
similar or better performance than the antibiotic therapy in reducing the bacterial burden 

or even clearing infection [3, 108]. Yet,  their potential synergistic effects with 

conventional antibiotics may be further explored to enhance eradication rates and reduce 

treatment-related side effects [109]. 

Lactoferrin (LF): Studies have reported that this protein shows potential against H. pylori 

infection due to its anti-inflammatory properties [110]. Still, LF is considered an adjuvant 

and does not replace standard antibiotic therapy, primarily due to its low gastric stability, 

being susceptible to processes such as oxidation and/or hydrolysis [111, 112]. 

Phage therapy: To date there are no studies specifically applying it to the management 

of H. pylori infection [110, 113]. 

 

3.3 Bioengineered strategies 

The major developments in the bioengineering field over the last decade have provided 

new strategies for gastric delivery, specifically by designing tailored micro- and nano-

based systems for gastric settings. These systems can protect therapeutic compounds 

from the acidic environment of the stomach and transport them to be released at the site 

of infection, ultimately improving their bioavailability. Micro- (MP) and nanoparticles (NP), 

can be divided and classified based on their composition, which may include polymers, 

metals or lipids [112]. MP and NP physicochemical properties can be changed by altering 

their size and/or morphology [114]. In comparison with MP, NP have a higher surface 

area relative to their volume.  
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 Table 2. Most common classes of microparticles (MP) and nanoparticles (NP) developed for gastric settings, their 

main components, and key features that make them suitable for the gastric environment. Table adapted from [112]. 

 

Over the last years, several bioengineered therapies targeting H. pylori infection have 

been developed, exhibiting bactericidal or bacteriostatic activity [112]. For instance, 

approaches based on: (a) tampering with the adhesion of the bacterium to the host 

gastric cells; (b) selective drug release within the bacterium; or (c) binding to the H. pylori 

membrane for localized delivery of antimicrobial compounds have been explored. 

Highlighting strategy (a) are the MP developed by Gonçalves et al. functionalized with 

the Leb and sLex glycans that are expressed on gastric epithelial cells and recognized 

by the bacterial adhesins BabA and SabA, respectively. These MP contended for 

bacterial adhesion and were able to decrease the number of bacteria adhered to the 

gastric mucosa [124]. Regarding the selective drug release within the bacterium 

(approach (b)), an example is the work performed by Jing et al., who developed pH-

sensitive NP conjugated with ureido groups, designed to encapsulate antibiotics or 

Class 
 

Biomaterial Properties Ref 

Polymeric 

Chitosan 
Mucoadhesive 
Antimicrobial 

[115, 
116] 

Polylactic-co-
glycolic acid 

(PLGA) 

Biocompatible 
Optimal control of drug release in 

vivo 
Adequate for several active 

ingredients 

[117] 

Gliadin Mucoadhesive [118] 

Lipidic 
Lipids (e.g. 

phosphatidyletha
nolamine) 

Biocompatible 
Adequate for lipophilic and 

hydrophilic drugs, 
Easily modified to obtain 
mucoadhesive properties 

[119] 

Metallic Gold 

Antimicrobial 
Antitumor 

Mucoadhesive 
Used in theragnostic applications 

[120, 
121] 

Others 

Nanomicelles 
Several (e.g. 

hyaluronic acid, 
chitosan) 

Biocompatible 
pH‐responsive 
Mucoadhesive 

Adequate for hydrophobic drugs 

[121, 
122] 

Nanocomposites 

Several (e.g. 
polymeric or 

metallic 
nanoparticles) 

Multiphase nanomaterial 
Combine different nanoparticles 

and their properties 
Accumulate the advantages of all 

the nanoparticles involved 

[123] 
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bioactive compounds [125]. These NP exploited the UreI urea channel located in the 

membrane of H. pylori, which selectively transports urea into the bacterial cytoplasm 

under acidic conditions. Drug release occurs preferentially in acidic environments such 

as the stomach, allowing the NP to activate only when near or inside the bacterium, 

thereby enhancing therapeutic efficacy and minimizing side effects. Recognition by the 

UreI channel facilitates NP uptake into the bacterial cytoplasm, promoting selective 

intracellular drug delivery [125]. Although targeted drug delivery through the UreI channel 

has shown promise in increasing antibiotic uptake by H. pylori, its efficacy may be limited 

by competition from host-secreted urea and by channel closure at neutral pH, caused by 

ammonia production when the bacteria are attached to the epithelium [125]. Therefore, 

this strategy may be more suitable for preventive use in the mucus layer, before the 

bacteria reach the gastric epithelium [112]. Finally, strategy (c) involves the binding of 

pathogen-eradicating agents that recognize and specifically bind to the bacterial 

membrane. Two types of targets have been identified: non-specific targets, which are 

components of the H. pylori cell membrane and are also found in other bacteria, such as 

dextran sulfate, a membrane-associated polysaccharide; and specific targets, which rely 

on the use of antibodies [112]. 

Phototherapy and sonodynamic therapy are two examples of approaches that already 

exist on their own [126], but when combined with antibody-coated NP, improve H. pylori 

eradication. In phototherapy with NP, radiation is directed at specific wavelengths, 

selectively destroying bacteria without damaging surrounding tissues [130], thus 

overcoming one of the limitations of the traditional method [126]. Specific binding to 

bacteria is possible due to the use of polyclonal antibodies [127]. Sonodynamic therapy 

with NP containing antibodies or sonosensitizers, when activated by ultrasound, 

generates ROS with bactericidal effects. These NP can also be functionalized to 

sequester soluble bacterial toxins, such as VacA, further increasing their therapeutic 

potential [128].  

Of the possible biomaterials to develop new strategies for gastric settings (Table 2), 

chitosan-based particles are the most appealing. The following section explores the 

physicochemical properties of chitosan (CS) and its application in the design and 

production of effective NP systems. 
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     3.3.1 Chitosan-based micro- and nanoparticles 

CS is a natural polymer obtained through the deacetylation of chitin found in the 

exoskeleton of crustaceans, insects, and cell wall of some fungi [129]. This material is 

non-toxic and is approved by the Food and Drug Administration (FDA) for oral 

administration [130], making it a preferred alternative to metals for the production of NP 

designed for oral delivery [108, 131]. Further, its cationic and hydrophilic nature facilitates 

interaction with cell membranes, enabling a more efficient in situ delivery of therapeutic 

compounds [132].  

CS is mucoadhesive (Table 2) and this property varies with the degree of acetylation 

(DA, number of available amine groups): the lower the degree of acetylation, the more 

free amine groups that will in turn lead to greater mucoadhesive properties, as they 

become positively charged in low pH environment, enhancing electrostatic interactions 

with the negatively charged mucins [115, 133].    

CS also possesses intrinsic antimicrobial activity, making it a suitable biomaterial for 

developing new strategies for H. pylori infection management [134]. There are several 

examples in the literature where functionalized CS particles with molecules with 

bactericidal activity against H. pylori effectively reduced the bacterial load [135-137], 

which also shows the ability of MP and NP to reach the infection site. Moreover, CS has 

been reported to modulate the activation of immune cells, a property that can vary 

depending on the presence of contaminants, the degree of purity and its DA [78]. By 

modulating immune cell phenotypes, such strategies can either enhance tissue 

regeneration, when lower DA levels are used, or even promote stronger immune 

stimulation by using CS with a higher DA. A thorough understanding of cellular 

responses to CS is therefore essential for the development of advanced biomaterial-

based strategies [78]. 

The straightforward functionalization of CS with molecules of interest is possible by its 

chemical structure (Figure 7A) [138]. Its reactive amine and hydroxyl groups allow the 

addition of several functional groups that may enhance different properties such as 

solubility, bioavailability, and affinity for target cells, among others [138, 139]. CS can be 

further modified with norbornene groups, electron-rich alkene groups that are easily 

excitable, making the polymer highly reactive and enabling a strong bond between 

norbornene and thiol (-SH) groups in “photoclick” reactions. Norbornene groups can be 

introduced into CS through a reaction with carbonic anhydride (1:1). The reactive 

carbonyl groups form a covalent bond with the amine (NH2) or hydroxyl (OH) groups of 
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CS, under the acidic conditions necessary to solubilize the CS, along with an organic 

solvent, such as DMF, to solubilize the carbonic anhydride [140] (Figure 7).  

 

Figure 7. Norbornene groups conjugation onto chitosan after reaction with carbonic anhydride in acetic acid/N,N co-

solvent system - Dimethylformamide (DMF) to obtain Norbornene modified chitosan (NorChit) as described in [140]. 

The CS norbornene functionalization and its chemical versatility have been previously 

described [135, 140, 141]. One of its most interesting features is that this reaction 

introduces an average of 0.38 norbornene groups per CS monomer, enabling a good 

yield in the subsequent step for conjugation of the desired bioactive molecules [141]. The 

production of NorChit-NP can be done by various methods [142], including microfluidics, 

a fast, reproductible and green technique. In a microfluidic system, the production of NP 

occurs in microreactors, typically in the form of a chip made from a polymer, such as 

polydimethylsiloxane (PDMS). Previously, our group developed a system that allows to 

obtain and functionalize NP in a single step (“one-pot”) with high reproducibility [135]. 

Briefly, within a continuous laminar flow system, two controlled interruptions occur due 

to the sequential mixing of new solutions (Figure 8). The first interruption introduces 

Type I water into the NorChit stream, enabling the formation of the NP core that then 

passes through a serpentine channel to stabilize. The second interruption introduces the 

molecule to be grafted, which binds to the surface of the previously formed NP. This step 

is also followed by a serpentine channel to ensure proper stabilization [143].  
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Figure 8. Schematic representation of nanoparticle (NP) production in a microfluidic system using NorChit and 

thiolated molecule for conjugation. In a microfluidic system, NP are formed in (a) through intersection of the 

functionalized norbornene chitosan (NorChit) with Type I water and stabilized in the subsequent coil. In (b), the molecule 

of interest containing a thiol (-SH) group is introduced together with a photoinitiator and grafted onto the previously formed 

NP through a “photoclick” reaction enabled by ultraviolet (UV) radiation. Functionalized NP are then stabilized in the 

subsequent coil. Image not to scale and created with Biorender.com. 

The grafting of the molecule of interest can be achieved through “photoclick” chemistry, 

provided that the molecule is thiolated (-SH) and prepared in a solution containing a 

photoinitiator [135]. A photoinitiator is a compound that, upon exposure to ultraviolet (UV) 

light, generates reactive species (typically free radicals) capable of initiating the 

crosslinking reaction [144]. “Photoclick” chemistry is a selective bioconjugation approach 

that enables the formation of thiol-ene bonds under UV irradiation [145]. “Photoclick“ 

chemistry stands out from others, such as the Copper-Catalyzed Azide-Alkyne 

Cycloaddition (CuAAC), or Strain-Promoted Azide-Alkyne Cycloadditions (SPAAC) 

[146], due to its speed, its efficiency of grafting (high yield reaction) and ease of execution 

[141].  

  

NP 
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II. Aim 

The development of cholesterol-functionalized nanoparticles (NP) as an innovative 

strategy for the control of Helicobacter pylori (H. pylori) infection is particularly appealing, 

as this gastric pathogen relies on this molecule for survival [65]. Previous proof-of-

concept studies used gold NP functionalized with cholesterol to demonstrate their 

specific antimicrobial potential [74]. Building on these findings, norbornene-modified 

chitosan nanoparticles functionalized with cholesterol (Chol-NP) were subsequently 

developed, since chitosan is a biocompatible polymer suitable for “real world” translation.  

In this work, the biological safety profile of Chol-NP is depicted, including its 

cytocompatibility and hemocompatibility. Furthermore, as the immune system is strongly 

activated during H. pylori infection, leading to a chronic sustained inflammation, 

investigating whether Chol-NP have an impact on immune cells, in specific on 

macrophages, is a critical step to further support the development of these NP as a novel 

therapeutic approach for the treatment of H. pylori infection. 

To achieve this, the following specific objectives were defined: 

1. Produce Chol-NP and control NP (composed solely of NorChit, without 

cholesterol functionalization; NC-NP) using a microfluidic system;  

2. NP (Chol-NP and NC-NP) characterization, namely concentration (NP/mL) and 

hydrodynamic diameter (nm) using Nanoparticle Tracking Analysis (NTA); 

3. Assess cytocompatibility of the NP (Chol-NP and NC-NP) through metabolic 

activity assays with resazurin in AGS (ATCC® CRL-1739) and MKN28 (ATCC® 

CRL-2947) gastric cell lines; 

4. Determine the Chol-NP and NC-NP hemocompatibility;  

5. Assess cytocompatibility of the NP (Chol-NP and NC-NP) on human 

macrophages using metabolic activity assays and evaluate cellular polarization 

by quantifying surface markers (CD86, CD40, HLA-DR, CD163, and CD206) 

using flow cytometry. 
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III. Material and Methods 
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1. Microfluidic system 

The microfluidic system used for the nanoparticles (NP) production was designed as 

described elsewhere [135]. Briefly, the mold for the microfluidic system was done using 

OpenSCAD software (version 2019.05). The main channel was defined as 36.5 mm, and 

the side channels were 5 mm long. Both the width and depth of all channels were set to 

200 μm and 80 μm, respectively. The serpentine region of the microfluidic chip had a 

footprint of 5.5 mm × 8 mm, corresponding to the width and length of the structure in top 

view, as illustrated in Figure 9. The molds were printed using a Form 3 stereolithography 

printer (Formlabs; 25 μm resolution), after confirming the feasibility of the design. Clear 

resin (Clear Resin V4; Formlabs) was used for printing. Following fabrication, the molds 

underwent post-processing consisting of two 15 minutes immersions in isopropanol 

(Enzymatic, SA) to remove any uncured resin. The drying step was performed by thermal 

treatment at 80 °C overnight. 

A mixture of polydimethylsiloxane (PDMS) and curing agent in a 9:1 ratio (Sylgard™ 184, 

Elastomer Kit) was poured over the mold of the system (≈ 3 mL of solution) and 

subsequently cured at 70°C for 2 hours. After curing, the microfluidic circuits were peeled 

off from the mold, and outlet ports were created using a 1 mm biopsy punch (KAI Medical, 

BP-50F). To clean the mold for reuse, low-residue adhesive tape (3M 471 Tape, 50 mm 

× 33 m; Rodrigues & Boaventura, LDA) was applied. 

Finally, one side of the PDMS device was irreversibly bonded to a clean glass slide 

(previously cleaned with 70% v/v ethanol, Sigma-Aldrich) using oxygen plasma 

treatment (Tergeo Plasma Cleaner, Pie Scientific (TG100)). This final step helps to 

prevent leakages from the microfluidic system. 

 

 

 

 

 

 

Figure 9. Schematic representation of the designed microfluidic system with respective channel dimensions and 

diameter of the inlets (I, II, III and IV). Image created using Biorender.com (not to scale). 
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2. Norbornene-modified chitosan (NorChit) 

The norbornene-modified chitosan (NorChit), used as the core material for the 

nanoparticles (NP), was prepared according to the method described in [140]. Briefly, 

purified squid-derived chitosan (France Chitine), with a degree of acetylation (DA) of 2–

3% (confirmed by 1H NMR and FTIR) and a molecular weight (MW) of 363 ± 28 kDa 

[135], was dissolved overnight in 0.1 M acetic acid (AppliChem) to a final concentration 

of 0.4% w/v. 

Norbornene groups were introduced onto chitosan via reaction with carbic anhydride in 

N, N-dimethylformamide (DMF; 0.15 M, Merck), added every 30 minutes for a total of 

three additions. The reaction was allowed to proceed for 3 hours at Room Temperature 

(RT; 22°C). The resulting solution was dialyzed to remove residual solvents using a 10 

kDa molecular weight cutoff membrane (Thermo Scientific SnakeSkin), against 

decreasing concentrations of sodium chloride (NaCl; VWR Chemicals) in Type II water 

(purified water with resistivity > 1 MΩ·cm, conductivity < 1 μS/cm, and total organic 

carbon < 50 ppb), over a period of 4 days. Dialysis was carried out at 40°C for the first 

48 hours, with buffer replacement three times daily. 

Afterwards, the NorChit polymer was frozen (-20°C), lyophilized at -50°C (LABCON), and 

stored at -20°C under a nitrogen atmosphere until further use. 

 

3. Norbornene chitosan nanoparticles (NC-NP) and Cholesterol nanoparticles 

(Chol-NP) production  

The NorChit solution (1.5 mg/mL), was hydrated in Type I water (ultrapure water with 

resistivity >18 MΩ cm, conductivity <0.056 μS/cm, and total organic carbon <50 ppb; 

Merck Millipore) one day prior to its use. Hydration was performed under gentle agitation 

at 4°C, over 8 hours. Afterwards, glacial acetic acid (0.1 M; AppliChem Panreac) was 

added to completely dissolve the polymer, and the solution was left overnight under the 

same conditions. 

The cholesterol solution to be injected in the microfluidics (Chol, 2 mg/mL) was prepared 

immediately before use, using two solutions: (i) a stock solution (30 mg/mL) of 

Cholesterol-PEG75-Thiol (75 polyethylene glycol (PEG) repeats; MW 3400 Da; Nanocs, 

PG2-CSTH-3k) previously dissolved in absolute ethanol (Sigma-Aldrich) and; (ii) stock 

solution (4 mg/mL) of the photoinitiator VA-086 (4%; Fujifilm (Global)) prepared in 

phosphate buffer (0.2 M H₂NaO₄P·H₂O and 0.2 M HNa₂O₄P; Sigma-Aldrich). After 
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preparation, the stock solutions were mixed in phosphate buffer. Specifically, 6.6% (v/v) 

of solution (i), 10% (ii) and 83.4% v/v of phosphate buffer to obtain the final working 

solution (Chol, 2 mg/mL). 

The different solutions (NorChit, Type I water and Chol) were injected into the microfluidic 

system through the corresponding inlets at defined flow rates, as outlined in Figure 10, 

using syringe pumps (New Era). 

 

Figure 10. Schematic representation of the production of Cholesterol Nanoparticles (Chol-NP) using a microfluidic 

system. Image created using Biorender.com (not to scale). 

The NorChit solution, injected through the first inlet, intersects the Type I water solution 

introduced into the second inlet, resulting in the formation of Norbornene chitosan 

nanoparticles (NC-NP), as illustrated in Figure 10. Subsequently, in the third inlet, the 

Chol solution intersects the flow in the presence of two parallel ultraviolet-LED (UV-LED) 

light sources (λ = 365 nm, Mouser Electronics Inc.; distance from the microfluidic system: 

top LED ∼4 cm, bottom LED ∼0.5 cm; intensity: top LED 35 mW/cm², bottom LED 75 

mW/cm²; combined light intensity on the NP: 110 mW/cm²). This exposure promotes a 

“photoclick” reaction between the -SH group of the Chol molecule and the norbornene 

groups on the NC-NP. The resulting Chol-NP were collected at the outlet (Figure 10) 

and filtered using Amicon filters (50 kDa, Sigma-Aldrich) by centrifugation (1700 g, RT, 

10 minutes; Eppendorf® 5810 R). The NP retained on the filter was subsequently 

resuspended in Type I ultrapure water. The same procedure was done for obtaining non 

functionalized NP (NC-NP), by only injecting Type I water into the third inlet (instead of 

the Chol solution). 
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To ensure optimal sterility prior to the NP preparation, the working bench was thoroughly 

disinfected using 70% v/v ethanol (VWR), and the NP were collected in sterile 

microcentrifuge tubes, which were immediately closed and sealed with Parafilm 

(Frilabo). To confirm the NP sterility, 20 μL of each NP batch was inoculated onto Tryptic 

Soy Agar (TSA; Sigma-Aldrich) plates, followed by incubation for 24 hours at 37°C. TSA 

was the culture media chosen because of its broad ability to support the growth of a wide 

variety of bacteria and fungi. 

 

4. Nanoparticle characterization 

The obtained NP (Chol-NP and NC-NP) were characterized in terms of concentration 

and hydrodynamic diameter. Both parameters were measured using a NanoSight NS300 

instrument (NTA Dev Build 3.2.16) equipped with an sCMOS camera (Malvern 

Instruments). Prior to analysis, the samples were diluted in Type I water to obtain working 

concentrations within the range of 10⁸ NP/mL. Three 30 seconds videos were recorded 

for each sample (with a limit of 10 to 50 particles per frame). Data acquisition and 

processing were performed using the NanoSight NS300 NTA 3.0 software.  

 

5. Nanoparticles cytotoxicity studies 

5.1 Cell lines 

5.1.1 Culture 

Two gastric cell lines were used: the human gastric adenocarcinoma AGS cells (ATCC® 

CRL-1739), derived from a human gastric adenocarcinoma and recognized for their 

strong acid-secretory function, and the MKN28 cell line (ATCC® CRL-2947), which 

exhibit better-preserved cell polarity and certain morphological features of intestinal 

epithelium. Cells were cultured in Roswell Park Memorial Institute medium (RPMI; Gibco) 

supplemented with 10% v/v heat-inactivated fetal bovine serum (FBS; Biowest; heat 

inactivated at 56°C for 30 minutes) and 1% v/v penicillin/streptomycin (Pen/Strep; 

Biowest), herein referred to as complete RPMI. Cultures were maintained at 37°C in a 

humidified atmosphere containing 5% CO₂, until reaching 70-80% confluency.  
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5.1.2 Metabolic activity assay 

After reaching confluency, cells were detached using trypsin (Biowest) at 37°C and 5% 

CO₂ for 5 minutes and seeded at a density of 1×10⁴ cells per well in 96-well plates 

(SARSTEDT, tissue cultured (TC)-treated suspension plates) for 24 hours at 37°C and 

in 5% CO₂ for cell viability studies (direct method), following the ISO 10993-5 guideline 

[74]. 

Afterwards, NP (Chol-NP and NC-NP) resuspended in complete RPMI were added to 

the cells. Briefly, the NP suspension was prepared by centrifuging 300 µL of each NP 

formulation (1700 g, RT, 10 minutes; Eppendorf® 5810 R) using Amicon filters (50 kDa, 

Sigma-Aldrich). The NP trapped on the filter were then resuspended in the same volume 

of complete RPMI medium, and both the centrifugation and resuspension process were 

repeated. The centrifugation steps enabled the replacement of the storage solution (Type 

I water) with culture medium and the removal of any residual solvent that could 

compromise cell viability. As such, this protocol preserved the concentration of the 

original NP batch (1010 NP/mL) while transferring the NP into a suitable medium for cell 

culture. Serial dilutions were subsequently prepared to obtain concentrations in the range 

of 10⁹ NP/mL and 10⁸ NP/mL, which were added to the wells of the culture plates. 

Incubation proceeded for 24 hours at 37°C in a humidified 5% CO₂ atmosphere.  

After the incubation period, the cell culture medium and the NP were carefully removed, 

and the wells were washed once with sterile phosphate-buffered saline (PBS; 0.1 M; pH 

7.4) to remove any residual NP. Finally, cellular metabolic activity was assessed using a 

resazurin assay. For this, cells were incubated with a solution of 20% v/v resazurin in 

complete RPMI medium for 4 hours, 37°C in a humidified 5% CO₂ atmosphere. 

Additionally, controls for cell growth and cell death were done by including cells not 

exposed to NP and by treating cells with 2% v/v solution of 30%V H₂O₂ (Merck) in 

complete RPMI medium, respectively.  

Metabolic activity was calculated using the equation (1):  

(1) % 𝐶𝑒𝑙𝑙 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐹𝑒𝑥𝑝 − 𝐹𝑏𝑙𝑎𝑛𝑘

𝐹𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐹𝑏𝑙𝑎𝑛𝑘
 

 

where F exp is the fluorescence of cells exposed to NP, F blank is the fluorescence of 

complete RPMI medium without cells, and F control is the fluorescence of untreated cells 

(negative control). Fluorescence measurements were obtained using a microplate 
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spectrophotometer (SpectraMax iD3; Molecular Devices) with excitation at 530 nm and 

emission at 590 nm on 96-well Black/Black Bottom plate (Fisher Scientific). 

Results were expressed as mean ± standard deviation (SD) and represent four 

independent experiments with triplicates.  

 

5.2 Macrophages 

5.2.1 Isolation of Human Monocytes 

Human monocytes were isolated as described in [78] from leukocyte-rich buffy coats 

obtained from healthy donors, kindly provided by the Department of Immunohematology 

of the Centro Hospitalar São João (CHSJ), in Porto, Portugal, under the scope of the 

Ethics Protocol 90/19.  

Briefly, buffy coats were first centrifuged at 1200 g (speed 5, brake 0; Eppendorf® 5810 

R) for 30 minutes at RT. After centrifugation, the peripheral blood mononuclear cells 

(PBMCs) layer was carefully collected. To enrich for monocytes, 67 µL of RosetteSep™ 

Human Monocyte Enrichment Cocktail (StemCell Technologies) was added per milliliter 

of PBMCs. The mixture was then incubated on a horizontal shaker (Stuart) for 20 minutes 

at RT (speed 17). This enrichment method relies on a negative selection strategy, in 

which unwanted cells are crosslinked to red blood cells via tetrameric antibody 

complexes, forming dense immunorosettes. Following incubation, the cell suspension 

was diluted in PBS supplemented with 2% v/v FBS (Biowest), layered onto Ficoll-

Histopaque (Sigma-Aldrich), and centrifuged at 1200 g (speed 2, brake 0; Eppendorf® 

5810 R) for 30 minutes at RT. During gradient separation, immunorosette complexes, 

being denser, migrated below the Ficoll layer, while monocytes remained at the interface 

between the plasma and the density gradient. Afterwards, the monocyte layer was 

carefully collected, washed three times with PBS (300 g, 6 minutes, RT; Eppendorf® 5810 

R), and finally resuspended in complete RPMI medium (RPMI (Gibco) supplemented 

with 10% v/v FBS and 1% penicillin/streptomycin (Pen/Strep) (both from Biowest)). 

Finally, the cells were counted in a Neubauer chamber using the Trypan Blue dye 

(Sigma-Aldrich) exclusion method to determine the total number of live cells obtained 

during isolation. 
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 5.2.2 Cell seeding and metabolic activity assay 

Following isolation, monocytes were seeded into 24-well plates (SARSTEDT, TC-treated 

suspension plates) containing round sterile glass coverslips (Ø 13 mm, VWR) that 

allowed cell adhesion. Each well received 0.25 × 106 cells in complete RPMI 

supplemented with macrophage colony-stimulating factor (M-CSF) at 50 ng/mL 

(11343117, ImmunoTools). Cells were incubated for 7 days to allow differentiation into 

macrophages under standard culture conditions (37°C, 5% CO₂, humidified 

atmosphere). On day 7, the culture medium was replaced with complete RPMI without 

M-CSF and the cells were incubated for 10 hours under standard culture conditions. 

Afterwards, cells were stimulated with Chol-NP or NC-NP (300 µl/well; 1010,109 and 108 

NP/mL), following a similar protocol to the one described for the cell lines (section 5.1.2) 

but with NP incubation time of 72 hours. This extended incubation period was chosen to 

support the subsequent evaluation of macrophage polarization, since the prolonged 

exposure to the NP would allow for increased expression and detection of cytokines and 

cellular markers associated with this process. Macrophages metabolic activity was 

assessed using the resazurin assay and was calculated as in section 5.1.2 using a 

Synergy Mx BioTek equipment (λ Ex = 530 nm, λ Em = 590 nm).  

 

6. Nanoparticles hemocompatibility study 

Red blood cells (RBCs) were obtained from buffy coats of healthy blood donors that were 

kindly provided by the Department of Immunohematology of the Centro Hospitalar São 

João (CHSJ), in Porto, Portugal under the scope of the Protocol 90/19.  

The hemocompatibility of Chol-NP and NC-NP was evaluated using a hemolysis assay 

adapted from [147]. Briefly, RBCs were isolated from the buffy coats by centrifugation 

(400 g, RT, 30 minutes; Eppendorf® 5810 R) using a density gradient with Histopaque-

1077 (Sigma-Aldrich). The plasma layer was carefully removed and the collected RBC 

pellet was washed three times with PBS (370 g, RT, 10 minutes per wash; Eppendorf® 

5810 R). 

The RBCs concentration was standardized to 2 × 10⁸ cells/mL in accordance with [74] 

followed by incubation with Chol-NP or NC-NP at concentrations in the order of 

magnitude of 10¹⁰, 10⁹, and 10⁸ NP/mL for 3 hours, at 37°C, in round-bottom 

polypropylene 96-well microplates (Corning). Then, the plate was centrifuged (900 g, RT, 

10 minutes; Eppendorf® 5810 R) and the supernatant transferred to a flat-bottom 96-well 
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microplates (Greiner Bio-One) for absorbance reading at 380 nm (A380), 415 nm (A415), 

and 450 nm (A450) using a microplate spectrophotometer (CLARIOstar® Plus; BMG 

LABTECH). 

The amount of hemoglobin (Hb) was calculated using the following equation (2): 

(2) 𝐻𝑏 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑚𝑔/𝑑𝐿) = [(2 × 𝐴415 − (𝐴380 + 𝐴450)) × 1000]/𝐸 

 

Where A415 corresponds to the hemoglobin absorption in the Soret band, while A380 

and A450 are correction factors for uroporphyrin, which also absorbs in the same 

wavelength range. E represents the molar absorptivity of oxyhemoglobin at 415 nm, 

which is 79.46. The hemolytic potential at each tested concentration was then calculated 

using the following equation (3): 

(3) 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 (%) =
𝐻𝑏 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝑇𝑜𝑡𝑎𝑙 𝐻𝑏 𝑣𝑎𝑙𝑢𝑒
× 100 

 

The total hemoglobin value corresponds to 100% hemolysis, induced by 1% v/v Triton 

X-100 (Sigma Aldrich, X100). Negative controls (containing only RBCs and PBS) were 

included to ensure that the RBCs were in good physiological condition, and positive 

controls (1% v/v Triton in PBS) were included to represent 100% hemolysis. All assays 

were performed in triplicate and repeated three times.  

 

7. Macrophage profile evaluation upon exposure to nanoparticles 

For macrophage profile evaluation, only the highest concentration of NP (10¹⁰ NP/mL) 

was evaluated. Experimental controls were obtained through stimulation with 10 ng/mL 

LPS (Escherichia coli serotype O55:B5, Sigma-Aldrich), 10 ng/mL of LPS plus 50 ng/mL 

IFN-γ (11343536 ImmunoTools) and 10 ng/mL of IL-10 (11340105, ImmunoTools), 

aiming to serve as two pro-inflammatory and one anti-inflammatory controls, 

respectively, for 72 hours as described in [148]. 

Following stimulation, macrophages were detached from the coverslips by incubation 

with Accutase (eBioscience) at 37°C for 30 minutes, followed by gentle scraping with cell 

scrapers (Sigma-Aldrich). The resulting cell suspension was washed (240 g, 4°C, 5 

minutes; Eppendorf® 5810 R), and the pellet was resuspended in FACS buffer (PBS, 2% 

v/v FBS (Biowest) and 0.01% v/v sodium azide (Sigma-Aldrich)). The suspension was 

then transferred to a round-bottom polypropylene 96-well microplates (Corning) for 

https://www.bmglabtech.com/
https://www.bmglabtech.com/
callto:10%20-%2011340105
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staining. For that, the cells were washed with FACS buffer and immunolabeled in the 

dark for 45 minutes at 4°C with the following antibodies: anti-human CD14-APC (1:50; 

21279146X2, ImmunoTools), CD86-FITC (1:50; 21480863X2, ImmunoTools), HLA-DR-

FITC (1:200; 48-9952-42, Invitrogen), CD40-FITC (1:50; 21270403, ImmunoTools), 

CD163-PE (1:9; 556018, BD PharmingenTM) and CD206-PE (1:200; 321106, BioLegend) 

and with Live Dead (LD, viability dye eFluor™) (1:10000; 780 - 65-0865-14, Invitrogen) 

solution diluted in PBS. After staining, cells were washed three times with FACS Buffer 

(240 g, 4ºC, 5 minutes; Eppendorf® 5810 R) and then fixed in 2% v/v paraformaldehyde 

(PFA; Sigma-Aldrich) for 15 minutes, in the dark and at 4ºC. Finally, the cells were 

centrifuged (240 g, 5 min, 4°C; Eppendorf® 5810 R) and resuspended in 200 µL of FACS 

buffer. The plate was stored at 4°C until further analysis on the cytometer. 

Unstained cells (US) and single-stained samples were also included. For single-stained 

controls, compensation beads (Invitrogen, 01-2222-42) were used. Briefly, one drop of 

beads was dispensed into a microcentrifuge tube for each antibody, followed by 

centrifugation (600 g, 5 min, 4°C; Eppendorf® 5810 R). The supernatant was discarded, 

and the pellet was carefully resuspended in 50 µL of the corresponding antibody solution 

(maintaining the staining dilutions). The mixture was incubated for 30 minutes at 4°C, 

protected from light. Afterwards, the beads were washed twice with FACS buffer, 

centrifuged at 240 g for 5 min at 4°C and were then resuspended in 200 µL of FACS 

buffer and kept at 4°C until further analysis. 

Prior to analysis, samples were filtered through a 100 µm nylon mesh (Sigma-Aldrich) 

and data were acquired on a FACS Canto Flow Cytometer (BD Biosciences) using BD 

FACSDiva™ software. Data was analyzed using FlowJo software (v10.7.2).  

The gating strategy is shown in Figure 11. Following live cell-gating, the percentage of 

positive cells for CD14, CD86, CD40, HLA-DR CD163 and CD206, together with their 

expression levels quantified as median fluorescence intensity (MFI), were determined 

through the removal of the unstained sample (US) controls. 
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Figure 11. A) Gating strategy to evaluate macrophage polarization. Monocytes were isolated from the buffy coat of 

healthy donors by negative selection using the Monocyte Enrichment Kit (RosetteSep). B) Polarization profile of 

monocytes was assessed by analyzing the expression of CD14 (a macrophage lineage marker), CD86, CD40, HLA-DR, 

CD163 and CD206 after 72 hours of stimulation. The example shown corresponds to the unstained sample (US). FSC - 

forward scatter, SSC - side scatter, LD - Live death 

 

8. Statistical analysis 

Graphics and statistical analyses were performed using GraphPad Prism software 

(GraphPad Software Inc., version 8.0). For the cytotoxicity assays in gastric cancer cell 

lines (AGS and MKN28), Ordinary one-way ANOVA was applied. For macrophage 

cytotoxicity assays, unpaired t-test was used, and when the assumption of equal 

variances was not met, Welch’s correction was applied to account for unequal standard 

deviations between groups. For flow cytometry data and for the hemolysis assays, due 

to the limited number of biological donors (n <7), a non-Gaussian distribution was 

assumed, and the nonparametric Friedman test was used for pairwise comparisons 

between experimental conditions. Differences were considered statistically significant at 

∗ or # p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. 
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IV. Results and Discussion 
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1. Nanoparticles (NP) characterization 

The nanoparticles (NP) produced, Cholesterol-functionalized norbornene chitosan 

nanoparticles (Chol-NP) and norbornene chitosan nanoparticles (NC-NP) were 

characterized in Type I water regarding their size (hydrodynamic diameter, expressed in 

nm) and concentration, expressed as the number of particles per milliliter (NP/mL) using 

the Nanoparticle Tracking Analysis (NTA) technique. Results are summarized in Table 

3.  

Table 3. Nanoparticle characterization (hydrodynamic diameter, D10, D50, D90, and concentration) was performed 

by Nanoparticle Tracking Analysis (NTA). D10, D50, and D90 represent the diameters below which 10%, 50%, and 90% 

of the particle population are found, respectively. Data are expressed as mean ± standard deviation (SD), n = 3. 

NP 
Hydrodynamic 

diameter (nm) 
D10 (nm) D50 (nm) D90 (nm) 

Concentration 

1010 (NP/mL) 

Chol-NP 163.9 ± 35.8 107.4 ± 32.4 167.3 ± 31.4 229.5 ± 60.1 1.5 ± 1.4 

NC-NP 116.7 ± 7.1 85.8 ± 13.4 103.9 ± 10.6 166.9 ± 7.2 2.1 ± 1.4 

 

Quantification of particle concentration was essential to ensure experimental 

reproducibility on the subsequent biological assays, which were performed using NP 

from different batch productions. In parallel, the evaluation of NP size (hydrodynamic 

diameter) aimed to confirm batch-to-batch consistency and to ensure that NP size 

remained above 100 nm, thereby reducing the risk of unintended translocation across 

cellular barriers [149]. 

Chol-NP had an average size of 163.9 ± 35.8 nm (Table 3) slightly larger than the control 

NC-NP, that had an average diameter of 116.7 ± 7.1 nm. This increase in size is 

consistent with what would be expected following the cholesterol functionalization, since 

the presence of this hydrophobic moiety can promote changes in NP packing and surface 

organization, resulting in an increased hydrodynamic diameter [150]. It is worth noting 

that although the Chol-NP had higher size variability, reflected by a larger standard 

deviation, the D50 value is close to the mean hydrodynamic diameter, which generally 

means that the size distribution is narrow and symmetrical, indicating that there are no 

large outliers disproportionately influencing the mean. Therefore, the Chol-NP sample is 

likely slightly polydisperse, with most particles clustered around the same size range. 

NC-NP had a narrower size distribution (D10 = 85.8 nm; D90 = 166.9 nm), consistent 

with their lower variability. The size of NC-NP was comparable to that reported in a 
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previous study (107 ± 55 nm), although the herein obtained concentration was 

approximately ten times lower than the one reported in the literature (2.2 ± 0.2 × (1011 

NP/mL)) [135]. Several hypotheses may account for this: one possibility relates to 

differences in the microfluidic system configuration, which can depend on the operator’s 

technique as well as on the specific equipment used (e.g., pumps and syringes). Another 

factor could be variations attributed to the NP quantification by NTA technique, as this 

method is sensitive to parameter settings and operator-dependent adjustments. 

Regarding Chol-NP, a concentration of (1.5 ± 1.4) × 10¹⁰ NP/mL was obtained. Although 

particles with directly comparable characteristics were not found in the literature, the 

concentration obtained remained in the same order of magnitude as the one of the non-

functionalized particles. 

In addition, the successful grafting of cholesterol-PEG-SH (Chol) onto the NorChit-NP 

(NC-NP) backbone has been confirmed by our group by Attenuated Total Reflection – 

Fourier Transform Infrared Spectroscopy (ATR-FTIR) analysis  [151].  

 

 

2. Cyto‐ and hemocompatibility of Cholesterol nanoparticles (Chol-NP) 

and NorChit nanoparticles (NC-NP) 

2.1 Cytocompatibility in Gastric Cell lines  

The cytotoxicity of Chol-NP and NC-NP was evaluated in two gastric cell lines: AGS 

(ATCC® CRL-1739) and MKN28 (ATCC® CRL-2947). Both lines are widely used as in 

vitro models in gastric cancer research, as while they are both derived from human 

gastric adenocarcinomas, they exhibit distinct phenotypes [152]. AGS cells originate 

from a primary gastric adenocarcinoma and display a moderately differentiated gastric 

epithelial phenotype [153]. In contrast, MKN28 cells are derived from well differentiated 

gastric adenocarcinoma and present an intestinal phenotype [154]. These two cell lines 

thus represent complementary models for evaluating the biocompatibility of NP based 

systems with potential applications in the gastrointestinal context [155, 156]. Throughout 

the assays, no alterations in cell morphology or confluence were observed. AGS cells 

exposed to NP retained their characteristic epithelial phenotype, displaying polygonal 

shapes and monolayer growth comparable to the untreated control, as described in [74]. 

Likewise, MKN28 cells maintained their flattened morphology with visible cytoplasmic 

extensions, a tendency to form clusters, and organized monolayer growth [135]. 
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Cytotoxicity assays (direct assays) were conducted in accordance with the ISO standard 

10993-5 [74] and results are shown in Figure 12. 

 

Figure 12. Metabolic activity of A) AGS, and B) MKN28 cell lines exposed to Cholesterol nanoparticles (Chol-NP) and 

NorChit nanoparticles (NC-NP) at increasing concentrations (10⁸, 10⁹, and 10¹⁰ NP/mL), normalized to the negative control 

C- (untreated cells). The positive control (not shown) consisted of cells incubated with a 2% v/v solution of 30% V H₂O₂. 

Cells metabolic activity was assessed by the resazurin assay (n = 4, with triplicates), and data are presented as mean ± 

SD. Statistical analysis was performed using an Ordinary one-way ANOVA, and no statistically significant difference (ns) 

was observed between the different conditions and negative control (C-). * p < 0.05 between the lowest concentration (108 

NP/mL) and the highest concentration (1010 NP/mL) of NC-NP; # p < 0.05, between Chol-NP and NC-NP at 108 NP/mL. 

The dotted red line corresponds to the 70% threshold of cytotoxicity according to ISO 10993-5 [74]. 

The results (Figure 12) demonstrate that neither type of NP (Chol-NP or NC-NP), at any 

of the concentrations tested (10¹⁰, 10⁹, and 10⁸ NP/mL), significantly altered the cells 

metabolic activity when compared to the untreated control (C-, Figure 12), indicating that 

no cytotoxic effect was seen on these cell lines. Since NorChit is chitosan (CS) 

functionalized with norbornene groups, it likely conserves the key characteristics of CS, 

such as biocompatibility [138], being these results consistent with the properties of 

reported in the literature. 

In AGS cell line a statistically significant difference was observed between Chol-NP at 

the concentration of 108 NP/mL and Chol-NP at the highest concentration, 1010 NP/mL 

(*p <0.05), with metabolic activity increasing as the Chol-NP concentration increased. 

This indicates that cells increase their metabolic activity under these conditions, where 

NP may be promoting cell viability. Regarding the analysis of the two different types of 

NP (Chol-NP and NC-NP) at the same concentration (108 NP/mL), statistically significant 

differences (#p < 0.05) were observed between NC-NP and Chol-NP at the same 

concentration, demonstrating lower metabolic activity in AGS cells treated with Chol-NP. 

The observed reduction in metabolic activity of AGS cells following NP exposure may be 

due to several mechanisms: NP are known to interact with cellular membranes and 
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organelles, potentially impairing mitochondrial function, reducing ATP production, and 

thereby suppressing metabolic activity [157, 158]. However, although there is reduction 

of metabolic activity, it is still above the 70% threshold in accordance with the ISO 

standard [74] to be considered as cytotoxic effect. Therefore, complementary assays 

assessing cell viability, apoptosis, oxidative stress markers, and mitochondrial 

membrane potential would be interesting to further clarify if the reported changes reflect 

true biological changes following NP exposure. For the MKN28 cell line, no statistically 

significant differences were observed for Chol-NP and control NP (NC-NP) at the same 

concentration nor between different concentrations for the same NP formulation.  

 

2.2  Hemocompatibility in Reb Blood Cells (RBCs) 

The hemolytic profile of Chol-NP and NC-NP was assessed using a hemolysis assay on 

human red blood cells (RBCs). This test is essential for biomaterials intended for use in 

gastric infections caused by H. pylori, due to the presence of hemorrhagic ulcers at the 

infection site [159]. Furthermore, these ulcers provide a direct entry route into the 

bloodstream, reinforcing the importance of evaluating the biocompatibility and interaction 

of the NP with cellular components of blood. As shown in Figure 13, the in vitro 

hemolysis values after exposure to the designed NP were below the 2% threshold 

established by the ASTM E2524-08 [160], therefore showing that these NP are non-

hemolytic. 
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Figure 13. Hemolysis assay. Hemolysis percentage (%) determined by hemoglobin release after incubation with 

Cholesterol nanoparticles (Chol-NP) and NorChit nanoparticles (NC-NP) at different concentrations (10⁸, 10⁹, and 10¹⁰ 

NP/mL), normalized to the positive lysis control C+ (1% Triton X-100 in PBS). Data are presented as mean ± SD (n = 3, 

with triplicates). Statistical analysis was performed using a Friedman test and non-statistically significant (ns) differences 

were observed between Chol-NP and NC-NP. The dotted red line represents the 2% threshold accepted by the ASTM 

E2524-08 as non-hemolytic [160]. 

 

2.3  Cytocompatibility in Human Macrophages  

Macrophages were chosen as a cellular model due to their central role in orchestrating 

the immune response, participating in the recognition and phagocytosis of pathogens, 

the regulation of inflammation through cytokine release, and the polarization into distinct 

phenotypes (M1/M2), influenced by environmental conditions or interactions with 

biomaterials, such as NP [85].   

Before performing flow cytometry assays to assess macrophage polarization status, the 

metabolic activity of human macrophages after exposure to NP was evaluated using the 

resazurin reduction assay. Assessing cytotoxicity beforehand allowed the selection of 

NP concentrations that maintained adequate cell viability to perform further assays, 

thereby ensuring that changes detected in flow cytometry were attributable to 

immunomodulatory effects rather than to non-specific cell death or metabolic 

impairment. 
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Figure 14. Metabolic activity of human macrophages exposed to increasing concentrations (108, 109 and 1010 NP/mL) 

of A) Cholesterol nanoparticles (Chol-NP), B) NorChit nanoparticles (NC-NP) and normalized to the negative control C- 

(untreated cells). Metabolic activity was assessed by the resazurin assay (n = 4, with triplicates) and data are presented 

as mean ± SD. Statistical analysis was performed using an unpaired t-test, and differences were considered not 

statistically significant (ns) or statistically significant to C- at ∗p< 0.05. The dotted red line represents the 70% threshold 

cytotoxicity according to ISO 10993-5 [74]. 

Following 72 hours of exposure to the Chol-NP, the 108 and 109 NP/mL concentrations 

showed no effect on the macrophages metabolism, whereas at the highest concentration 

tested (10¹⁰ NP/mL) a reduction of approximately 16% was observed relative to the 

control (Figure 14A). Nevertheless, since metabolic activity remained above the 70% 

threshold, the 1010 NP/mL concentration was considered suitable to proceed to the flow 

cytometry assays. NC-NP did not impact macrophage metabolic activity at any of the 

tested concentrations, with values remaining comparable to the control (untreated 

macrophages) (Figure 14B). 

As depicted in Figure 15, macrophages incubated with Chol-NP (Figure 15B), showed 

a more elongated phenotype, a significant morphological change when compared to 

untreated cells (macrophages without exposure to NP) (Figure 15A). 
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Figure 15. Phenotype of macrophages A) before and, B) after being stimulated with Cholesterol nanoparticles 

(Chol-NP) or C) with NorChit nanoparticles (NC-NP) at NP concentrations in the order of magnitude of 1010 NP/mL. 

A) Unstimulated macrophages exhibiting typical morphology. B) Macrophages treated with Chol-NP display an elongated 

morphology and pronounced cellular alterations. C) Macrophages incubated with NC-NP maintained similar morphology 

to the control (15A), although an increase in aggregated cellular debris (indicated by red arrows) is observed, in addition 

to floating dead cells (indicated by orange arrows). The upper panels correspond to Assay I, and the lower panels to 

Assay II (independent assays). Images were acquired at 10x magnification (bright field). 

Cell elongation in macrophages has been described in the literature as associated with 

cytoskeletal reorganization processes, which may enable cellular interactions with the 

NP [161]. Furthermore, this phenomenon may reflect changes in activation state [162], 

as more elongated morphologies have often been associated with the M1 (pro-

inflammatory) phenotype as previously reported by our team [162].  Nevertheless, this 

morphological change alone does not allow to confirm polarization as further validation 

through flow cytometry analyses is required.  

Cells exposed to the NC-NP (Figure 15C) maintained a similar morphology to the control 

(untreated macrophages) (Figure 15A), although there was an increase in cellular 

debris, which appeared in clusters (Figure 15C, red arrows). Cellular debris is naturally 

present in cell culture, consisting of remnants from dead or apoptotic cells, and is found 

in any assay due to the physiological turnover of the cell population [163]. Nevertheless, 

the formation of debris aggregates, observed specifically in macrophages treated with 

NC-NP (Figure 15C), can be explained by the cationic nature of Chitosan [135]. The 

Chitosan positive charge enables electrostatic interactions with negatively charged 

cellular remnants, such as phosphate groups in membrane phospholipids [164], further 

promoting the aggregation of debris and/or dead cells floating in the medium. 
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3. Macrophage profile evaluation 

To assess if Chol-NP and NC-NP impact the polarization of human macrophages, the 

expression of surface markers characteristic of specific polarization phenotypes was 

evaluated, along with the lineage marker CD14. Specifically, CD86, CD40, and HLA-DR 

were selected as markers associated with the pro-inflammatory M1-like phenotype [83], 

as their upregulation reflects enhanced antigen-presenting capacity and co-stimulatory 

activity [165, 166]. Conversely, CD163 and CD206 were analyzed as representative 

markers of the anti-inflammatory M2-like phenotype, which are typically involved in tissue 

remodeling, clearance of cellular debris, and resolution of inflammation. The chosen 

panel is widely validated in the literature for distinguishing functional polarization states 

in human macrophages [167].  

In addition, cell viability was controlled by excluding CD14⁺ cells that stained with the 

viability dye (LD). Since this dye penetrates cells with compromised membrane integrity, 

it allows the identification and exclusion of non-viable cells, ensuring that marker 

expression was analyzed only in live macrophages. Figure 16 shows the percentage of 

viable CD14⁺ cells obtained from an assay performed with three healthy human donors.  

 

 

 

 

 

 

 

 

 

Figure 16. Effect of Cholesterol-nanoparticles (Chol-NP) and NorChit-nanoparticles (NC-NP) on human 

macrophages polarization (n = 3). “C–” corresponds to the negative control (untreated cells). Lipopolysaccharide (LPS) 

was used as a positive control for bacterial infection, whereas LPS + interferon-gamma (IFN-γ) served as a positive control 

for bacterial infection in an inflammatory environment. Interleukin-10 (IL-10) was used as positive control for an anti-

inflammatory environment. Statistical analysis was performed using the Friedman test, with all comparisons made against 

untreated control. Differences were considered statistically significant at *p < 0.05, **p < 0.01 or not significant (ns). Dotted 

red line shows the 70% threshold regarding cytotoxicity according to ISO 10993-5 [74].  

Looking at the % of live cells exposed to the two types of NP, NC-NP had a marked 

reduction in cell viability (below the ISO 10993-5 70% threshold) (Figure 16). Due to 

experimental constraints, the NP concentration was only determined after macrophage 
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stimulation, and therefore the concentration could not be normalized beforehand. 

Therefore, this cytotoxic profile might be linked to the fact that the NC-NP concentration 

used was five-fold higher (5.56 × 1010 NP/mL) compared to the concentrations used in 

other assays (Table 3). Reinforcing this is also the fact that the prior metabolic activity 

assays performed and described in Section 2.3 (Figure 14) did not reveal cytotoxicity for 

this type of NP (n = 4) within the usual concentration range (Table 3). In contrast to the 

NC-NP, the concentration obtained for the Chol-NP batch (1.41 × 1010 NP/mL) was 

comparable to those of previous batches previously used and no reduction in the overall 

cell viability was observed, being consistent with previous results (Figure 14 vs Figure 

16). 

Regarding the expression of surface markers, levels were evaluated after stimulation 

only with Chol-NP. Due to the decreased viability of cells treated with NC-NP (Figure 

16), the results for this condition were not considered to be discussed, as it is not possible 

to determine whether the changes in marker expression result from immunomodulatory 

mechanisms or from cell death. In addition to NP stimulation, staining in positive controls 

for different polarization phenotypes was analyzed. For the M1 polarization profile, the 

positive controls were i) stimulation with lipopolysaccharide (LPS), simulating a bacterial 

infection, and ii) LPS plus interferon-gamma (IFN-γ), simulating a bacterial infection 

combined with an inflammatory environment. For the M2 profile, the positive control was 

stimulated with interleukin-10 (IL-10). 

 

3.1  Evaluation of the expression profile of CD163 and CD206 

The scatter plots presented in Figure 17A and 17B show the distribution of surface 

marker expression in a representative experiment, illustrating the differences in the 

expression of CD163 (scavenger receptor) and CD206 (mannose receptor), both 

associated with the M2 phenotype, in the various stimulation conditions reported in 

Figure 16. From these plots, it was possible to select double-positive cells 

(CD14⁺CD163⁺ or CD14⁺CD206⁺) in each experimental condition, as demonstrated in 

Figure 17C and 17D. 
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Figure 17. Surface marker expression is presented as scatter plots for A) CD163 and B) CD206, and the 

corresponding percentage of positive cells (% Cells) in C) and D), from human macrophages (n = 3) differentiated 

in the presence of M-CSF for 7 days. Cells were subsequently cultured for 72 hours with Chol-NP, LPS 

(lipopolysaccharide; M1), LPS + INF-γ (LPS + interferon-gamma; M1), or IL-10 (M2), “C–” corresponds to the negative 
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control (untreated cells). Median fluorescence intensity (MFI) of E) CD163 and F) CD206 was calculated by subtracting 

the fluorescence intensity of the corresponding unstained sample (US). Statistical analysis was performed using the 

Friedman test, with all comparisons made against untreated control. Differences were considered statistically significant 

at ∗p < 0.05, ** p < 0.01 or not significant (ns). 

CD163 expression increased in the M1 control conditions (LPS and LPS + IFN-γ 

stimulation) and increased slightly in the M2 control condition (IL-10), although statistical 

significance was only reached for the first M1 control (LPS stimulation, **p<0.01) (Figure 

17C).This observation is not in line with what is reported in the literature [168], as CD163 

upregulation has been reported to be typically associated with M2a polarization (derived 

from IL-4 and IL-13 stimulation), rather than M2b and M2c profiles [169], However, 

several studies have shown that IL-10 can "prime" macrophages for M2a, M2b, or M2c 

polarization (without completely compromising them) [170] and can induce CD163 

expression if macrophages are previously differentiated with M-CSF [148] as was done 

in this study (5.2.2 of Materials and Methods section). Therefore, an increase in 

expression of the M2 control (IL-10 stimulation) should have been observed, rather than 

the M1 controls (LPS stimulation and LPS + IFN-γ stimulation). Some aspects may 

account for this observation, as Purcu D. et al. reported that, although CD163 expression 

remains elevated at 72 hours, its peak expression is reached at 48 hours [148] and this 

time point should be considered in future studies. Furthermore, IL-10 has been shown to 

induce the production of Transforming Growth Factor Beta 1 (TGF-β1), which may also 

suppress CD163 expression to some extent [171]. Ultimately, the discrepancy in CD163 

levels may also be attributed to donor variability, a condition inherent to experiments 

using primary human cells. Donor-derived macrophages can exhibit distinct basal 

activation states, receptor expression levels, and responsiveness to stimuli. All of these 

differences are influenced by genetic background, environmental exposures, and 

immune history, which may modulate the expression of surface markers such as CD163 

[172]. Regarding cells stimulated with Chol-NP, there was no significant change in the 

expression of this marker compared to the control, indicating that Chol-NP do not 

modulate CD163 expression under the tested conditions. 

CD206 expression was reduced under M1 control conditions and remained stable in cells 

treated with IL-10 (Figure 17D), as expected according to [173]. This pattern is 

consistent with the well-established association of CD206 with alternatively activated 

macrophages (M2 phenotypes), which are promoted by anti-inflammatory cytokines 

such as IL-10.  In cells incubated with Chol-NP (Figure 17D), no statistically significant 

differences were observed in the expression of this marker, indicating that Chol-NP do 

not alter the regulatory mechanisms governing CD206 expression. 
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A decrease in the expression levels of the lineage marker CD14 was noted compared to 

the control in the scatter plots in Figures 17A and 17B. NP can interfere with signaling 

cascades, altering the recycling cycle of membrane receptors, as previously 

demonstrated, and thus inducing phenotypic shifts towards less mature activation states 

[174]. Previous studies indicate that CS can activate TLR4-mediated signaling pathways, 

in which CD14 acts as a co-receptor [175]. Furthermore, stimuli such as glucocorticoids 

[176], IL-13 [177] or LPS [178, 179] can inhibit its expression. It is plausible that NP 

induces similar changes, either by activating cellular stress pathways or promoting the 

release of anti-inflammatory mediators, contributing to a remodeling of the surface 

proteome, including a reduction in CD14. 

The median fluorescence intensity (MFI) was also analyzed, providing a measure of the 

average amount of the marker expressed per cell, complementing the frequency data 

that indicates the percentage of cells positive for a given marker (Figure 17E and 17F). 

A trend towards reduced CD206 expression (not statistically significant different) was 

observed in the presence of Chol-NP, as illustrated in Figure 17F, but further assays 

with more donors would be required to confirm this trend.  

Overall, from a biological safety perspective, the absence of upregulation of CD163 and 

CD206 suggests that Chol-NP are unlikely to trigger unintended activation of the 

signaling pathways associated with these markers. 

 

3.2  Evaluation of the expression profile of CD86, CD40 and HLA-DR 

The expression levels of CD86 (a costimulatory protein involved in T cell activation), 

CD40 (another costimulatory protein), and HLA-DR (a major histocompatibility complex 

class II protein, MHCII) were also evaluated to investigate a potential pro-inflammatory 

modulation induced by the NP (Figure 18). This hypothesis is supported by previous 

studies reporting that CS, used as the biopolymer for NP formulation, may promote an 

M1-like polarization profile [148]. 
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Figure 18. Surface marker expression shown as scatter plots for A) CD86, B) CD40, and C) HLA-DR, and 

corresponding expression frequencies (% Cells) in D), E), and F), in human macrophages (n = 3) differentiated in 

the presence of M-CSF for 7 days. Cells were then stimulated with Chol-NP, LPS (bacterial infection control, M1), LPS + 

IFN-γ (bacterial infection and inflammation control, M1), or IL-10 (anti-inflammatory control, M2) for 72 hours. “C–” 
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corresponds to the negative control (untreated cells). Median fluorescence intensity (MFI) for G) CD86, H) CD40, and 

I) HLA-DR was calculated by subtracting the fluorescence of the corresponding unstained sample (US). Statistical 

analysis was performed using the Friedman test, with all comparisons made against untreated control. Differences were 

considered statistically significant at ∗p < 0.05, ** p < 0.01 or not significant (ns). 

CD86 was strongly expressed in M1 controls (LPS and LPS + IFN-γ) and downregulated 

in the M2 control (IL-10), consistent with previous studies [180, 181]. Furthermore, no 

significant differences in CD86 expression were observed in Chol-NP treated cells 

compared to the untreated control (Figures 18D). This suggests that Chol-NP does not 

promote proinflammatory M1 polarization under the conditions tested, indicating a lack 

of a stimulatory effect on macrophage activation via the CD86 pathway. Similarly, CD40 

expression was elevated in M1 controls and reduced in the M2 control (Figure 18E) [182, 

183]. Upon stimulation with Chol-NP, no significant changes in CD40 expression were 

observed, indicating that these NP do not induce costimulatory activation in 

macrophages via the CD40 pathway. 

HLA-DR is a component of MHC class II typically associated with M1 polarization in 

response to pro-inflammatory stimuli, such as LPS [83]. However, the expression levels 

observed in the M1 controls did not reflect this pattern, which may be related to the time 

points used in the experiment (Figure 18F), as this molecule may be initially expressed 

and subsequently internalized [83]. Therefore, it would be relevant in future studies to 

assess HLA-DR expression at different stimulation times beyond the 72 hours used in 

this study, as described elsewhere [148]. Nevertheless, Chol-NP did not induce 

significant changes in HLA-DR expression under the settings used in these experiments 

(Figure 18F). MFI values were also analyzed and found to be consistent with the 

respective expression frequencies (Figures 18G, 18H, and 18I). Furthermore, there was 

a trend toward reduced MFI for CD86 in cells treated with Chol-NP. 

According to the literature, the polarization capacity of CS depends on several factors, 

such as its purity, contaminants, and especially its degree of acetylation (DA) [78]. In the 

present study, CS was functionalized with norbornene groups (NorChit), with a 

substitution ratio of 0.38 group/CS monomer. Although the initial CS had a low DA (2-

3%), typically associated with anti-inflammatory effects in human macrophages, the 

chemical modification with norbornene groups may have reduced the number of 

available amine groups. This could lead to a more pro-inflammatory macrophage 

response, as previously reported in studies using CS with a higher DA [184], than that 

used in this study. 
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Overall, the results, even though preliminary, indicate that Chol-NP did not induce 

significant changes in the expression of the surface markers analyzed and highlight the 

Chol-NP biocompatible profile to be used in a H. pylori infection scenario. 
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V. Conclusions and Future work 

The main objective of this study was to establish the biological safety profile (cyto- and 

hemocompatibility profile, as well as the impact on macrophage polarization) of 

cholesterol-functionalized chitosan nanoparticles (Chol-NP), aimed to be used for 

Helicobacter pylori (H. pylori) gastric infection management. Establishing the NP 

biological safety profile is a crucial link on the chain for developing and validating a 

bioengineered therapeutic strategy.  

Chol-NP did not significantly affect the metabolic activity of the gastric cell lines AGS 

(ATCC® CRL-1739) and MKN28 (ATCC® CRL-2947), and they also did not exhibit 

hemolytic profile, indicating that they are safe to be administered even to patients with 

active bleeding ulcers. As H. pylori infection is characterized by a highly inflammatory 

environment [87], the effect of Chol-NP on immune cells and its immunomodulatory 

potential were subsequently evaluated using human macrophages differentiated from 

monocytes isolated from the buffy coats of healthy donors. The results showed that Chol-

NP did not impact macrophage metabolic activity. Furthermore, no modulatory effect on 

macrophage polarization was detected, and no significant changes in the expression 

levels of the analyzed surface markers (CD163, CD206, CD86, CD40 and HLA-DR) were 

reported to be associated with exposure to Chol-NP.  Although Chol-NP did not promote 

macrophage transition to an anti-inflammatory phenotype, potentially beneficial for 

combating the inflammation associated to the H. pylori chronic infection, they also did 

not exacerbate inflammatory responses. Thus, the preliminary results herein depicted 

corroborate Chol-NP as cytocompatible and immune-safe within the context of H. pylori 

infection. 

Future directions concerning the immuno-profile characterization of the Chol-NP include 

repeating experiments with a larger sample size and performing stimulation at multiple 

time points to better understand the dynamics of marker expression (e.g., HLA-DR and 

CD163), as well as analyzing the response for the NC-NP. It would also be interesting to 

analyze the macrophage culture supernatants via Enzyme-Linked Immunosorbent 

Assay (ELISA) to quantify the types and amounts of cytokines released, given that this 

secretory profile serves as a reliable indicator of macrophage polarization. Furthermore, 

given that Chol-NP did not induce polarization under basal conditions, it would be 

interesting to determine whether this remains true under pro-inflammatory conditions. To 

this end, a new experimental condition should be designed, in which macrophages would 

be stimulated with (lipopolysaccharide) LPS plus interferon-gamma (IFN-γ) and in the 

presence of Chol-NP. To complement the current findings, similar assays could be 
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extended to other immune cells, such as dendritic cells, which play a critical role in 

initiating adaptive immune responses, along with macrophages. 

Another aspect to be addressed in the future involves the assessment of the possibility 

that NP may be internalized by macrophages. This could be monitored both spatially and 

temporally by labeling Chol-NP with fluorophores detectable by confocal microscopy. 

Finally, additional omics-level analyses, including proteomic and genomic profiling, could 

be conducted to characterize the molecular landscape of NP-treated macrophages. 

Techniques such as mass spectrometry (MS), as well as DNA and RNA sequencing, 

could provide complementary insights into polarization profiles and elucidate cellular 

mechanisms related to lipid metabolism, apoptosis, phagocytosis, and other 

fundamental biological processes. 
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