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Les infections sexuellement transmissibles (IST) peuvent être d’origine bactérienne 

(chlamydiose, gonococcie, syphilis), virale (infection au papillomavirus humain, herpès, 

infection au virus de l’immunodéficience humaine (VIH)) ou parasitaire (trichomonase) 

(WHO, 2013). Les IST bactériennes sont guérissables. Toutefois, si elles ne sont pas 

diagnostiquées ni traitées, elles peuvent entraîner de graves complications et des séquelles à 

long terme pour les femmes, telles que des infections génitales hautes, des grossesses extra-

utérines et des fausses couches. Non traitées chez la femme enceinte, elles augmentent le 

risque de morbidité pouvant aller jusqu’à la cécité et le décès du nouveau-né. De plus, non 

traitées, la gonococcie et la chlamydiose peuvent provoquer la stérilité tant chez les hommes 

que chez les femmes (WHO, 2013). Ces IST peuvent également multiplier par 2 ou 3, voire 

plus, le risque de contracter le VIH (WHO, 2012, 2013).  

Les IST bactériennes peuvent généralement être guéries par antibiothérapie. 

Malheureusement, des germes responsables de la chlamydiose et de la syphilis ont développé 

de l’antibio-résistance. Mais cette résistance est beaucoup moins répandue comparée à celle 

observée avec le germe responsable de la gonococcie, le gonocoque (WHO, 2013). 

L’apparition de souches de gonocoque multi-résistantes a progressivement fait place à 

l’apparition de souches résistantes au traitement actuel de dernière intention, les 

céphalosporines à spectre étendu que sont la céfixime (voie orale) ou la ceftriaxone (voie 

injectable) (WHO, 2013). Aujourd’hui, des souches de gonocoque ne réagissant à aucun des 

antibiotiques connus, existants sur le marché, ont déjà été mises en évidence (WHO, 2017). 

Parallèlement, cette infection ne cesse de se propager à travers le monde. Selon les 

estimations de l’Organisation Mondiale de la Santé (OMS) réalisées en 2016, chaque année, 

78 millions de personnes sont infectées par le gonocoque dont 35,2 millions dans la région du 

Pacifique occidental, 11,4 millions dans la région de l'Asie du Sud-Est, 11,4 millions dans la 

région africaine, 11,0 millions dans la région des Amériques, 4,7 millions dans la région 

européenne et 4,5 millions dans la région de la Méditerranée orientale (WHO, 2016). L’OMS 

rapporte même que ces chiffres sont sous-estimés par rapport à l’ampleur réelle de ce 

problème mondial, du fait de l’existence de formes asymptomatiques. L’OMS mentionne 

également que l’une des raisons de l’augmentation des cas de gonococcie dans le monde ces 

dernières années est la baisse de l’utilisation des préservatifs. Pourtant le préservatif est 

jusqu’à présent le seul moyen efficace de prévention contre la gonococcie lorsqu’il est 

correctement et régulièrement utilisé. 

La recherche et le développement pour la gonococcie est relativement peu développée. Parmi 

toutes les nouvelles molécules, seulement 3 nouveaux antibiotiques candidats que sont la 



 

18 

 

solithromycine (essai de phase III); le zoliflodacin (essai de phase II); et le gepotidacin (essai 

de phase II) sont en phase de développement clinique (Fernandes and Martens, 2017). La 

mise au point de nouveaux antibiotiques n’est pas très attrayante pour les sociétés 

pharmaceutiques car ces traitements sont administrés uniquement pendant de courtes périodes 

contrairement aux médicaments contre les maladies chroniques. De plus, ces antibiotiques 

peuvent devenir moins efficaces à mesure que la résistance se développe, ce qui signifie un 

perpétuel recommencement (Fernandes and Martens, 2017). S’orienter vers de nouvelles 

approches afin d’améliorer la prévention serait une alternative.  

Dans ce contexte, nous proposons de concevoir un nouveau moyen de prévention. En effet, 

les lactobacilles sont des bactéries commensales, prédominantes dans la flore vaginale saine 

qui luttent contre les infections in vivo. Leur présence et leur prédominance dans le vagin sont 

associées à une diminution de la susceptibilité de la femme aux infections urogénitales et 

d'infections sexuellement transmissibles. L'utilisation des lactobacilles pour le traitement et/ou 

la prévention des infections urogénitales telles que les infections récurrentes des voies 

urinaires, les bactérioses vaginales et les mycoses vaginales, est une approche en plein 

développement (Pascual et al., 2008, Reid, 2002, Reid et al., 2003, 2004) qui a déjà conduit à 

des produits sur le marché. Certains lactobacilles ont démontré une activité sur le gonocoque 

in vitro (Amant et al., 2002; Muench et al., 2009; Osset et al., 2001; Saigh et al., 1978) et ex 

vivo sur une muqueuse vaginale de porc (Breshears et al., 2015). Par ailleurs, la femme est la 

principale cible des IST, ce qui peut influencer la santé du nouveau-né. Ainsi, disposer d’un 

système qu’elle est capable de manipuler elle-même serait un atout considérable dans la 

gestion de la gonococcie. Ce système serait préférentiellement destiné à la voie vaginale qui 

est la voie d’administration la plus intéressante dans la prévention des IST puisqu’elle est la 

principale porte d’entrée des agents pathogènes. Les hydrogels sont des supports 

d’administration de substances actives. Ils ont une bonne acceptabilité, sont faciles à 

développer pour les formulateurs et faciles d’utilisation par les femmes. Un gel, surtout 

thermogélifiant, contenant des lactobacilles semble donc une approche attractive pour traiter 

ou prévenir la gonococcie par la voie vaginale. Il pourra se présenter sous une forme liquide 

pour faciliter son administration et son étalement et gélifier dans le vagin pour prolonger son 

temps de résidence. 

 

Ce projet a été réalisé dans le cadre d’une thèse en co-tutelle entre l’Université Félix 

Houphouët-Boigny (Abidjan, Côte d’Ivoire) et l’Université Paris-Sud de l’Université Paris-

Saclay (Chatenay-Malabry, France) sous la co-direction des Professeurs Armand Koffi et 
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Florence Agnely. Il se situe dans le cadre du projet AMRUGE-CI qui visait à financer les 

projets de recherche initiés par des équipes ivoiriennes et à renforcer les collaborations entre 

les universités des deux pays. Il a nécessité plusieurs collaborations : (i) Laboratoire de 

Pharmacie Galénique, Cosmétologie et Législation Pharmaceutique, UFR des Sciences 

Pharmaceutiques et Biologiques d’Abidjan, Université Félix Houphouët-Boigny, Abidjan, 

Côte d’Ivoire, (ii) Institut Galien Paris-Sud, CNRS UMR 8612, Université Paris-Sud, 

Université Paris-Saclay, Châtenay-Malabry, France, (iii) EA 4043, Unité Bactéries 

Pathogènes et Santé, Université Paris-Sud, Université Paris-Saclay, Châtenay-Malabry, 

France, (iv) Institut Pasteur, Département de Microbiologie, Unité des Agents du Tractus 

Génital, Abidjan, Côte d’Ivoire, (v) Université de Rouen, Laboratoire Polymères 

Biopolymères Surface, F-76821 Mont Saint Aignan, France, (vi) IFR141-IPSIT, Plateforme 

d’Imagerie Cellulaire, Université Paris-Sud, Université Paris-Saclay, Châtenay-Malabry, 

France. 

 

Ce manuscrit est rédigé en français avec certains chapitres sous formes d’articles destinés à 

publication rédigés en anglais. Dans une première partie intitulée travaux antérieurs, nous 

essaierons de faire l’état des lieux des connaissances sur la gonococcie, en particulier la 

structure du germe, son mécanisme d’infection et de développement des résistances, et les 

perspectives en matière de prévention et de traitement (chapitre I). Nous nous intéresserons 

ensuite (i) à l’utilisation des lactobacilles pour traiter et prévenir les infections et leur 

mécanisme d’action, (ii) à la voie vaginale et (iii) à la forme galénique hydrogel (chapitre II). 

Le chapitre III traitera des propriétés physico-chimiques des polymères utilisés pour la 

formulation dont le poloxamer 407 et l’alginate de sodium, de leur utilisation et de leurs 

applications en pharmacie. Dans une deuxième partie expérimentale, nous présenterons les 

aspects physico-chimiques du mélange de polymères (chapitre IV), les aspects de 

caractérisation de la souche de lactobacille choisie, ainsi que les aspects de formulation et de 

caractérisation (chapitre V). Quelques manipulations complémentaires en termes de pistes 

d’optimisation du système feront l’objet du chapitre VI. Nous terminerons par une discussion 

générale de nos travaux de recherches et par les perspectives de développement qui en sont 

issues.  
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INTRODUCTION 

La première partie de ce manuscrit consacrée aux travaux antérieurs est organisée en trois 

chapitres.  

Le premier chapitre est rédigé en anglais, sous la forme d’un article de revue destiné à être 

soumis à publication. Ce chapitre présente l’état de l’art sur la gonococcie, la structure de 

l’agent pathogène responsable, son mécanisme d’infection et de développement des 

résistances. Il souligne les progrès récents et les problèmes actuels de la prise en charge de 

cette infection sexuellement transmissible. Il discute également les traitements et moyens de 

prévention de la gonococcie ainsi que les perspectives en la matière. 

Le deuxième chapitre également rédigé en anglais, sous la forme d’un article de revue 

destiné à la publication, montre l'intérêt de l’utilisation des lactobacilles pour la prévention 

et/ou le traitement de la gonococcie. Cette revue bibliographique, par ailleurs, justifie le choix 

d’une souche de lactobacilles (Lactobacillus crispatus) en raison de ses propriétés 

probiotiques et de son activité sur Neisseria gonorrhoeae. Des formulations à base de 

probiotiques pour la voie urogénitale sur le marché et celles faisant l’objet de travaux de 

recherche sont recensées. Ce chapitre, en outre, décrit les caractéristiques de la voie vaginale, 

ses avantages, ses inconvénients et les formes galéniques adaptées à une administration par 

cette voie. 

Le troisième chapitre, rédigé en français, présente les caractéristiques des formulations 

thermosensibles à base de poloxamer 407 et celles de l’alginate de sodium, discute leurs 

propriétés physico-chimiques et leurs applications en pharmacie, dans le but de justifier le 

choix de ces excipients pour nos travaux expérimentaux. 
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CHAPITRE I : GONOCOCCIE : AVANCEES RECENTES ET 

PROBLEMES ACTUELS 
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Introduction-Résumé  

La gonococcie est une infection sexuellement transmissible (IST) bactérienne causée par 

Neisseria gonorrhoeae (N. gonorrhoeae), appelé gonocoque. Chaque année, environ 

78 millions de nouvelles personnes la contractent dans le monde (WHO, 2016). Le plus 

souvent, cette infection est asymptomatique, de sorte que les cas signalés sont sous-estimés 

par rapport à l’ampleur réelle de l’infection. La gonococcie est la deuxième IST bactérienne la 

plus fréquente après l'infection par Chlamydia trachomatis (Kumar et al., 2005; Pearson et al., 

2004; Rompalo, 2004; WHO, 2016). La gonococcie peut avoir des conséquences graves 

pouvant aller jusqu’à l’infertilité chez l’adulte (Arya et al., 1980; Grodstein et al., 1993) et la 

cécité chez le nouveau-né (Galega et al., 1984; Laga et al., 1986). Par ailleurs, la gonococcie 

facilite la transmission du virus de l'immunodéficience humaine (VIH) en fragilisant les 

barrières mécaniques contre l'infection et en augmentant l'inflammation, en augmentant le 

nombre de copies de l'ARN du VIH (CDC, 1998; Cohen, 2004; Fleming and Wasserheit, 

1999; Jarvis and Chang, 2012; Wasserheit, 1992). Comparée aux deux autres IST 

bactériennes (chlamydiose et syphilis), on note une augmentation très importante de la 

résistance aux antibiotiques dans le cas de la gonococcie, et bien plus, une résistance aux 

traitements de dernière intention (ceftriaxone  et cefixime) (Lefebvre et al., 2018). Il n’existe 

actuellement pas de vaccins car la grande variabilité antigénique du gonocoque rend difficile 

leur développement. Il n’existe pas non plus de nouvelles molécules sur le marché pouvant 

être utilisées pour le traitement de la gonococcie. Le seul moyen de prévention efficace qui est 

le préservatif est malheureusement peu ou mal utilisé. Pour toutes ces raisons, la gonococcie 

est un problème majeur de santé publique.  

Ce chapitre a pour objectif de décrire, dans un premier temps, l’agent pathogène responsable 

de la gonococcie, ses voies de transmission, sa pathogénicité, et ses manifestations. Nous 

présentons ensuite l’évolution des traitements et leurs limites ainsi que l’évolution des 

résistances aux antibiotiques. Nous abordons les moyens de prévention, et décrivons les 

mécanismes de résistances rendant difficile le développement de vaccins. Tout cela montre les 

difficultés liées au traitement et à la prévention de cette infection. Nous terminerons par les 

perspectives en la matière. 
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Abstract 

The infection by Neisseria gonorrhoeae called gonorrhea is a sexually transmitted infection. 

Nowadays, it is a major public health concern due to the increasing resistance to antibiotics 

and the difficulties to develop a vaccine. This review is a critical study of the mechanisms of 

this infection, and of the evolution of its treatments and prevention means. It aims to underline 

the recent advances, the current hurdles in the treatment and the prevention of gonorrhea and 

the new strategies that are currently being developped. 
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1. INTRODUCTION 

Gonorrhea is a sexually transmitted infection (STI) caused by Neisseria gonorrhoeae (N. 

gonorrhoeae). About 78 million new cases occurred each year in the world. More often this 

infection is asymptomatic, so the reported cases are underestimated compared to the real 

disease burden. Gonorrhea is the second most common bacterial STI after the infection by 

Chlamydia trachomatis (WHO, 2016). It can cause severe damages such as infertility 

(Grodstein et al., 1993) both in men and women and blindness in newborns (Laga et al., 

1986). Moreover, gonorrhea, as all STI, facilitates the transmission of human 

immunodeficiency virus (HIV) by breaching of the mechanical barriers to infection, 

increasing inflammation, and enhancing the HIV RNA copy number (Cohen, 2004; Jarvis and 

Chang, 2012). In the early 2000s, N. gonorrhoeae became resistant to ciprofloxacin, a 

fluoroquinolone which up to then was used as the first line treatment of uncomplicated 

urogenital gonorrhea. Resistance to antibiotics is progressing. Nowadays, the emergence of 

resistance to third-generation cephalosporins that are current recommended treatments, 

mainly to oral cefixime, but also more recently to injectable ceftriaxone, has lead to 

therapeutic impasse (WHO, 2017). Moreover, there is currently neither vaccine nor new drug 

emerging on the market. Thus, gonorrhea has become a major public health issue, and it is 

urgent and crucial to reinforce prevention by developing new strategies. In this article we 

review the majority of the data from published studies on gonorrhea. This will help to 

understand the current issues caused by gonorrhea, the mechanisms of infection, the evolution 

of the treatments and the prevention means, in order to give the basis for future research 

orientations. 

 

2. EPIDEMIOLOGY 

In 2012, the WHO reported that the estimated number of new cases of gonorrhea in the world 

was 87.7 million in 2005, and has increased to 106.1 million in 2008 (WHO, 2012). In 2016, 

the WHO reported that 78 million new cases occurred in 2012 among adolescents and adults 

aged 15–49 years worldwide with a global incidence rate of 19 per 1000 females and 24 per 

1000 males (WHO, 2016). The prevalence of gonorrhea for the year 2013 was about one 

hundred million new cases (Newman et al., 2015; Vos et al., 2015). Therefore, each year, 

about one hundred million new persons become infected. This prevalence is underestimated 

due to the existence of asymptomatic forms mainly in women. 
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3. PATHOGENIC AGENT 

Gonorrhea is caused by a bacterium called Neisseria gonorrhoeae (N. gonorrhoeae). N. 

gonorrhoeae is a Gram-negative diplococcus (Fig. 1) that is found in humans only. This non-

motile bacterium survives poorly outside the human body and is sensitive to silver nitrate, 

drying, light and oxidation. It looks like a pair of coffee beans adjoined and flattened on the 

adjoining sides (Fig. 1) and measures 0.7-1 µm.  It is an intra or extra-cellular bacterium (Fig. 

1). N. gonorrhoeae is an aerobic bacterium with stringent nutritional requirements. It can 

grow best on enriched media such as lysed sheep’s blood agar called “chocolate” agar or 

selective medium called Thayer-Martin medium in the presence of 5 % of carbon dioxide 

(CO2). N. gonorrhoeae envelope consists in an inner membrane (that is composed of two 

phospholipid leaflets and different lipoproteins) surrounded by a thin peptidoglycan cell wall. 

This peptidoglycan wall is surrounded by an outer membrane (that consists of two leaflets, the 

inner leaflet being composed of one phospholipid layer and the outer leaflet of lipo-

oligosaccharide (LOS) and different proteins) (Morse, 1978; Virji, 2009) (Fig. 2). Its surface 

is negatively charged and hydrophobic. Regarding N. gonorrhoeae antigenic structures and 

virulence factors (Virji, 2009) (Fig. 2), there are (i) pili, that help the bacterium to adhere to 

cells, (ii) LOS, an endotoxin, (iii) IgA1 protease that splits and inactivates immunoglobulin A 

(IgA), and (iv) 3 types of outer membrane proteins: 

- porin proteins or protein I (por) that affect the permeability and penetration of antibiotics 

into the organism. They promote the intracellular survival of N. gonorrhoeae; 

- opacity proteins or protein II (opa) that increase the binding of N. gonorrhoeae to the 

epithelial cells and promote its entry into cells; 

- reduction-modifiable proteins or protein III (rmp) that protect other surface antigens from 

bactericidal antibodies. They are associated with protein I.  

 

 

Figure 1. An urethral exudate containing Neisseria gonorrhoeae from a patient with gonococcal urethritis after 

Gram-staining showing typical intracellular Gram-negative diplococci, and pleomorphic extracellular Gram-

negative organisms from the public health image library of CDC (CDC/Dr. Norman, 1974). 
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Figure 2. Schematic representation of the Neisseria gonorrhoeae surface structure, showing the major 

components of this wall (inner- and outer-membrane, peptidoglycan) and its antigenic structure (pili, por, opa, 

rmp, LOS) depicted from the publications of Edwards and Apicella, 2004, and Virji, 2009. 

 

4. TRANSMISSION 

Gonorrhea is commonly transmitted through sexual contact, from infected vagin to penis or 

mouth or from infected penis to vagin, mouth and anus. Gonorrhea can also be transmitted 

from mother to child during delivery (De Schryver and Meheus, 1990). The bacterium then 

develops in the cervix, uterus, fallopian tubes and urethra of women or urethra of men and in 

mouth, throat, eyes and anus. 

Lin et al. (1998) assessed the transmission of N. gonorrhoeae among men with urethritis and 

their female sex partners. They showed that N. gonorrhoeae auxotype (class defined by 

checking N. gonorrhoeae requirements for specific nutrients in chemically defined media) 

and serovar (class defined by checking N. gonorrhoeae antigenic properties using serologic 

methods) were similar both in a man and his female partner in 98 % of the cases (Lin et al., 

1998). This result confirmed the sexual transmission of N. gonorrhoeae. 

Moreover, N. gonorrhoeae transmission is more efficient from an infected man to a woman 

during vaginal intercourse and the rate increases after repeated exposure (Rompalo, 2004). It 

is independent of ejaculation. It was demonstrated that the difference likely reflects the 

volume of the inoculum of N. gonorrhoeae deposits on a susceptible mucosal surface as well 

as the inherent efficiency of internal deposition of infective secretions (Handsfield and 

Sparling, 2004). 

Lipo-oligosaccharide Phospholipid Lipoprotein 
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5. PATHOGENESIS MECHANISMS 

Host barriers to infection consist of innate and adaptive immune defense (Kumar et al., 2005; 

Mims et al., 2001). Innate immune defense mechanism exists before infection and responds 

rapidly to pathogens while adaptive immune responses are stimulated by exposure to 

pathogens and increase with successive exposures. The innate defense mechanisms include 

the intact mucosa surface as physical barrier to infection, phagocytic cells (macrophages, 

neutrophils), natural killer cells, and plasma proteins like complement system proteins 

(multimolecular complex that possesses cytolytic activity and forms the membrane attack 

complex (Janeway et al., 2001) and other mediators of inflammatory responses called 

cytokines (tumor necrosis factor (TNF) as TNF-α, interleukins (IL)), chemokines and 

interferons (Janeway et al., 2001b). When N. gonorrhoeae enters the host, it first adheres to 

the epithelial cells microvillosities by its pili which bind to CD46, a complement-regulatory 

protein expressed by all human nucleated cells (Kumar et al., 2005). N. gonorrhoeae opa 

proteins reinforce this adherence and promote N. gonorrhoeae penetration into epithelial cells 

by endocytosis (Bessen and Gotschlich, 1986). Then, N. gonorrhoeae replicates and forms a 

vacuole that is transported to the base of the cell, where the bacterium is released by 

exocytose into subepithelial tissue (Fig. 3). An influx of neutrophils associated with 

inflammation occurs at this site. Bacterial lipo-oligosaccharide and peptidoglycan are released 

by autolysis of cells. Bacterial polysaccharides activate the host’s alternative complement 

pathway, while LOS stimulates the production of TNF which causes cell damage (McGee et 

al., 1992) and creates breaches in epithelial integrity through which the bacteria can pass. N. 

gonorrhoeae divides every 20-30 minutes, which leads to the formation of a submucosal 

abscess and accumulation of exudate in lumen (Fig. 3). However, this innate inflammatory 

response with neutrophil influx cannot avoid the infection. Some pathogenic N. gonorrhoeae 

can evade phagocytosis by neutrophils in three ways: by preventing their binding to the 

surface of neutrophil; by limiting the deposition of opsonic antibody or complement on 

bacterial surface and by varying antigenic surface structures to evade humoral immunity 

(Criss and Seifert, 2012). Therefore, adaptive immunity mediated by T and B lymphocytes 

and their products (T cytotoxic, antibodies) (Janeway et al., 2001b) helps avoid infection. 

Unfortunately, for some unknown reasons, many gonococci are able to survive and persist 

inside neutrophils with two consequences: the residence within phagosomes which protect 

pathogens from humoral immune surveillance, and the protection from potential toxic sources 

of cell-mediated immunity such as cytotoxic T lymphocytes because neutrophils are not 
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supposed to be antigen-presenting cells. Furthermore, the pathogenic N. gonorrhoeae can 

modulate the apoptosis programs of neutrophils and increase their life span (Criss and Seifert, 

2012; Urban et al., 2006; Virji, 2009). Thus, neutrophils may carry viable bacteria to a 

secondary site such as the upper genital tract or the bloodstream resulting in dissemination 

(Boulton and Gray-Owen, 2002; Criss and Seifert, 2012). In addition, N. gonorrhoeae has the 

genetic capacity to generate much more diversity in the antigens of the surface pili, LOS, and 

less frequently antigens of protein 1. This helps N. gonorrhoeae to escape the host protective 

immune response. It can also secrete an IgA1 protease that can directly inactivate some 

classes of secretory IgA in mucosal secretions that prevent IgA-mediated opsonization of the 

bacteria to block phagocytosis and prevent complement mediated lysis. Then, it prolongs 

infection and prevents immunity to reinfection (Criss and Seifert, 2012; Urban et al., 2006). 

All these mechanisms facilitate the development of gonococcal infection and limit the 

efficacy of the prevention means such as vaccines. 

 

 

Figure 3. Schematic depiction of the mechanism of infection by Neisseria gonorrhoeae reconstructed by 

summarizing the results of Virji (2009), and Criss and Seifert (2012). 
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6. SYMPTOMS 

About 80 % of infected women and less than 10 % of infected men are free of symptoms 

(Handsfield and Sparling, 2004; Pearson et al., 2004). So, the infection by N. gonorrhoeae is 

more often asymptomatic in women while more often symptomatic in men. 

In women, when symptoms occur, the incubation period is 7-21 days, and symptoms may 

result in vaginal discharge associated with vaginal bleeding and pain. Without suitable 

treatment, complications such as pelvic inflammatory disease (including low abdominal pain, 

fever and anorexia) can occur and increase the risk of chronic pelvic pain, mucopurulent 

cervicitis, cystitis, ectopic pregnancy, postpartum endometriosis or infertility. Women with no 

or mild symptoms of gonorrhea are still at risk for developing these serious complications. 

Infants born to mothers who have untreated or mild gonorrhea are at high risk of infection. 

The most severe symptoms in children are conjunctival infection called gonococcal 

ophthalmia neonatorum and sepsis, which can include arthritis and meningitis. Conjunctivitis 

is usually an acute illness that manifests 2–5 days after birth but can rapidly lead to the 

perforation of the globe of the eyes and blindness (CDC, 2015). Less severe manifestations in 

children include rhinitis, vaginitis and urethritis. 

In men, symptoms are burns when they urinate associated with pain, penile mucopurulent 

discharge and urethritis. Symptoms frequently appear 2-5 days after infection but sometimes 

can be asymptomatic up to 30 days (Gaydos et al., 2006). Complications are epididymitis, 

orchitis (unilateral testicular pain, swelling and fever). 

Rarely, both in men and women, N. gonorrhoeae can invade the bloodstream leading to 

gonococcemia and can be disseminated to the joints (hands, wrists, and knees are the joints 

that are the most infected), the cardiovascular system or the skin. Dissemination results in 

myalgia, arthralgia, polyarthritis, tenosynovitis, dermatitis (papular, vesicular, or pustular, 

skin lesions) (Jain et al., 2007), occasionally perihepatitis (Lee et al., 2015), rarely meningitis 

(Anan and Culik, 1989) and endocarditis (Bunker and Kerr, 2015). 

Humans who practice orogenital or anal sex can develop signs and symptoms of pharyngitis, 

tonsillitis, or proctitis, mainly men who have sex with men. Gonococcal proctitis can be 

painful with purulent rectal discharge; bleeding may occur and bowel movements may be 

painful. Most gonococcal infections of the pharynx are asymptomatic but can be relatively 

common in some populations (Mimiaga et al., 2008) and are more difficult to eradicate than 

are the infections at urogenital and anorectal sites (Ota et al., 2009). 
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7. EVOLUTION OF THE TREATMENTS AND RESISTANCE DEVELOPMENT  

N. gonorrhoeae has progressively become resistant to previously and currently recommended 

antibiotics for the treatment of gonorrhea (Fig. 4).  

Sulfonamides such as sulfanilamide (Van Slyke et al., 1941), sulfapyridine (Van Slyke et al., 

1941) were used for gonococcal treatment after their introduction in 1936, but their 

effectiveness was short-lived because of the rapid emergence of gonococcal strains resistant 

by 1945 (Dunlop, 1949). Nevertheless, the association sulfamethoxazole and trimethoprim 

continued to be used (Lawrence et al., 1973). Penicillin became the recommended antibiotic 

treatment for the next 40 years (Sternberg and Turner, 1944), but progressively penicillin-

resistant strains had emerged. (Amies, 1967;  Phillips, 1976). As a result, the recommended 

dose of intramuscular procaine penicillin was increased from 50 000 units in 1945 to 

4.8 million units by the early 1970s and it was associated with probenecid to increase its 

efficiency (CDC, 1974). Unfortunately, penicillin-resistant strains became widespread. In the 

early 1960s, spectinomycin was synthesized and commercialized as a specific gonorrhea 

treatment. However, some cases of resistance to spectinomycin were observed from 1967 to 

1987 in different countries (Ison et al., 1983; Boslego et al., 1987). Therefore, it was 

recommended as an alternative treatment and was frequently used in the cases of resistance to 

penicillin in order to avoid rapid development of resistance after wide use. In 1985, 

ceftriaxone became a recommended treatment of uncomplicated gonococcal infections (CDC, 

1985). At the same time (1980s), tetracycline resistance was spreading (Morse et al., 1986) to 

such extent that tetracycline was no longer a reasonable choice. By 1989, resistance to 

penicillin was so widespread that penicillin became ineffective. Ciprofloxacin became an 

alternative treatment option to ceftriaxone that was the recommended treatment for gonorrhea 

in the USA (CDC, 1989). By 1993, on the basis of data showing high effectiveness, safety, 

ready availability, and convenience as single dose therapies, oral fluoroquinolones 

(ciprofloxacin, ofloxacin or levofloxacin) were recommended as oral treatments of gonorrhea, 

as was the oral third-generation cephalosporin cefixime. Nevertheless, quinolone-resistant N. 

gonorrhoeae was identified in Hawaii in 1991. At about the same time (Patrick et al., 1995) 

and even more by 2000, quinolone-resistant N. gonorrhoeae strains were increasingly 

observed in the world (Azariah and Perkins, 2007; Berglund et al., 2002; CDC, 2002; 

Donegan et al.,2006; Farhi et al., 2007; Gordon et al., 1996; Ivens et al., 2000; Iverson et al., 

2004; Kolader et al., 2004; Llanes et al., 2001; Moodley et al., 2006). As a result, 

fluoroquinolones were no longer recommended for treating gonorrhea in the countries with 
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reported cases of quinolone-resistant N. gonorrhoeae. In 2016, WHO stated that quinolones 

were no longer recommended for the treatment of gonorrhea due to the reported high level of 

resistance (WHO, 2016), leaving cephalosporins and spectinomycin as the only remaining 

antibiotics available for the treatment of gonorrhea since the early 2000s (WHO, 2016). The 

latest guidelines of the WHO for the treatment of different types of gonococcal infection are 

reported in Table 1 (WHO, 2016). Briefly, cephalosporins in single therapy or dual therapy 

with azithromycin were the first line, and spectinomycin was the second line of the WHO 

recommendations. These recommended treatments could be applied to all adults and 

adolescents (10–19 years of age), including people living with HIV, sex workers, men who 

have sex with men, transgender persons and pregnant women. Nevertheless, they had to be 

adapted to the local data on resistance. Specific recommendations were also provided for 

prophylaxis and treatment of ophthalmia neonatorum (WHO, 2016). Otherwise, the proposed 

molecules might have some limitations. Regarding cefixime, it did not provide as high, nor as 

sustained bactericidal blood levels as ceftriaxone (CDC, 2012), and had a limited 

effectiveness on pharyngeal gonorrhea (CDC, 2012). So, cefixime was not preferred for a 

global treatment. In addition, already during the 2006–2013 period, the minimum 

concentrations of cefixime and cefixime needed to inhibit in vitro growth of the N. 

gonorrhoeae strains circulating in the USA and in many other countries had increased 

(Ohnishi et al., 2011; Cámara et al., 2012; CDC, 2014). Some treatment failures with cefixime 

or other oral cephalosporins were reported (Lo et al., 2008; Yokoi et al., 2007; Muratani et al., 

2001). As a result, CDC no longer recommended the routine use of cefixime as a first-line 

treatment for the treatment of gonorrhea in the USA (CDC, 2012). Only one treatment, dual 

treatment with ceftriaxone and azithromycin, was recommended. In other hand, frequent use 

of azithromycin by 1990s for the treatment of STI such as chlamydia and/or gonorrhea had 

increased resistance of N. gonorrhoeae to azithromycin in many countries (Cole et al., 2011; 

Katz et al., 2012; Palmer et al., 2008; Starnino et al., 2009, 2012). Regarding spectinomycin, 

WHO recommended this drug for persons who cannot tolerate cephalosporins. When 

available, spectinomycin was an effective alternative for the treatment of urogenital and 

anorectal infection, but this drug had already showed poor efficacy against pharyngeal 

infection (Moran and Levine, 1995) and is expensive. Therefore, ceftriaxone remained the last 

antimicrobial known to be highly effective in a single dose for the treatment of gonorrhea at 

all anatomic sites of infection (CDC, 2015). Unfortunately, some cases of ceftriaxone 

treatment failures for pharyngeal infections had been observed (Chen et al., 2013; Golparian 

et al., 2014), lessening this ceftriaxone advantage. The notifications of reduced susceptibility 
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of N. gonorrhoeae induced the increase of ceftriaxone dose from 250 mg to 500 mg or even 

1000 mg. Gonorrhea strains resistant to ceftriaxone are now spreading (Lefebvre et al., 2018). 

Even worse, cases of infection that no known antibiotic on the market can treat have been 

reported (WHO, 2017). This resistance of N. gonorrhoeae to antibiotics is very worrying and 

there is an urgent need of new treatments. 
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Figure 4. History of the development of Neisseria gonorrhoeae resistance showing the timeline of the recommended treatments (top) and the timeline of the drug 

resistance (below). Neisseria gonorrhoeae has become resistant to every antibiotic used to treat it. Depicted according to the publications of CDC (2016) and 

Unemo and Shafer (2011). 
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Table 1. Current treatments of gonorrhea (CDC, 2015; WHO, 2016). 

Type of gonococcal infection Dual therapy Single therapy 

Uncomplicated genital and anorectal 

gonococcal infections 

Single dose of ceftriaxone 250 mg 

intramuscular (IM) plus 1 g of oral 

azithromycin 
Or 

Single dose of oral cefixime 400 mg plus 1 g 

of oral azithromycin 

Ceftriaxone 250 mg IM 

Or 

Cefixime 400 mg orally 
Or 

Spectinomycin 2 g IM 

 

Uncomplicated oropharyngeal 

gonococcal infections 

Idem 

 

Ceftriaxone 250 mg IM as a single dose 

 

Gonococcal conjunctivitis in neonates None 

 
 

Ceftriaxone 50 mg/kg (maximum 150 mg) IM 

Or 
Kanamycin 25 mg/kg (maximum 75 mg) IM 

Or 
Spectinomycin 25 mg/kg (maximum 75 mg) 

Ocular prophylaxis in newborns None 

 

 

Topical application to both eyes immediately 

after birth of  

Tetracycline hydrochloride 1 % eye ointment 

Or 

Erythromycin 0.5 % eye ointment 

Or 
Povidone iodine 2.5 % solution (water-based) 

Or 

Silver nitrate 1 % solution 
Or 

Chloramphenicol 1 % eye ointment 

Arthritis and arthritis-dermatitis 
syndrome 

Ceftriaxone 1 g IM or intravenous (IV) every 
24 hours plus azithromycin 1 g orally in a 

single dose 

Alternative treatment cefotaxime 1 g IV every 
8 hours or ceftizoxime 1 g IV every 8 hours 

plus azithromycin 1 g orally in a single dose at 

least for 7 days 

None 
 

 

Gonococcal meningitis and endocarditis Ceftriaxone 1-2 g IV every 12-24 hours and 
azithromycin 1 g orally in a single dose. 

Therapy for meningitis should be continued 

with recommended parenteral therapy for 10–
14 days. Parenteral antimicrobial therapy for 

endocarditis should be administered for at 
least 4 weeks  

None 
 

 

Rare disseminated gonococcal infection 

in newborns 

None 

 

 

Ceftriaxone 25–50 mg/kg/day IV or IM in a 

single daily dose for 7 days, with a duration of 

10–14 days 
Or 

Cefotaxime 25 mg/kg IV or IM every 12 

hours for 7 days, with a duration of 10–14 
days if meningitis is documented. 

 

8. MECHANISM OF RESISTANCE 

Unemo and Shafer (2014) and Patel et al. (2011) gave a detailed description of the 

mechanisms of resistance of N. gonorrhoeae. Briefly, N. gonorrhoeae can quickly adapt to 

survive in hostile environments. It has an extraordinary natural ability to modify its genome. 

Indeed, it can allow the transfer of partial or whole genes during all its life cycle and also it 

can use all types of known mutations for genomic changes. N. gonorrhoeae has developed 

almost all known physiological mechanisms of resistance to antibiotics: (i) the modification 

of the target of the antibiotic, preventing its fixation, (ii) the synthesis of bacterial enzymes 

modifying or inactivating the antibiotics (iii) the decrease of N. gonorrhoeae permeability to 

the antibiotics by changes in porin proteins, (iv) the use of a new metabolic pathway replacing 
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the pathway inhibited by the antibiotics, (v) the active mechanism of efflux of antibiotics, (vi) 

protecting the target enzyme by binding to another protein. These mechanisms may be 

mediated by chromosomal or plasmidic genes. Chromosome resistance is spontaneous. It 

appears in the absence of the antibiotic. It is stable and is transmitted during the bacterial 

division. The mutated DNA is replicated and transmitted to the daughter bacteria which will 

present the new characteristics appeared by mutation of the parent bacteria. Plasmids are 

DNA molecules, most often circular, different from chromosomal DNA, capable of 

autonomous replication, hosted in the cytoplasm of the bacterium. Plasmids can be transferred 

between bacteria of the same species or different species. Antibiotic resistance genes of N. 

gonorrhoeae are generally located in the chromosome. Only the genes responsible for the 

resistance to penicillin and tetracycline are plasmidics.  

N. gonorrhoeae also can use polyamines (spermine and spermidine) found in the male genital 

tract to coat their surfaces, making them more resistant to complement-mediated killing by 

normal human serum and cationic antimicrobial peptides. N. gonorrhoeae has the ability to 

form biofilms that are more resistant to antibiotics than their planktonic counterparts. The 

asymptomatic N. gonorrhoeae also are widespread and the capacity to identify them in 

routine is still lacking, while they can transfer resistant genes and influence the resistance 

development. 

 

9. EFFICIENCY OF THE PREVENTION MEANS 

To abstain from sexual intercourse or to be in a long-term mutually monogamous relationship 

with an uninfected partner are the surest ways to avoid the transmission of gonorrhea. 

However, they are difficult to control. Consequently, mechanical and chemical prevention 

means are required. 

9.1   Vaccine 

The first vaccines to prevent the infection by N. gonorrhoeae were whole cell vaccines. In 

1974, a crude killed whole cell vaccine was studied in a controlled experiment in Inuvik, 

Canada. The vaccine elicited only mild reactions in humans, and induced an antibody 

response in over 90 % of vaccine recipients but there was no evidence for protection. It was 

not further developed (Greenberg, 1975; Greenberg et al., 1974; Zhu et al., 2011). In 1976, an 

analogous vaccine made from a piliated N. gonorrhoeae strain was tested in chimps by 

investigators from the CDC in Atlanta, with good serum bactericidal and immunofluorescent 



 

43 

 

antibody responses. This vaccine resulted in a very similar protection to that observed after 

natural immune clearance of infection in chimpanzee, requiring a 1000-fold larger inoculum 

to infect vaccinated animals (Arko et al., 1976; Zhu et al., 2011). Due to the presence of high 

inflammatory LOS in whole cell vaccines, they were not further developed. 

The next vaccine generation was pili vaccine. In 1982, a purified pili vaccine was able to 

protect human volunteers from experimental urethral infection after parenteral immunization 

(Brinton et al., 1982; Zhu et al., 2011). This vaccine resulted in antibody response in serum 

and the production of specific local mucosal antibody in genital secretions that blocked 

adherence of piliated N. gonorrhoeae to various cells in vitro (McChesney et al., 1982). 

However, in 1985, Tramont and Boslego showed that although pili vaccines were effective in 

some animal studies, they had a limited efficacy in human studies due to lack of broad cross 

reactivity of the vaccines with strains expressing antigenically variant pili (Tramont and 

Boslego, 1985). A large-scale trial of a purified gonococcal vaccine composed of a single 

pilus type was carried out in high-risk USA military personnel stationed in Korea, using a 

smaller intradermal dose different from the intramuscular ones used in the initial proof-of-

concept experiment. Nevertheless, it also failed to protect men against gonococcal urethritis 

(Boslego et al., 1991).  

Since then, other vaccine candidates have been studied. Researchers tried to get immunization 

with gonococcal outer membrane vesicles (OMV) due to the potential of OMV to induce an 

immune response against several different conformationally correct components on the 

bacterial surface and by analogy to successful meningococcal OMV vaccines (Plante et al., 

2000; Zhu et al., 2005), but none had advanced to clinical trial. Other researchers tried 

recombinant proteins vaccines (Matsuka et al., 1998; Thomas et al., 2006). Another approach 

was to use genetic vaccines (Thomas et al., 2006; Zhu, et al., 2004; Zhu et al., 2005, 2011). 

Jerse et al. (2014) summarized the future challenges in vaccine against gonorrhea. Recently, 

in 2016, Zielke et al. (2016) combined genomic and proteomic approach to identify promising 

gonococcal antigens as potential vaccine targets. Very recently, in 2017, Petousis-Harris et al. 

have showed the efficacy of a meningococcal vaccine on patients with gonorrhea (Petousis-

Harris et al., 2017).Vaccines to prevent gonorrhea are still under development, but currently, 

there is no vaccine on the market.  
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9.2.   Male condom 

Barlow (1977) showed that the correct use of condom was associated with a significantly 

lower probability of acquiring gonorrhea (p<0.001) and a significantly higher chance of being 

no sexually transmitted disease diagnosed (P<0.0005). Therefore, he gave the proof of the 

efficacy of condoms. Warner et al. (2006) in a review of 45 published studies on the 

efficiency of condom confirmed its efficacy in most of the studies. Its correct and consistent 

use is the key of its efficacy. In addition, condoms are relatively cheap and have no side 

effect. Unfortunately, condoms are badly and little used. Its disadvantage is that it can disrupt 

sexual enjoyment. 

 

9.3.   Female condom and vaginal microbicide 

To avoid difficulties to negotiate safe sex for women, trend is to move toward female-

controlled prevention methods (female condom or vaginal microbicides). The female condom 

is a mechanic prevention means that has many advantages such as availability, efficacy, little 

reported disruption of sexual enjoyment, safety. However, it is expensive, difficult to use and 

it requires partner’s agreement. Compared to condoms, microbicides are expected to interfere 

less with intimacy and sexual pleasure, and be more discrete. They do not necessitate 

partner’s cooperation or knowledge. Women would not have to negotiate their use, as they 

often must do with condoms. Microbicides might also make it possible someday for women 

to protect themselves from STI, while still allowing them to get pregnant if they wish.  

Vaginal microbicides are rings, gels, films, or inserts that can be applied inside the vagina to 

kill or neutralize viruses and bacteria (Abdel-Aleem, 2011). Their aim is to protect the women 

against STI by providing chemical, biological, and/or physical barriers to infection. Almost all 

the vaginal microbicides developed were focused on the prevention of HIV. The first 

generation of microbicides was detergent based products such as the nonoxynol-9 that 

demonstrated efficiency to disrupt the integrity of HIV in vitro. Roddy et al., (2002), in a 

randomized controlled trial, comparing both use of nonoxynol-9 gel and condom to alone use 

of condom for the prevention of the transmission of urogenital gonococcal and chlamydial 

infection, showed that nonoxynol-9 gel did not protect against these infections. The phase III 

clinical trial of nonoxynol-9 based products showed that they were neither safe nor effective 

against HIV because they could disrupt the cervico-vaginal epithelia and render women more 

vulnerable to all pathogens (Hillier et al., 2005). Hence, their use as microbicides was 
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abandoned. The next generation of microbicides after surfactants was polyanions such as 

CarraGuard, PRO 2000 or cellulose sulphate. In other hand, based on the observation that low 

pH (<4.5) could inactivate HIV (O’Connor et al., 1995), acid-buffering gels were also 

developed to be used to lower vaginal pH, prevent neutralization by semen and inactivate HIV 

(Mayer et al., 2001). Spencer et al. (2004) showed the efficacy of seven formulated agents 

that are CarraGuard, Ushercell, [poly]sodium 4-styrene sulfonate (T-PSS), PRO 2000, 

ACIDFORM, cellulose acetate phthalate (CAP), and BufferGel, in the protection against N. 

gonorrhoeae infection, by using a mouse model of N. gonorrhoeae genital tract infection. 

Fletcher and Shattock (2008) also discovered that long chain polyanionic compounds could 

prevent the HIV entry into target cells in vitro through non-specific inhibition of viral binding 

to target cells. Unfortunately, the use of these new generations of microbicides (polyanionic 

gels and buffered gel) were inefficacious in clinical trials (Ramjee et al., 2010). The recent 

studies have been devoted to chemicals already known as active agents including those 

currently used for the treatment. For example, a vaginal gel containing the antiretroviral 

tenofovir and a vaginal ring containing dapivirine (Baeten et al., 2016) were in Phase III 

trials. Both systems confered modest level of protection. More recently, McKinnon et al. 

(2018) showed that the vaginal inflammation lessened the effectiveness of tenofovir gel. A 

ring containing tenofovir or tenofovir plus levonorgestrel is in phase I trial (Thurman et al., 

2018). Generally, microbicides are well-accepted (Abdulai et al., 2012; Carballo-Diéguez et 

al., 2012; Gafos et al., 2010; Montgomery et al., 2010; Stadler and Saethre, 2011; Vallely et 

al., 2012; Woodsong and Holt, 2015). Microbicide gels remain the preferred choice for the 

first line of microbicide product development. The potential reasons are the ease to develop a 

vaginal gel, the extensive work reported in the literature using this dosage form, the existence 

of several vaginal semi-solid products in the market and their possibility to be self-

administered. Vaginal microbicides are administered by vaginal route for a direct activity as 

the sexual transmission is predominant in STI. The use of chemicals in prevention could not 

be applied to the prevention of gonorrhea due to the resistance issue. Thus, there is still a need 

to develop efficient vaginal microbicides. 

Some data emphasized the importance of the vaginal microbiome in the success of vaginal 

microbicide (Fichorova et al., 2011). Klatt et al. (2017) showed that tenofovir gel was 3 times 

more effective in the 407 women with a Lactobacillus-dominant vaginal microbiome 

compared with 281 women whose vaginal microbiome had ≤ 50 % Lactobacillus, suggesting 

that the bacterial communities rich in Lactobacillus may improve efficacy of topical 

microbicide gels. Lactobacillus activity should be more explored. 
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10.    PERSPECTIVE TO PREVENT OR TREAT GONORRHEA 

Face to the ability of N. gonorrhoeae to rapidly develop resistance, the development of a 

powerful preventive mean, effective on all types of N. gonorrhoeae is necessary. This part 

reports recent clinical trials performed on antibiotics and presents alternative strategies such 

as herbal medicines or probiotics that should be explored. 

 

10.1.   Recent clinical trials on antibiotics 

In a recent randomized clinical multicenter trial, dual treatment of uncomplicated urogenital 

gonorrhea with single doses of oral gemifloxacin (a fourth-generation quinolone) 320 mg plus 

oral azithromycin 2 g was associated with cure rates of 99.5 %. and dual treatment with single 

doses of intramuscular gentamicin 240 mg plus oral azithromycin 2 g cured 100 % of cases 

(Kirkcaldy et al., 2014). This trial was not powered to provide reliable estimates of the 

efficacy of these treatments for treatment of rectal or pharyngeal infection, but both 

treatments cured all the few extragenital infections among the participants of the study. Either 

of these treatments might be considered as alternative treatment options in the presence of 

cephalosporin allergy. However, gastrointestinal adverse events might limit their use: 7.7 % 

of patients treated with gemifloxacin plus azithromycin and 3.3% of patients treated with 

gentamicin plus azithromycin vomited within 1 hour of medication administration. They were 

discontinued from the study and retreated with ceftriaxone and azithromycin (CDC, 2015; 

Kirkcaldy et al., 2014). The high risk of possible adverse events when taking 2 g of 

azithromycin oral dose was already reported (Handsfield et al., 1994). 

More recently, both the National Institute of Allergy and Infectious Diseases (NIAID) and 

Center for Disease Control (CDC) have published clinical trials. In 2015, a Phase I trial was 

studying high dose of cefixime (800 mg, 1200 mg) with extended duration of treatment. This 

study aimed to evaluate the safety and optimal dosage of cefixime to treat reduced susceptible 

N. gonorrhoeae (NIAID, 2015). In 2016, a Phase II trial studying the safety and efficacy of an 

investigational antimicrobial drug, developed by AstraZeneca (now Entasis Therapeutics) was 

conducted to treat gonorrhea. Patients received an oral dose of the AstraZeneca drug, 

ETX0914, or ceftriaxone, a cephalosporin antibiotic administered by injection. The 

preliminary results showed that ETX0914 was safe and effective, indicating it was a 

promising candidate for advanced clinical studies (NIAID, 2016). Many new molecules have 

been studying, but only 3 new candidate antibiotics are in the clinical development phase: 
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solithromycin (phase III trial); zoliflodacin (phase II trial); and gepotidacin (phase II trial) 

(Fernandes and Martens, 2017). The phase III clinical trial of solithromycin has been 

successful.  

 

10.2.   Herbal medicines 

Herbal medicines include herbs, herbal materials, herbal preparations, and finished herbal 

products that contain parts of plants or other plant materials as active ingredients. They have 

been used in order to prevent or treat diseases for a long time everywhere in the world (Frass 

et al., 2012). They have gained popularity because of their advantages. Indeed, plants 

typically contain mixtures of different phytochemicals, main and secondary components. 

Compared to pharmacological drugs in modern medicine, the phytochemicals work together 

catalytically and synergistically to produce a combined effect that surpasses the total activity 

of the individual component (Vickers et al., 2001). The combined actions of phytochemicals 

tend to increase the activity of the main component(s) by speeding up or slowing down its 

assimilation after administration in the body. In addition, the diversity of components might 

result in additive beneficial effect, all interesting for the treatment. For example, a single plant 

may contain antibacterial and antifungal tannins that act as natural antibiotics, but also bitter 

substances that stimulate digestion, anti-inflammatory compounds that reduce swellings and 

pain, phenolic compounds that can act as an antioxidant and venotonics, diuretic substances 

that enhance the elimination of waste products and toxins, and alkaloids that enhance mood 

and give a sense of well-being. Otherwise, it is postulated that secondary components might 

increase the stability of the active component(s), minimize the rate of undesired adverse side 

effects, and have an additive, potentiating, or antagonistic effect or induce better patient 

tolerance. Therefore, the medical use of crude and/or standardized extracts as opposed to 

isolated single compound is gaining much more interest in the scientific community. It is also 

postulated that that they are relatively less expensive and the risk of resistance of bacteria 

seems to be low. WHO encourages African member states to promote and integrate traditional 

medical practices in their health system and developed WHO traditional medicine strategy 

2014-2023. About the effectiveness of herbal medicines against gonorrhea, Vermani and Garg 

(2002), studied herbal medicines for sexually transmitted diseases and made a review of 

several plants having scientifically proven activity against them, particularly against 

gonorrhea. Some scientifically proven plants using in vitro activity test against N. 

gonorrhoeae are summarized in Table 2. All these studies indicate the huge potential of 
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plants as an effective mean for prevention and treatment of gonorrhea. Herbal medicines 

should be more explored to demonstrate their safety, their effectiveness and their low cost, 

their reduced risk of gonococcal resistance before being proposed as an alternative to 

antibiotherapy to treat or prevent gonorrhea. In vivo efficacy should be proved. The 

challenges remain the reproducibility of this strategy because the composition and the 

effectiveness of plants often vary according to the place or the period of harvest and the 

climate during the growth of the plants. 

 

Table 2. Scientific published plants with effectiveness on Neisseria gonorrhoeae in vitro. 

Authors Name (part used) 

(Cáceres et al., 1995) Bixa Orellana (bark), Parmentiera edulis (fruits), Diphysa robinioides (leaves), 

Eupatorium odoratum (leaves), Gliricidia sepium (leaves), Physalis angulate (leaves), 

Piper aduncum (leaves), Prosopis juliflora (leaves), Casimiroa edulis (root), Clematis 

dioica (whole plant) 

(Silva et al., 2002) Terminalia macroptera (leaves) 

(Arbonnier, 2002) Carica papaya (roots, leaves), Dichrostachys cinerea (ryes), Tamarindus indica (ryes), 

Ziziphus mucronata (rye), Acacia sieberiana (ryes), Anthocleista procera (roots), Burkea 

africana (ryes), Cissus quadrangularis (twigs), Citrus aurantiaca (leaves), Citrus grandis 

(leaves), Citrus limon (leaves), Citrus reticulata (leaves), Citrus sinensis (leaves), 

Combretum aculeatum (leaves), Crossopheryx febrifuga (rye), Feretia apodanthera 

(roots), Gardenia erubescens (roots), Holarrhena floribunda (roots, leaves), Leptademia 

hastata (leaves, latex), Mitragyna inermis (ryes, twigs), Paullina pinnata (roots), Pavetta 

corymbosa (roots), Rhus natalensis (roots, leaves), Saba comorensis (roots), Spondias 

monbin (leaves), Terminalia albida (ryes), Uvaria chamae (roots), ziziphus mauritiana 

(leaves) 

(Shokeen et al., 2005) Ocimum sanctum (leaves), Drynaria quercifolia (leaves),  Annona squamosal (seeds, 

leaves) 

(Chomnawang et al., 2009) Coscinium fenestratum (stem) 

(Shokeen et al., 2009) Adhatoda vasica (roots), Albizzia lebbeck (stem bark), Drynaria peregrine (stem bark),  

Michelia champaca (stem bark), Alangium salviifolium (seeds), Anethum sowa (fruits), 

Azadirachta indica (leaves), Cedrela toona (leaves), Eugenia camaldulensis 

(leaves), Euphorbia hirta (whole plant), Phyllanthus fraternus (whole plant), Plumeria 

rubra (leaves, stem, stem bark), Ricinus communis (stem, roots), Salvadora persica 

(leaves, stem bark), Solanum tuberosum (tubers), Urginea indica (bulbs) 

(Otto et al., 2014) Cassia alata (leaves and roots) 

 

10.3.   Bacteriotherapy 

Bacteriotherapy consists in using harmless bacteria called probiotics to displace pathogenic 

organisms. It has become an attractive alternative to antibiotherapy. Probiotics are defined as 

“live microorganisms that, when administered in adequate amounts, confer a health benefit on 

the host” (Hill et al., 2014). The most important genera of Gram-positive bacteria used 

extensively as probiotics are Lactobacillus and Bifidobacterium. Currently, the use of 

Lactobacillus is increasing in the area of urogenital infections, while Bifidobacterium is not 

(Pascual et al., 2008; Reid, 2002; Reid et al., 2003, 2004). Lactobacilli can adhere to 

epithelial cells, compete with pathogens for adhesion sites or produce surfactants to inhibit 
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pathogens adhesion, co-aggregate with pathogens to prevent their spreading, produce 

antimicrobials substances such as acids, hydrogen peroxide a bacteriocins to inhibit pathogens 

growth, and stimulate the immune system. Lactobacilli have been already developed as 

probiotics for the treatment of urogenital infections such as recurrent urinary tract infections, 

bacterial vaginoses, and yeast vaginoses. Some are already on the market. Indeed, 

Lactobacilli are commensal, predominant in the normal vaginal flora and fight against 

infections. Their presence and dominance in the vagina are associated with a reduced risk of 

urogenital infections and sexually transmitted infections. Some Lactobacilli have 

demonstrated an activity on N. gonorrhoeae in vitro (Amant et al., 2002) and probiotic 

properties. Therefore, restoring the normal vaginal ecosystem by the administration of 

Lactobacilli with probiotic properties and effectiveness on N. gonorrhoeae might be a 

valuable approach to treat or prevent gonorrhea. 

 

11.   CONCLUSION 

Multi-drug resistant strains of N. gonorrhoeae have emerged in the world increasing the risk 

of treatment failure. Nowadays, gonorrhea has become nearly impossible to treat. Most of 

time, the infection is asymptomatic but transmissible. The development of new chemical 

active ingredients is reduced, and it is feared that N. gonorrhoeae becomes resistant to the 

new antibiotics in development. Therefore, this review enables to understand the major 

mechanisms involved in the infection development to inspire new researches. Innovative 

prevention means are needed and other strategies such as herbal medicine, bacteriotherapy, 

should be evaluated. Several plants were shown to inhibit N. gonorrhoeae in vitro. However, 

their effectiveness should be demonstrated in vivo. The use of probiotics could also be another 

valuable strategy as they have already demonstrated their efficacy in the prevention of 

urogenital infections. 
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Introduction-Résumé 

 

Les lactobacilles sont des bactéries Gram-positif, naturellement présentes dans la muqueuse 

vaginale (Cribby et al., 2009). Ils sont prédominants dans le vagin et jouent un rôle protecteur 

contre les infections vaginales (Boris and Barbés, 2000). En effet, ces lactobacilles jouent un 

rôle dans (i) le maintien de l’acidité du vagin, (ii) la compétition avec les pathogènes pour 

l’adhérence aux cellules épithéliales ou exclusion stérique, (iii) la production de 

biosurfactants pour inhiber les adhésines des pathogènes, (iv) la production d’acides 

organiques, de peroxyde d’hydrogène, de bactériocines pour inhiber la croissance des 

pathogènes, (v) la coagrégation pour empêcher l’invasion de la lumière vaginale par le 

pathogène. Malheureusement, leur quantité et leur composition peut varier sous l’influence de 

plusieurs facteurs augmentant ainsi le risque d’infections vaginales particulièrement 

d’infection par le gonocoque (Wiesenfeld et al., 2003). Des études ont montré que la 

gonococcie est généralement associée à un déséquilibre des lactobacilles vaginaux. Leur 

contribution pour juguler la gonococcie serait donc une option à analyser, face aux difficultés 

actuelles de traitement et de prévention de la gonococcie, dont le germe responsable est 

devenu résistant à tous les antibiotiques connus sur le marché. Etant donné que les femmes 

sont les plus vulnérables (ONUSIDA, 2018) en ce qui concerne les infections sexuellement 

transmissibles dont cette infection, il apparait alors judicieux de s’intéresser à l’utilisation 

possible des lactobacilles par les femmes afin de lutter contre la gonococcie. Etant donné que 

la voie vaginale est la principale voie de transmission de la gonococcie, il serait intéressant de 

développer un outil de prévention à action locale, administrable par cette voie dont le but 

serait d’empêcher l’adhérence du gonocoque aux cellules épithéliales de la muqueuse 

vaginale.  

Ce chapitre a pour objectif de décrire la flore vaginale et les mécanismes d’action des 

lactobacilles, dans un premier temps, afin de comprendre l’intérêt des lactobacilles. Dans un 

second temps, il fait un état des lieux de l’approche probiotique qui consiste en 

l’administration de bactéries naturellement présentes dans l’organisme en quantité suffisante 

pour obtenir un effet bénéfique pour la santé de la sphère urogénitale. Le genre Lactobacillus 

est le plus étudié comme probiotique pour cette application. Certains lactobacilles sont mêmes 

sur le marché. Par ailleurs, ce chapitre fait une étude critique des souches pouvant être 

utilisées pour la prévention ou le traitement de la gonococcie. Nous allons aussi décrire les 

avantages et les inconvénients de la voie vaginale, l’anatomie et la physiologie du vagin, ainsi 
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que les formes galéniques contenant des lactobacilles administrables par cette voie. Nous 

terminerons par les verrous à lever pour l’utilisation des lactobacilles contre la gonococcie. 
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Abstract 

The infection by Neisseria gonorrhoeae called gonorrhea is a sexually transmitted infection. 

Nowadays, it is a major public health concern due to the increasing resistance to antibiotics and 

the difficulties to develop a vaccine. The use of Lactobacilli as probiotics is a new approach that 

could be a valuable strategy. Lactobacilli are commensal in the vagina and fight naturally against 

infections. The presence and dominance of Lactobacilli in the vagina is associated with a reduced 

risk of urogenital infections such as yeast vaginitis, bacterial vaginosis, and urinary tract 

infections. Sexually transmitted infections are associated with Lactobacilli depletion. Therefore, 

restoring the normal vaginal ecosystem by the administration of Lactobacilli with probiotic 

properties and activity on Neisseria gonorrhoeae appears to be a valuable approach to treat or 

prevent gonorrhea. The vaginal route appears to be suitable for a direct activity of Lactobacilli on 
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the infection site. This review aims to underline the interest of the use of Lactibacilli to prevent 

or treat gonorrhea, and the hurdles to overcome. It also gives the state of art about the vaginal 

route for the administration of such formulations. 
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1. INTRODUCTION 

Neisseria gonorrhoeae (N. gonorrhoeae) is the bacterium responsible of gonorrhea, the second 

most common bacterial sexually transmitted infection (STI) after the infection by Chlamydia 

trachomatis (WHO, 2016). N. gonorrhoeae is transmitted by direct sexual contact and the vagina 

is the main way of its transmission. Most of time, the infection is asymptomatic in women 

increasing its propagation. N. gonorrhoeae is responsible of many cases of infertility (Grodstein 

et al., 1993) both in men and women, blindness in newborns (Laga et al., 1986), and facilitates 

the transmission of human immunodeficiency virus (Cohen, 2004; Jarvis and Chang, 2012). 

There is currently neither vaccines nor new drugs emerging on the market, while some 

untreatable strains are circulating. N. gonorrhoeae successively, adheres to the epithelial cells, 

penetrates into, multiplicates, creates inflammation and weakens the epithelial barrier. It can 

persist inside neutrophils or modify their surface antigens to evade immune system. It can also 

produce some proteases to avoid the development of immunity to reinfection. N. gonorrhoeae 

can modify the antibiotics binding sites, synthetize enzymes to modify or inactivate the 

antibiotics, modify its surface porin proteins to reduce the antibiotics permeability, use a new 

metabolic pathway to replace the one inhibited by the antibiotics, use the active mechanism of 

efflux of antibiotics, and protect the target enzyme by binding to another protein (Chapter I). 

These mechanisms of pathogenicity and resistance help N. gonorrhoeae to survive. Thus, 

gonorrhea has become a major public health concern.  

Lactobacilli are commensal, predominant bacteria of the normal vaginal microbiota. On the one 

hand, they are involved in maintaining the vaginal acidity and naturally fight against infections 

by combining different mechanisms. Beerepoot et al. (2012), in a randomized double-blind trial 

in post-menopausal women with recurrent urinary tract infections, showed that unlike 

trimethoprim-sulfamethoxazole, Lactobacilli did not increase antibiotic resistance in pathogens. 

The use of Lactobacilli has emerged in the field of the prevention or the treatment of urogenital 

infections (Pascual et al., 2008; Reid, 2002; Reid et al., 2003, 2004). Lactobacilli formulations 

have been developed for the treatment of recurrent urinary tract infections, bacterial vaginoses, 

and yeast vaginoses.  Some are already on the market for this application. Therefore, restoring the 

normal vaginal microbiota by the administration of Lactobacilli with probiotic properties and 

activity on N. gonorrhoeae appears to be an attractive option to treat or prevent gonorrhea 

although there is currently no Lactobacilli formulation in the market for this indication. Some 
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Lactobacilli strains have demonstrated an activity on N. gonorrhoeae in vitro (Amant et al., 

2002), ex vivo (Breshears et al., 2015) and probiotic properties. As women are at particularly high 

risk for STI due to their biological, economical and social vulnerabilities (ONUSIDA, 2018), it is 

especially important to focus on them. An effective, convenient to use, non-irritant, non-toxic and 

with low price, woman-controlled tool is necessary. A vaginal formulation containing 

Lactobacilli effective on N. gonorrhoeae could be a valuable strategy to prevent or treat 

gonorrhea. 

This review describes the vaginal microbiota and the mechanisms of action of Lactobacilli. It 

presents the state of art of the use of Lactobacilli to treat or prevent urogenital infections, and 

more specially of Lactobacilli that are able to inhibit N. gonorrhoeae. Then, it gives an overview 

of the vaginal route characteristics, advantages and inconvenients, and dosage forms for the 

administration of vaginal systems. Finally, current hurdles to overcome for using Lactobacilli as 

probiotics to treat or prevent gonorrhea are presented.  

 

2. WOMAN NORMAL GENITAL TRACT MICROBIOTA 

The tissues of the upper genital tract (ovaries, fallopian tubes, and uterus) are generally 

considered to be sterile. The introduction of bacteria into these tissues is typically associated with 

identifiable diseases (Heinonen et al., 1985; Rampersaud et al., 2012). On the contrary, the 

tissues of the lower genital tract (cervix, vagina, and vulva) are colonized by a microbiota. The 

cervical microbiota is similar to the vaginal microbiota, except that bacterial loads are lower 

(Ling et al., 2011; Vasquez et al., 2002). The vaginal microbiota is predominantly constituted by 

Lactobacillus (L.) species, that are Gram-positive, rod-shaped bacteria. They are L. iners, L. 

crispatus, L. gasseri, L. jensenii, L. acidophilus, L. fermentum, L. plantarum, L. brevis, L. casei, 

L. vaginalis, L. delbrueckii, L. salivarius, L. reuteri, and L. rhamnosus. They have been described 

to colonize the vagina with varying degrees (Cribby et al., 2009). There are some interindividual 

variabilities (Vasquez et al., 2002) and geographical variations in the composition of the normal 

vaginal Lactobacillus microbiota. In healthy premenopausal women, Lactobacilli are present in 

quantities of 107 to 108 CFU/g of vaginal fluid (Boris and Barbés, 2000; Farage et al., 2010). 

Other bacterial species such as Gardnerella vaginalis, Peptostreptococcus spp., Prevotella spp., 

Escherichia coli, Streptococcus agalactiae, and Enterococcus faecalis are present in limited 
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quantities in a healthy vagina. Normally, the vaginal microbiota of healthy women can fight 

pathogens. Particularly, the Lactobacillus genus offer protection against urogenital tract diseases 

(Boris and Barbés, 2000). In addition, there is a correlation between loss and disturbance of the 

vaginal Lactobacilli and increased risk of genital infections including STI such as Human 

Immunodeficiency Virus HIV (Frank et al., 2012; Martin et al., 1999), Human Papilloma Virus 

HPV (Gao et al., 2013; Lee et al., 2013), herpes simplex virus type 2  HSV-2 (Cherpes et al., 

2003), Trichomonas vaginalis (Brotman et al., 2012), Neisseria gonorrhoeae and Chlamydia 

trachomatis (Wiesenfeld et al., 2003). This disturbance can be due to antibiotic use, sexual 

activity, menstruation, pregnancy, douching, hormonal alterations, and all contraception methods 

(Farage et al., 2010; Witkin et al., 2007).  Both the predominance of Lactobacilli in the genital 

microbiota of healthy women and the missing of Lactobacilli in patients who develop urogenital 

tract infection have led to a focus on Lactobacilli, in order to understand their mechanisms of 

action. 

 

3. LACTOBACILLI MECHANISMS TO CONTROL INFECTIONS 

Postulated mechanisms of Lactobacilli against pathogens include direct inhibition by the 

production of inhibitory compounds or indirectly by the prevention of the pathogens adherence 

and spreading, the stimulation of immune system and/or reinforcement of the epithelial barrier 

function (Fig. 1).  

 

 

Figure 1. Lactobacilli mechanisms controlling infections according to Reid (2001) and Reid and Burton (2002). 
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3.1.   Enhancement of the epithelial barrier 

The cervico-vaginal epithelium protected by the mucous layer and the natural antimicrobial 

components represent a barrier to pathogens. As for the intestinal barrier, Lactobacilli are able to 

influence many of the components of this epithelial barrier function either by decreasing cells 

apoptosis or by increasing mucin production. However, the mechanisms are not fully understood. 

The hypotheses are (i) the prevention of cytokine-induced epithelial damage by inhibiting tumor 

necrosis factor (TNF) (Yang et al., 2002),  (ii) the possible enhancing of the expression of genes 

involved in tight junction signaling (Anderson et al., 2010) or genes encoding adherence junction 

proteins (Hummel et al., 2012), (iii) the increase of mucins (major macromolecular constituents 

of epithelial mucus) expression that interferes with pathogenic invasion and adherence 

(Caballero-Franco et al., 2007; Kim et al., 2008; Mack et al., 2003; Mattar et al., 2002), (iv) the 

initiation of the repair of the barrier function after damage by enhancing the expression and 

redistribution of tight junction proteins, reducing epithelium permeability to pathogens (Parassol 

et al., 2005) or mucosal regeneration (Caballero-Franco et al., 2007). Thus, the reinforcement of 

this barrier by a formulation that contains Lactobacilli and is able to cover the epithelium may 

help prevent gonorrhea. 

 

3.2.   Adherence to epithelial surface 

Lactobacilli are able (i) to produce adhesins to fix vaginal cells, (ii) to adhere due to Van der 

Walls forces and electrostatics forces (Bohbot, 2008), (iii) to use one of the proteins of the 

vaginal fluid called fibronectine to adhere. Larsen et al. (2007) showed that the adhesion of 

Lactobacilli could be enhanced with the presence of calcium ions (Larsen et al., 2007). The 

adherence of Lactobacilli to epithelial cells and mucus varies among species and strains. This 

adherence is essential (i) to colonize the genital tract (Rose et al. (2012) showed the colonization 

of vaginal epithelial cells after adherence to them), (ii) to form a biofilm protecting the vaginal 

mucosa (Lepargneur and Rousseau, 2002), and (iii) to inhibit the growth and adhesion of 

pathogens (Reid et al., 2001). The inhibition of the adhesion of urogenital pathogens to cervico-

vaginal epithelium by Lactobacilli are based on different mechanisms, such as steric exclusion, 

competition for receptor sites, and displacement of adhered pathogens (Zárate and Nader-Macias, 

2006). The steric exclusion principle states that the huge number or size of Lactobacilli adherent 
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to cells may cover receptor sites in a non-specific manner avoiding pathogens adhesion. The 

competitive exclusion principle states that two species cannot occupy the same sites on epithelial 

cells, so Lactobacilli may occupy specific binding sites which would otherwise be available for 

pathogens. Regarding displacement, adherent pathogens may be removed from their fixation sites 

by Lactobacilli.  

 

3.3.   Autoaggregation and coaggregation 

Lactobacilli could auto-aggregate to form a biofilm resistant to pathogens adherence or co-

aggregate with pathogens directly to inhibit their spread (Salas-Jara et al., 2016; Ventolini, 2015).  

 

3.4.   Acid production 

Acid production has long been known to be deleterious for some pathogens, not only killing 

viruses such as HIV, rotavirus and influenza virus, but also by displacing some pathogens from 

surfaces. Lactobacilli, the primary source of lactic acid (Boskey et al., 2001), acidify the vagina 

with lactic acid (Boskey et al., 1999) that is a potent, broad-spectrum bactericide and virucide. 

Lactic acid is able to inactivate N. gonorrhoeae (Graver and Wade, 2011). The resulting low pH 

may also increase the oxido-reduction potential. For every 1.0 unit decrease in pH, the redox 

potential increases by 60 mV (Jacob, 1970). N. gonorrhoeae is sensitive to oxidation but may 

develop defenses against oxidative stress (Seib et al., 2006). Therefore, the more Lactobacilli 

decrease the pH, the more efficient they are on N. gonorrhoeae. 

 

3.5.   Hydrogen peroxide production 

Some Lactobacilli can produce hydrogen peroxide (H2O2) under permissive in vitro conditions 

(Martín and Suárez, 2010). The presence of H2O2-producing Lactobacilli in the vagina is 

associated with a reduced risk of infections (Mijac et al., 2006; Vallor et al., 2001) compared to 

“non-H2O2-producing” Lactobacilli. From these results, the H2O2 production by vaginal 

Lactobacilli may provide significant protection against infections.  
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3.6.   Production of antimicrobial substances 

Lactobacilli interfere with pathogens and prevent epithelial invasion by inducing host cells to 

produce peptides and by direct production of defensins, bacteriocins and bacteriocin-like 

substances, those increase the host defense to pathogens. 

First, Lactobacilli induce the expression of antimicrobial peptides such as β-defensins by the host 

cells such as the neutrophils and the epithelial cells. The human β-defensin-2 (hβD2) produced by 

cells during innate host defense can also serve as a signal mediating the initiation, mobilization 

and amplification of adaptive immune responses (Oppenheim et al., 2003; Yang et al., 2000, 

2002). The hβD2 is directly highly effective on a wide variety of bacteria, fungi and some 

viruses. These peptides provide the first line of host defense against infection by acting as 

“natural antibiotics” (Lehrer and Ganz, 2002; Thoma-Uszynski et al., 2001). 

Second, Lactobacilli have been showed to directly suppress pathogens growth through the release 

of a variety of antimicrobial peptides such as defensins and bacteriocins. Bacteriocins are 

proteinaceous, bactericidal substances synthesized by bacteria, which usually have a narrow 

spectrum of activity, inhibiting strains of the same or closely related species (Tagg et al., 1976). 

They can afford a direct activity against specific pathogens without disturbing the beneficial 

commensal microbiota (Kjos et al., 2011). Lactobacilli can also produce bacteriocin-like 

substances that are antagonistic substances which are incompletely defined or do not fit the 

typical criteria of bacteriocins. They tend to have a broader spectrum of activity than 

bacteriocins. A great number of bacteriocin-like substances have been reported to be produced by 

Lactobacilli, inhibiting a wide range of both Gram-positive and -negative bacteria (Rammelsberg 

and Radler, 1990; Silva et al., 1987). Ocaña et al. (1999) characterized a bacteriocin-like 

substance produced by vaginal L. salivarius with activity against N. gonorrhoeae. There is still a 

need to elucidate the in vivo antagonist activity of bacteriocin and bacteriocin-like substances.  

 

3.7.   Production of biosurfactants 

Lactobacilli may protect the host by the production of biosurfactants that are glycolipids, 

lipopeptides, polysaccharide-protein complexes, phospholipids, fatty acids and neutral lipids 

(Rodrigues and Teixeira, 2010) with a tendency to accumulate at interfaces, especially at liquid-

air interfaces (Velraeds et al., 1996). Biosurfactants can inhibit the growth of pathogens and 
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avoid their adhesion on epithelial cells (Gudina et al., 2010). Biosurfactants demonstrated various 

advantages when compared to chemical surfactants: they displayed a low toxicity, a high 

biodegradability and a high effectiveness at extreme temperatures or pH values (Rodrigues and 

Teixeira, 2010). 

 

3.8.    Stimulation of the immune system 

The innate immune response detects a wide range of molecular patterns that are commonly found 

on pathogens, but are foreign to mammals, called pathogen-associated molecular patterns 

(PAMPs). Macrophages express a set of pattern recognition receptors comprising various toll 

receptors (TLR), whose ligands include lipopolysaccharides as N. gonorrhoeae 

lipooligosaccharides. TLR ligation leads to the activation of the nuclear factor kappa B (NF-B) 

and mitogen-activated protein kinase (MAPK) pathways (Faure et al., 2000; Muzio et al., 1998), 

the enhancement of phagocytosis, the production of reactive oxygen species and the release of 

cytokines, and lipid mediators that coordinate and amplify the local inflammatory response 

(takeda, guha). The adaptive immune response requires the recognition of specific molecular 

structures and depends on the generation of a large number of antigen receptors such as T-cell 

receptors and immunoglobulins. When T-cells recognize a foreign antigen presented to them, 

they initiate responses specifically targeting this antigen, including a direct attack against antigen-

bearing cells by cytotoxic T-cells, stimulation of the production of antibodies by B-cells and 

induction of a local inflammatory response. T-cells can differentiate into at least two subtypes of 

T helper cells (Th). Th1 cells produce some cytokines such as interferon-gamma (IFN-γ), which 

can stimulate the macrophage to increase its production of a large number of mediators, including 

reactive oxygen species, lipid species and pro-inflammatory cytokines. About Th2 cells, they can 

stimulate humoral immunity by elaborating a number of cytokines that stimulate B-cell 

maturation into antibody-producing plasma cells and promote B-cell class-switching to increase 

the production of immunoglobulin E antibodies (IgE). Th2 cells can also facilitate the recruitment 

and activation of mast cells, another effector of allergic reactions and contributor to chronic 

inflammation in various pathological conditions. Th2 cells can attenuate the inflammatory 

response by producing cytokines with anti-inflammatory properties such as interleukin-10 (IL-

10) to reduce inflammation. 
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Lactobacilli, observed in various physiological systems, may motivate the proliferation of 

immune cells (Imani Fooladi et al., 2015), increase the cytotoxicity of natural killer cells (Imani 

Fooladi et al., 2015; Iwabuchi et al., 2012; Soltan-Dallal et al., 2012), induce or increase the 

production of interferon-γ (Imani Fooladi et al., 2015; Iwabuchi et al., 2012; Soltan-Dallal et al., 

2012) and the expression of Th1 cytokines (Imani Fooladi et al., 2015), decrease the production 

of IL-4 (Imani Fooladi et al., 2015), increase the production of IL-12  (Iwabuchi et al., 2012; 

Soltan-Dallal et al., 2012). The stimulation of the immune system by vaginal Lactobacilli is not a 

well-documented mechanism. Rose et al. (2012) used vaginal epithelial multilayers treated with 

toll-like receptor (TLR) agonists to stimulate the TLR. After their treatment with L. crispatus 

ATCC 33820, interleukins IL-6 and IL-8 expression was significantly reduced. Also, L. crispatus 

ATCC 33820 and to lesser extend L. jensenii ATCC 25258 could induce a significant reduction 

of TNF secretion as well as some pro-inflammatory chemokines (Rose et al., 2012). The role of 

the vaginal isolates L. rhamnosus GR-1 and L. reuteri RC-14, in the prevention of 

Candida albicans vulvo-vaginitis by the stimulation and the modulation of the vaginal immune 

responses (suppression of TLR2, TLR6, IL-8, and TNF expression) was also reported (Wagner 

and Johnson, 2012). 

 

4. LACTOBACILLI AS PROBIOTICS FOR THE PREVENTION AND THE 

TREATMENT OF UROGENITAL INFECTIONS 

The concept of restoring the Lactobacillus content of the vaginal microbiota as a barrier to 

prevent infection originated from the canadian urologist Andrew Bruce in the early 1970s (Reid 

and Bruce, 2001; Reid et al., 2003). Since then, extensive researches have showed that some 

Lactobacillus strains are able to colonize the vagina after their administration (Cadieux et al., 

2002), to remain in the vagina for several months after insertion (Cadieux et al., 2002; Reid et al., 

1994), and to reduce the risk of urinary tract infection, yeast vaginitis (Reid et al., 1995), and 

bacterial vaginosis (Reid et al., 2001). The administration of Lactobacilli can restore the vaginal 

flora and prevent urogenital infections. Lactobacilli may be used as a single strain or a mixture of 

several strains in the formulations. Several Lactobacilli formulations are already on the market 

(Table 1). Their content varies between 105 and 1010 Lactobacilli by unit. There are often used to 

restore a healthy vaginal flora. Their storage conditions are usually between +4°C and +8°C, but 
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always below 25°C. They can be stored for about 2 years but for much of them the storage time is 

not explicit. They are mainly lyophilized and presented as symbiotic preparations i.e. as a mixture 

of probiotics with nourishing substances called prebiotics such as fructooligosaccharides, lactose, 

inulin, maltodextrin. Clinical trials are in progress to give the proof of their efficacy in human 

(Table 2). Three Lactobacilli have emerged in the prevention and treatment of urogenital 

infections: L. rhamnosus, L. crispatus and L. fermentum (Reid, 1999) (Tables 1 and 2). Strains 

selection had been based on in vitro tests and the source of the strains (Burton et al., 2003; Reid 

and Bruce, 2001; Vasquez et al., 2002). Some properties had to be fulfilled by Lactobacilli to 

establish them as effective probiotic organisms. They included the ability to (i) exclude or reduce 

pathogenic adherence, (ii) persist and multiply, (iii) produce acids, and bacteriocins antagonistic 

to pathogen growth, (iv) resist vaginal microbicides, including spermicides, (v) be safe and 

therefore non-invasive, non-carcinogenic, and non-pathogenic, and (vi) coaggregate and form a 

normal, balanced flora (Reid et al., 1999; Salminen et al., 1996; Sobel, 1999). Regarding these 

properties L. rhamnosus and L. fermentum had been more studied than L. crispatus. There are no 

published data on L. rhamnosus and L. fermentum efficacy on N. gonorrhoeae. However, it was 

showed that L. crispatus inhibits the infectivity of N. gonorrhoeae (Amant et al., 2002). In 

addition, Vielfort et al. (2008) investigated how Lactobacilli and Gonococci competed for 

adherence to human epithelial cervical cells and showed that L. crispatus was able to reduce 

gonococcal adherence while L. rhamnosus was not. L. rhamnosus and L. fermentum originate 

from the intestinal tract, while L. crispatus originates from the vagina.  

One strain called L. crispatus CTV-05 had been well studied as regards its adherence to vaginal 

epithelial cells in vitro (Kwok et al., 2006) and its ability to colonize the vagina in the majority of 

studied women (Antonio and Hillier, 2003).  Another study from Antonio et al. (2009) evaluating 

gelatin capsules containing L. crispatus CTV-05 for safety and vaginal colonization in 90 young 

women aged 14–21 years, showed that 90 % of participants who lacked L. crispatus colonization 

at enrollment were successfully colonized by CTV-05. The authors suggested that exposure to 

semen, vaginal intercourse, and the presence of Lactobacilli of the same species at enrollment 

might lessen the colonization by the probiotics. They also suggested that L. crispatus CTV-05 

was safe (Antonio et al., 2009). Vallor et al (2001) demonstrated that 23 out of 57 (40 %) of 

women of their study initially naturally colonized by vaginal H2O2-producing L. crispatus or L. 

jensenii remained colonized over 8 months. Pavlova et al. (2002) determined the species of 
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Lactobacilli that colonize the vagina and compared them with those found in food and the 

environment. Their results showed that most encountered vaginal isolates were L. crispatus, L. 

jensenii and L. gasseri and few vaginal isolates matched food or environmental Lactobacillus 

species. Therefore, L. crispatus, L. iners, L. gasseri, and L. jensenii seem to be specific to the 

human vagina (Pavlova et al., 2002; Ravel et al., 2011; Zhou et al., 2007, 2010), where they 

could produce copious amounts of lactic acid and a protective low pH (3.5–4)  (Ravel and 

Brotman, 2016). They are the predominant strains of the vaginal Lactobacilli (Wijgert et al., 

2014). Among these four predominant and specific vaginal strains, L. crispatus is the most 

commonly and frequently occurring Lactobacillus species of the healthy vaginal flora of women 

including pregnant women. Its number is reduced in genital diseases. L. crispatus is ubiquitous 

from all continents as evidenced by clinical studies performed worldwide (Aagaard et al., 2012; 

Antonio et al., 1999; Benning et al., 2014; Mitchell et al., 2013; Pavlova et al., 2002; Zhou et al., 

2007). Moreover, L. crispatus promotes the stability of the normal vaginal microbiota while L. 

gasseri, and/or L. iners are more conducive to the occurrence of abnormal vaginal microbiota. L. 

crispatus-dominated vaginal microbiota might change to a L. iners-dominated vaginal microbiota 

but is less likely to change directly to a dysbiotic state, and conversely (Gajer et al., 2012; 

Verstraelen et al., 2009). L. crispatus inhibits the infectivity of not only N. gonorrhoeae (Amant 

et al., 2002), but other pathogens such as Chlamydia trachomatis (Nardini et al., 2016), bacterial 

and yeast pathogens (Escherichia coli, Candida albicans, Candida glabrata, and Gardnerella 

vaginalis) (Hütt et al., 2016). Therefore, L. crispatus could simultaneously prevent or treat 

different urogenital infections. 

L. crispatus appears to be very interesting as a probiotic to prevent urogenital infections, due to 

its properties, its origin, its efficacy on several urogenital pathogens and the presence of some 

species already on the market.   
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Table 1. Some probiotic formulations on the market 

 Route Dosage 

form 

Strains Composition - Trade name Storage Indication Laboratory 

Oral Powder L. helveticuslaffi L10,  

L. rhamnosus R0011  

L. helveticuslaffi L10, L. rhamnosus R0011, purified  

water, fructose, atomized cranberry juice powder containing 7 % 

of proanthocyanidin; 

Carrier: magnesium hydroxide, tricalcium phosphate; 

Preservatives: potassium sorbate, sodium benzoate; Natural 

strawberry flavor 

GYNEBIOTIC Pro® 

 

Double compartment bottle with Lactobacillus in the bottle cap 

and cranberry powder in the bottle. 

Refrigerator To restore the normal vaginal flora during pregnancy, 

menopause, and antibiotic treatment 

For the intimate comfort and the balance of the 

urogenital flora 

ARAGAN 

Capsule L. aciddophilus,  

L. rhamnosus 

Capsule of L. acidophilus and L. rhamnosus and tablet of 36 mg 

of proanthocyanudines 

GYNEBIOTIC® cranberry BIO 

Refrigerator To protect and  restore the vaginal flora ARAGAN 

L. rhamnosus,  

L. acidophilus, L. reuteri, 

L. crispatus 

 

Lactobacilli 5.109 / capsule 

Maltodextrin,  

Emulsifier: magnesium stearate;  

Acidifying agent: ascorbic acid.  

Capsule : hypromellose 

Dyes: Candurin, red Allura AC. 

OROGYN ® 

Shelt from 

heat 

To preserve the vaginal flora CDD 

L. rhamnosus GR-1, 

L. reuteri RC-14 

 

Glucose, Lactobacilli, Maltodextrin; 

Excipient : Hydroxypropylmethylcellulose, Cellulose ; 

Anti-caking agent: Silicon dioxide, Magnesium salts of fatty acids,  

Dye: Titanium dioxide 

FEMIBION ® floreintime 

Refrigerator To restore and maintain the balance of the vaginal flora MERCK 

 L. brevis, L. acidophilus, 

L. rhamnosus 

 

Lactobacilli 2.5x109 / capsule 

Fructooligosaccharides 20 mg;  

Capsule: gelatin; 

Antioxidant: ascorbic acid; 

Feedstock: maltodextrin;  

Stabilizer: magnesium stearate 

PROGYN ® 

15-25°C To maintain the balance of the vaginal flora 

To prevent bacterial and yeast vaginoses 

PHACOBEL 
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Table 1. Continued 

 Route Dosage 

form 

Strains Composition   -   Trade name Storage Indication Laboratory 

Oral Capsule L. rhamnosus GR-1,  L. 

reuteri RC-14  

Lactobacilli 5x109 / capsule 

Milk, Dextrose anhydrate, Potato starch, Microcrystalline 

cellulose, vegetable Magnesium stearate,  

Beef gelatin, Titanium dioxide 

FEM-DOPHILUS® 

Refrigerator To restore and maintain the balance of flora JARROW 

FORMULAS 

Vaginal Tablet L. casei var  rhamnosus  

döderleini 

Prolonged release tablet 

 

GYNOPHILUS® LP 

< 25°C To maintain the balance of the vaginal flora,  

used after a local antibiotic or antifungal 

treatment or used at the same time as an oral 

antibiotic treatment  

BESINS 

INTERNATIONAL 

L. acidophilus  

 

L. acidophilus: 109 / tablet 

Lactic acid 60 %: 15 mg 

Dry extract of Krameriatriandra containing 15 % of neolignans 1 mg 

GYNEBIOTIC® intima 

Refrigerator To restore the normal vaginal flora during 

pregnancy, menopause and antibiotic treatment 

For the intimate comfort and the balance of the 

urogenital flora  

ARAGAN 

Capsule L. casei var rhamnosus 

döderleini 

Freeze-dried Lactobacillus 109/g 

Estriol 

Progesterone; 

For lyophilization: lactose monohydrate, potato starch, sodium 

thiosulfate, sodium glutamate; 

Capsule shell composition: gelatin, titanium dioxide  

TROPHIGIL® 

< 25°C To restore the normal vaginal flora and relieve 

vaginal dryness, vaginal itching, atrophic 

vulvovaginitis due to estrogen deficiency 

BESINS 

INTERNATIONAL 

L. acidophilus, L. casei, 

L. rhamnosus,  

L. delbrueckii ssp. 

bulgaricus 

and S. thermophilus 

Lactobacilli  4.109/capsule 

Ascorbic acid, gelatin, magnesium stearate, maltodextrin 

PROBIOSTAT® Vaginal 

 

Sterile applicator of the capsules 

Refrigerator To restore and maintain a normal vaginal flora 

Used as adjuvant for the treatment of vaginal 

infections  

BERRY 

NATURALS 

L. casei var rhamnosu 

doderleini 

 

Lactobacillus 109/g 

estriol, progesterone 

Sodium glutamate, lactose monohydrate, potato starch, sodium 

thiosulfate, gelatin, titanium dioxide  

FLORGYNAL® gelules 

< 25°C To be used in the case of atrophic 

vulvovaginitis due to estrogen deficiency 

BIOSE 

 

PROBIONOV 
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Table 1. Continued 

Route Dosage 

form 

Strains Composition   -   Trade name Storage Indication Laboratory 

Vaginal Capsule L. crispatus, L. reuteri 

and L. rhamnosus 

 

 

Sodium hyaluronate 5 mg, burdock 50 mg,  

Lyophilized Lactobacilli ˃ 2.109 / capsule 

Maltodextrin, vegetable magnesium stearate 

Gelatin, Titanium dioxyde 

MYCORESS® 

< 25°C Restoration of natural flora after antifungal treatment 

or recurrent mycoses  

BIOES 

Vaginal Capsule L. rhamnosus (PB01™),  

L. gasseri (EB01™) 

 

Lactobacilli ˃ 108 / capsule 

Anhydrous glucose, lactilol monohydrate, corn starch, 

hydroxypropylmethylcellulose, titanium dioxide and magnesium 

stearate 

MEGIGYNE ® 

- To restore and maintain the balance of the vaginal flora  SAFORELLE 

L. plantarum  P17630 

 

L plantarum, corn starch, mannitol, crosslinked sodium 

carboxymethylcellulose, vegetable magnesium stearate 

HYDRALIN FLORA® 

< 25°C To restore and maintain the balance of the vaginal flora BAYER 

L. casei var.  

rhamnosus dôderlein 

(LCR 35) 

 

Lyophilized Lactobacillus ˃ 109/g  

Lactose monohydrate 

GYNOPHILUS® 

< 25°C 
To maintain the balance of the vaginal flora,used after 

a local antibiotic or antifungal treatment or used at the 

same time as an oral antibiotic treatment  

BESINS 

INTERNATION

AL 

Suppository L. gasser iand L. 

acidophilus 

 

Freeze-dried Lactobacilli> 109 / suppository, calcium lactate, 

inulin, solidified fat 

SYMBIOVAG® 

Refrigerator To stabilize the vaginal environnement SYMBIOPHAR

M 

Periodic 

pad 

L. fermentum, L. 

casei var. rhamnosus, L. 

gasseri 

 

lyophilized Lactobacilli 

Pad: 100 % viscose not treated with chlorine 

Cord: 100 % cotton 

External layer: 100 % polypropene. 

FLORGYNAL® tampon probiotique 

 

Pad with applicator 

< 25°C To be used during menstruation 

To reduce vaginal discomfort: itching, irritation ... 

To protect the vagina against bacterial imbalances 

To restore the natural flora 

To improve healing in addition to anti-infectious 

treatment 

SAFORELLE 
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Table 2. Some probiotic formulations studied in clinical trials for the prevention or the treatment of urogenital infections 

Route Form Composition Infection  Outcome Source 

Oral Capsule Freeze-dried L. rhamnosus GR-1 and L. reutei RC-14 Bacterial vaginosis Prevention of bacterial vaginosis among women living with HIV (Hummelen et al., 2010) 

Gelatin capsules of freeze-dried L. rhamnosus  

GR-1 and L. reuteri(>109/strain/capsule viable) 

Bacterial vaginosis 

Yeast vaginitis 

Colonization, restoration and maintenance of a normal vaginal flora. 

Reduction of bacteria and yeast infection 

(Reid et al., 2001) 

(Reid et al., 2003) 

5.109 CFU L. acidophilus PBS066 (40 mg as 

lyophilized), 5.109 CFU L. reuteri PBS072 (30 mg as 

lyophilized), 320 mg inulin, 5 mg silica, 5 mg talc 

or 

5.109 CFU L. plantarum PBS067 (12 mg as 

lyophilized), 5.109 CFU L. rhamnosus PBS070 (20 

mg as lyophilized), 5.109 CFU Bifidobacterium 

animalis subsp. lactis PBS075 (60 mg as lyophilized), 

298 mg inulin, 5 mg silica, 5 mg talc 

Vaginal candidiasis L. plantarum was not as efficient as other strains in colonizing the vaginal 

mucosa after oral intake. 

   (Mezzasalma et al., 2017)     

Vaginal Suppository L. crispatus GAI 98322  

(1.0 × 10 8 CFU per one suppository) 

Urinary tract 

infection 

Reduction in the recurrence of bacterial urinary tract infections (Uehara et al., 2006) 

L. crispatus (Lactin-V; Osel) Recurrent urinary 

tract infection 

Bacterial vaginosis 

Reduction of the occurrence of urinary tract infection in premenopausal 

women 

Colonization of women with bacterial vaginosis, The product was well 

tolerated and accepted by women 

(Czaja et al., 2007; Stapleton et 

al., 2011) 

(Hemmerling et al., 2009, 

2010) 

Glycerol suppositories of Lactobacillus GG Reccurent Candidal 

vulvovaginitis 

Improvement of women vaginal symptoms, reduction of vaginal erythema 

and discharge 

(Hilton et al., 1995) 

Tablet  L. brevis (CD2), L. salivarius (FV2) and L. 

plantarum (FV9) 

Bacterial vaginosis Treatment of bacterial vaginosis  

Restoration of a healthy vaginal flora 

(Maggi et al., 2000) 

(Mastromarino et al., 2009) 

 Prevention of sperm lipid peroxidation, thus preservation of sperm motility 

and viability 

(Barbonetti et al., 2011) 

Lyophilized L. acidophilus (≥107 CFU/tablet) 

Oestriol (0.03 mg/tablet) 

(Gynoflor®) 

Bacterial vaginosis Cure of bacterial vaginosis of pre-menopausal women and recolonization 

of the vagina 

(Parent et al., 1996) 

Vacterial vaginosis, 

candidiasis, 

trichomoniasis 

Enhancement of the restoration of the vaginal flora by the administration 

of live Lactobacilli in combination with low dose oestriol.after anti-

infective treatment 

(Ozkinay et al., 2005) 

L. rhamnosus (Normogin®) Bacterial vaginosis A long-term (24 months) treatment of women affected by bacterial 

vaginosis lead to the restoration of the vaginal physiological pH associated 

with a reduction of the intensity of bacterial vaginosis symptoms 

(Rossi et al., 2010) 
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Table 2. Continued 

Vaginal Tampon Freeze-dried L. gasseri, L. casei var. rhamnosus and 

L. fermentum 

Bacterial vaginosis Administration of the tampon after an open treatment with vaginal 

clindamycin ovules. No improvement in the cure rate by this 

antibiotic. 

(Eriksson et al., 2005) 

Capsule L. rhamnosus GR-1 and L. reuteri RC-14 Bacterial vaginosis Effective cure of bacterial vaginosis using this Lactobacilli 

formulation (90 %) 

(Anukam et al., 2006) 

L. crispatus Bacterial vaginosis Women great interest in this intravaginal application for the 

treatment of bacterial vaginosis, Infection prevention 

(Marrazzo et al., 2006) 

L. rhamnosus Bacterial vaginosis Stabilization of the vaginal ecosystem and reduction of the 

recurrence of bacterial vaginosis  

(Marcone et al., 2010) 

Sanitary napkins 

 and pantiliners 

Lactobacillus strains  Lactic acid production (Carlucci et al., 2009; Husmark 

and Gustafson, 2007) 
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5. LACTOBACILLI AS POTENTIAL PROBIOTICS FOR THE PREVENTION OF 

GONORRHEA 

Regarding the inhibition of N. gonorrhoeae, Saigh et al. (1978) showed that the most active 

inhibitors of N. gonorrhoeae from endocervical flora were Streptococci, Staphylococci, and 

Lactobacilli. The inhibition of N. gonorrhoeae in vitro had been reported for L. acidophilus in 

1994 (Zheng et al., 1994). Amant et al. (2002) demonstrated that L. acidophilus ATCC 4356, 

L. crispatus ATCC 33197, L. jensenii ATCC 25258, L. gasseri ATCC 33323 inhibited N. 

gonorrhoeae at low pH (5.8 - <7), but that L. crispatus and L. jensenii inhibited N. 

gonorrhoeae at neutral pH (7) too, suggesting that both strains may protect more effectively 

than L. acidophilus ATCC 4356 and L. gasseri ATCC 33323. Breshears et al. (2015) showed 

the inhibition of N. gonorrhoeae ex vivo. 

To study exclusion or reduction of pathogenic adherence, Vielfort et al. (2008) analysed the 

early interactions between Lactobacilli and N. gonorrhoeae, and investigated how they 

competed for adherence to human epithelial cervical cells. They showed that L. crispatus, L. 

gasseri and L. reuteri were able to reduce gonococcal adherence while L. rhamnosus was not. 

In addition, N. gonorrhoeae and Lactobacilli formed mixed microcolonies and these 

complexes detached frequently from the epithelial cell surface reducing gonococcal 

colonization (Vielfort et al., 2008). Other strains L. gasseri ATCC 33323 and L. gasseri 

ATCC 9857 have been showed to reduce gonococcal adherence to epithelial cells and their 

invasion. They were able to displace adherent N. gonorrhoeae from epithelial cells, 

suggesting their potential use as post-exposure prophylaxy (Spurbeck and Arvidson, 2008, 

2010). L. gasseri does not co-aggregate with N. gonorrhoeae neither in cell culture medium 

supernatant nor at the cell surface (Spurbeck and Arvidson, 2008). The persistence and 

multiplication after administration to women of these strains that inhibit N. gonorrhoeae or its 

adherence have not been explored yet, neither their resistance to vaginal microbicides, 

including spermicides. Safety assessment studies have performed these strains. Among all 

these strains studied to inhibit N. gonorrhoeae, L. crispatus appears to be very promising. 

Administrating L. crispatus might help in the prevention of gonorrhea. It could be very 

interesting to develop a probiotic formulation containing L. crispatus intended for a vaginal 

administration. 
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6. VAGINA A PROMISING ROUTE FOR THE TREATMENT AND THE 

PREVENTION OF GONORRHEA 

All the recommended treatments of gonorrhea have been administered either orally or by 

injection. The issue is that, after administration by oral and parenteral route, the active 

pharmaceutical ingredients are poorly absorbed in the vagina, where they are supposed to 

exhibit their pharmacological function. This lead to the development of resistances. About the 

treatment of yeast vaginitis and bacterial vaginosis, the oral dosage form is associated to a 

vaginal administration form with interesting results. The majority of Lactobacilli formulations 

were initially developed for oral intake and it has been hypothesized that ingested Lactobacilli 

could migrate from the gut to rectum and ascend from the rectal skin to the vagina (Morelli et 

al., 2004). However, this way is indirect and too long. Now, trend is to develop Lactobacilli 

formulations for direct vaginal administration to enhance their efficacy and reduce the period 

between the administration and the action. The vaginal route has some advantages. The 

dosage forms are easy to apply. The administration is not painful like by parenteral route and 

there is no risk of vomiting drugs as sometimes observed by oral route with chemical active 

pharmaceutical ingredient. Prolonged dosage form with continuous release can be 

administered, improving users’ compliance. Vaginal dosage forms can be inserted and easily 

removed. Repeated administration is possible. The presence of a dense network of blood 

vessels makes the vagina an excellent route for drug delivery when both local and systemic 

effects are foreseen (Hussain and Ahsan, 2005; Richardson and Illum, 1992; Vermani and 

Garg, 2000; Weber et al., 2005). Moreover, the vaginal route allows avoiding the hepathic 

first pass. As gonorrhea is mainly spread through sexual transmission, the vagina is therefore 

an interesting route for gonorrhea prevention.  

 

6.1.   Vaginal characteristics to take into account for the development of a vaginal 

formulation 

6.1.1. Vaginal anatomy and histology 

Human vagina is a part of the female genital tract. It is a fibromuscular tube of about 10 cm in 

length which extends from the vulva to the cervix (Van De Graaff, 2001). From outside to 

inside, the vaginal wall consists of four layers: the tunica adventicia, the muscular coat, the 

lamina propia, and the nonkeratinized stratified squamous epithelial layer (Burkitt et al., 

1994). The tunica adventicia is made of loose connective tissue, whereas in the muscular coat, 
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there are smooth elastic fibers. All these confer an excellent elasticity to the vagina. The 

lamina propia is a connective tissue rich in blood and lymphatic vessels draining drugs to the 

internal iliac vein, thus avoiding the first hepatic pass (Richardson and Illum, 1992; Van De 

Graaff, 2001). The thickness of the vaginal epithelial cell layer varies between 200 and 

300 µm (Sjöberg et al., 1988). This thickness is not really influenced by menstrual cycle but is 

strongly dependent on age and hormonal levels especially estrogen level (Song et al., 2004). 

This low variability is interesting for the drug membrane passage because some drug 

absorption can be affected by the thickness of the vaginal epithelium. The vagina is 

innervated by two types of nerve supply: a peripheral one, which primarily supplies to the 

lower quarter of the vagina and makes it a highly sensible area and an autonomic fiber one 

that responds to stretch and are not very sensitive to pain. This explains why women do not 

feel discomfort when using continuous intravaginal drug delivery systems (Alexander et al., 

2004; Choudhury et al., 2011). 

 

6.1.2. Vaginal physiology 

The surface of the vaginal wall is covered by numerous cross folds, often called rugae that 

increase the surface area of the vaginal wall and provide distensibility and support. So rugae 

provide a large surface of absorption to drugs. These rugae are covered by a viscoelastic gel 

called vaginal mucus. Mucus contains organic and inorganic salts, mucin, proteins, 

carbohydrates, urea and fatty acids (Vermani and Garg, 2000). Its composition and its 

physical characteristics change according to the different phases of the menstrual cycle. 

During the follicular phase, mucus is thinner, easily penetrable and is associated to a thick and 

cohesive epithelium due to estrogen effect. In luteal phase, mucus is thicker and associated to 

desquamation of the epithelium surface that renders it thin, loose and porous due to 

progesterone effect. Mucus production rate is higher during ovulatory phase. It protects the 

vaginal mucosa of the external environment and ensures lubrication (Junginger et al., 2002). 

This mucus layer is also the site of the interactions between the vaginal mucosa and the 

administered active pharmaceutical ingredients (API) (Khanvilkar et al., 2001). It could then 

be exploited for bioadhesive drug delivery systems to avoid leakage after administration 

(Woodley, 2001). Moreover, the mucus is able to capture foreign particles and remove them, 

so it could serve as a permeability barrier to prospective drug candidates (Hussain and Ahsan, 

2005). 
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Although the vagina does not possess any gland, it secrets a fluid called vaginal fluid 

(Paavonen, 1983). The vaginal fluid contains the cervical mucus, desquamated vaginal cells, 

plasma transudate, leucocytes, carbohydrates, amino acids, aliphatic acids, proteins, enzymes, 

enzymes inhibitors and immunoglobulins (IgA, for example) (Burgos and Roig, 1978; Chien 

and Lee, 2002; Rohan and Sassi, 2009; Wagner and Levin, 1978). The mass of the vaginal 

fluid is estimated between 0.5 and 0.75 g on average every time and its production is about 6 

g/day (Owen and Katz, 1999; Owen et al., 2000). The vaginal fluid volume, viscosity and pH 

may have either positive or negative impacts on vaginal drug absorption (Hussain and Ahsan, 

2005). If its volume increases, drugs may be removed from vaginal cavity during the flow of 

the fluid, reducing the contact time and thus the absorption. Regarding its pH, since many 

drugs are weak electrolytes, the vaginal pH may change their degree of ionization and modify 

their release profile from the drug delivery systems, and so affect their absorption (Hussain 

and Ahsan, 2005). Normally, the vaginal pH is acidic, varying between 3.5 and 5.5. It is 

modified by vaginal secretions, after sexual intercourse, during menstruation and after 

menopause. This pH is maintained by Lactobacilli, the predominant bacteria of the healthy 

vaginal flora, which transformed glycogen into lactic acid. The Lactobacilli of the vaginal 

flora control this microbiota by competing with other microorganisms for adherence to 

epithelial cells and by producing antimicrobial compounds such as organic acids which 

lowers the vaginal pH, hydrogen peroxide, bacteriocin-like substances and possibly 

biosurfactants to control the population of vaginal pathogens (Boris and Barbés, 2000). In 

addition, the vagina contains enzymes that may affect the absorption of proteins (Chien and 

Lee, 2002). The normal vagina is anaerobic with pressures of O2 and CO2 respectively lower 

and higher than atmospheric levels, though menstruation increases oxygen pressure (Hill et 

al., 2005). All these characteristics are to be considered in the development of vaginal 

formulations. 

 

6.2.   Vaginal forms 

Vaginal formulations can be administered in (i) liquid forms: solutions, emulsions and 

suspensions, (ii) semi-solid forms: creams, ointments and gels, (iii) solid forms: tablets, 

capsules, films, and (iv) devices such as rings (Vermani and Garg, 2000). On the market, 

formulations such as contraceptives, labor inducers, vaginal infections treatments, local 

menopausal syndroms treatments are commonly available in the following dosage forms: 

cream, gel, tablet, capsule, foam, ovule, ointment, suppository, tampon, douche, and vaginal 
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ring. In recent studies, because of the risk of leakage reducing the retention and contact time, 

the liquid forms are less developed. However, vaginal rings and semi-solid forms raise a great 

interest. In fact, vaginal rings are positioned in the upper third of the vagina especially 

susceptible to infection, near the cervico-vaginal junction. They do not interfere with coitus 

and are expected to release the API in a controlled manner, in the vaginal lumen over a long 

period up to several months. Vaginal rings are generally made of a polymer matrix (silicone, 

thermoplastic materials, ethylene vinylacetate copolymer) containing drug substances  

(Malcolm et al., 2010).  

The advantages of semi-solid forms are their tolerance, their feasibility and low cost of 

production (Pilcher, 2004). They are expected to cover the vaginal mucosa (Hussain and 

Ahsan, 2005).  The development of systems that are administrated in the body as liquids or 

semi-solids and undergo a transition to solidify in situ has emerged as a very appealing 

strategy to ensure patient compliance and comfort. Therefore, hydrogels and especially 

thermosensitive ones gained a particular attention in research. They are the most frequently 

studied semi-solid dosage forms.  

Hydrogels are gels in which the dispersion medium is an aqueous solution. Hydrogels are 

generally colorless, odorless, tasteless and can be used in combination with vaginal devices or 

condoms (Pilcher, 2004). Hydrogels offer several other advantages such as hydrophilicity, 

biocompatibility, good distribution and retention, appropriate drug release and acceptability 

by patients. Hydrogels have been mostly used for the treatment of vaginal dryness and local 

delivery of antimicrobial drugs, microbicides, contraceptives and labor inducers. Hydrogels 

have also been used for a potential systemic delivery of hormones, vaccines, proteins and 

peptides. However, an applicator is needed to reach the cervico-vaginal junction (Hussain and 

Ahsan, 2005). Preformed gels are more and more replaced by so called in-situ forming 

hydrogels that can be administered as a liquid before transforming to a gel inside the body, 

due to specific physiological triggers such as pH, temperature or ions. The temperature 

sensitive approach can be advantageous for the vaginal application as it does not require any 

external material for inducing gelation. Several polymers have been studied for this purpose: 

polysaccharides such as cellulose-derivatives or chitosan mixed with glycerophosphate, N-

isopropylacrylamide copolymers, poly(ethylene oxide-b-propylene oxide-b-ethylene oxide) 

(poloxamers and their copolymers, poly(ethylene oxide)/(d,l-lactic acid-co-glycolic acid) 

copolymers (Ruel-Gariépy and Leroux, 2004). The most widely studied temperature-sensitive 

polymers are poloxamers. Poloxamers are triblock copolymers composed of a central 

hydrophobic chain of poly (propylene oxide) and two hydrophilic side chains of poly 
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(ethylene oxide). Upon increasing the temperature, if their concentration is high enough, such 

copolymers can self-assemble into micelles in aqueous solution. The micelles subsequently 

organize themselves in a micellar cubic phase leading to a gelation of the system (Dumortier 

et al., 2006).  

To solve the problem of leakage and messy effect of the gels, the trend is to develop 

mucoadhesive hydrogels. Mucoadhesive hydrogels are able to adhere to the biological tissues 

or the mucus layer of the tissue allowing intimacy of contact, to improve drug absorption and 

to prolonge residence time at the site of administration. Mucoahesion necessitates 

mucoadhesive compounds (Justin-Temu et al., 2004; Valenta,2005). Poly(acrylate), chitosan, 

cellulose-derivatives, hyaluronic acid and derivatives, pectin, starch, poly(ethylene glycol), 

carrageenan, alginate and gelatin are examples of mucoadhesive polymers (Acarturk, 2009; 

Andrews et al., 2009; Valenta, 2005).  

Researchers have developed vaginal hydrogels that are both temperature sensitive and 

mucoadhesive. Such systems gelify in response to the temperature change from ambient to 

body temperature facilitating their spreadability on the mucosa, and persist in the vagina by 

adhesion (Aka-Any-Grah et al., 2010; Cellesi, 2012; das Neves and Bahia, 2006; Roy et al., 

2001; Ruel-Gariépy and Leroux, 2004).  

 

The vaginal route is very interesting for the administration of formulations intended to treat or 

prevent infections. However, it may show some limits such as the risks of local irritation, or 

microbiota deterioration as well as the reduction of the efficacy of the drugs sensitive to the 

vaginal pH.  In addition, the efficiency of the drugs may be influenced by sexual intercourse 

(Brache et al., 2009; Hurst et al., 2008; Merriam et al., 2015) and personal hygiene. Some 

gender specificity may also influence the efficacy of some drugs: pregnancy (Krauer and 

Krauer, 1977; Loebstein et al., 1997; Sachdeva et al., 2009), menstruation discharge, and 

menopause. 

 

7. CURRENT HURDLES TO THE USE OF LACTOBACILLI AGAINST 

GONORRHEA 

Lactobacilli are predominant in the healthy vaginal flora and greatly impact the vaginal health 

(see section 2), some Lactobacilli have showed their interest for urogenital probiotic 

applications (see sections 3 and 4) and can inhibit N. gonorrhoeae (see section 5). For all 

these reasons they are particularly interesting for the development of probiotics for the 
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prevention of gonorrhea. However, they should combine several of the mechanisms of 

inhibition of pathogens. To this respect L. crispatus appears to be very interesting as a 

probiotic to prevent urogenital infections (see sections 4 and 5), especially for the prevention 

of gonorrhea. Several hurdles must however be overcome before using them as a mean of 

prevention against gonorrhea.  

First of all, the acceptability by the patients of such formulations containing Lactobacilli 

should be evaluated. 

Concerning strain itself, a beneficial effect attributed to one strain cannot be assumed to be 

provided by another strain, even if it belongs to the same species (Ibnou-Zekri et al., 2003; 

Sanders, 2008). Thus, the probiotic effects of the chosen Lactobacilli for the formulation 

development should be clearly demonstrated, particularly its efficacy on N. gonorrhoeae. In 

addition, some strains are not well suited to colonize the vagina. For example, a commercial 

probiotic strain L. rhamnosus GG, was apparently not able to colonize the vagina nor was the 

L. acidophilus strain studied (Colodner et al., 2003), maybe explaining why both strains failed 

to prevent recurrence of urinary tract infections (Baerheim et al., 1994; Kontiokari et al., 

2001). Therefore, the ability to colonize the vagina should be evaluated in early stage of 

probiotics development at the same time as the identification of the chosen strain and the 

proof of its activity. Probiotics optimal dose should also be determined.  

In 2002, a joint working group of the FAO and the WHO drafted guidelines for the evaluation 

of probiotics in food (FAO/WHO, 2002) that was slightly modified by the consensus 

statement of 2014 (Hill et al., 2014). In short, these guidelines included: (i) to identify and 

characterize the organism to the genus and species level with internationally accepted 

methods (genotypic and phenotypic methods), (ii) to have a clear and consistent strain 

designation (international culture collection name), (iii) to show probiotic benefits such as the 

production of bacteriocins, acids, and hydrogen peroxide, and the ability to inhibit adhesion of 

pathogens both in vitro and in vivo, (iv) to establish safety in vitro and/or in animal study and 

human studies by minimum tests including antibiotic resistance patterns, metabolic activities, 

toxin production, hemolytic activity, infectivity in immunocompromised animal models, side 

effects in humans, and adverse incidents in consumers, (v) to establish efficacy in double 

blind, randomized, placebo-controlled phase 2 human trials. After these evaluation steps, a 

formulation can be called probiotic. A phase 3 effectiveness trial to compare the probiotic to 

standard means of prevention or treatment should then be conducted. The guidelines also 

included requirements for labeling of the probiotic products with strain specification, 

minimum number of viable bacteria at the end of shelf life, storage conditions, which would 
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be helpful to the consumers to safeguard their own interest. As there are currently no 

guidelines for medicinal probiotics, these guidelines may help for the evaluation of probiotic 

intended for medical use. Nevertheless, some criteria of these guidelines such as the 

adherence, hydrogen peroxide production and the viability of the strains are still controversed. 

Some studies on the interaction between Lactobacilli and N. gonorrhoeae confirmed this 

controversy. In fact, the number of adherent bacteria did not correlate to the level of 

protection against gonococcal infection (Vielfort et al., 2008). That means that this 

mechanism is not so crucial in the development of the probiotic formulation. Regarding H2O2 

production, some studies have showed that its production by vaginal Lactobacilli is 

implausible as a mechanism of protection in vivo, since (i) the hypoxic condition of the vagina 

precludes bacterial production of H2O2 because the production of hydrogen peroxide requires 

aerobic conditions, (ii) even if it is produced, the high antioxidant capacity of cervico-vaginal 

fluid blocks the microbicidal activity of H2O2, and (iii) H2O2 is more toxic to vaginal 

Lactobacilli than to the seventeen species responsible of bacterial vaginoses (O’Hanlon et al., 

2010, 2011). Graver and Wade (2011) showed that during anaerobic growth, the inhibition of 

N. gonorrhoeae by the vaginal Lactobacillus tested was primarily due to acidification, 

suggesting that those seeking to select Lactobacillus for probiotic use should address the 

acidification potential of candidate Lactobacillus to prevent gonorrhea. As regards the 

viability of the strains, in the development of the probiotic formulations, it is stated that the 

selected probiotics should be able to survive during industrial processing and remain viable 

and stable during storage. However, some strains are able to be as beneficial when alive or 

dead, so the viability is not always a limiting property (Mottet and Michetti, 2005; Ouwehand 

et al., 2000; Reid et al., 1995). Freeze-drying bacterial cultures is often used to increase their 

shelf life as well as their stability during storage at room temperature (Zárate and Nader-

Macías, 2006). These dried bacteria can then be incorporated into several dosage forms for 

vaginal application. The challenge is that probiotic formulations maintain their properties 

during long term storage. In the absence of guidelines to evaluate Lactobacilli as probiotics to 

prevent or treat gonorrhea, in view of these studies, adherence, hydrogen peroxide production 

and the viability of the strains can be evaluated but should not be limiting criteria. 

Furthermore, the usual animal models able to mimic gonorrhea are mice, guinea pig, 

chimpanzee (Arko, 1989; Chandler and Kraus, 1976; Lucas et al., 1971). However, N. 

gonorrhoeae is a human obligatory bacterium. Thus, after given the proof of the concept, and 

the efficacy of the formulation in vitro and in animals, products should be used in patients. 

Only human clinical trials can provide the definitive answer to whether or not Lactobacilli can 
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be efficient as probiotics for the prevention of gonorrhea particularly the efficacy and the 

security of using them.  

The evaluation of the security is crucial even if Lactobacilli are generally considered as safe. 

Some clinical trials comparing the use of some Lactobacillus strains to the use of antibiotics 

for the prevention of urinary tract infections showed no side effect with Lactobacilli (Brumfitt 

et al., 1992; Brumfitt et al., 1983; Reid et al., 1995), but safety should be more explored 

because some adverse events have been reported (Hemmerling et al., 2010). These authors, in 

a phase 2a study of L. crispatus CTV-05 (LACTIN-V) administered by a vaginal applicator, 

showed the occurrence of mild and moderate adverse events such as vaginal discharge, 

abdominal pain, dysuria, pollakiuria, vaginal odor and genital pruritus. No serious adverse 

events occurred and no deep epithelial disruption was seen during colposcopic evaluation.  

By mixing different species, the efficacy could be the addition of the one of each strain 

(Famularo et al., 2001; Gardiner et al., 2002). However, some preliminary studies should 

demonstrate this complementarity before.  

Furthermore, the incorporation of substances that may nourish Lactobacilli in formulations 

could enhance their efficacy. Prebiotics could stimulate the growth, the activity, or both, of 

endogenous Lactobacilli that already reside in the vagina. The combination of probiotics and 

prebiotics could also improve the survival of the probiotic organisms, because their specific 

substrate is readily available for their metabolism. It could be advantageous to the host that 

the probiotic and the prebiotic are offered at the same time. Nowadays, there is a great interest 

in the mixture of probiotics and prebiotics called synbiotics. However, prebiotics alone have 

the potential to optimize, maintain and restore the flora of the vaginal ecosystem (Al-

Ghazzewi and Tester, 2016). Some reports have promoted prebiotics application in vaginal 

health (Al-Ghazzewi and Tester, 2016), but their efficacy on gonorrhea was not studied. 

Table 3 gathers the main steps that should be followed for the selection of probiotics intended 

for the prevention of gonorrhea. 
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Table 3. Steps for the development of a vaginal probiotic formulation intended for the prevention of gonorrhea 

(FAO/WHO, 2002; Hill et al., 2014; Reid et al., 1999; Salminen et al., 1996; Sobel, 1999). 

Isolation of a strain   To extract the strain from the human vagina 

 To identify and characterize the organism to the genus and species level with internationally accepted methods 

(genotypic and phenotypic methods) 

 To have a clear and consistent strain designation (international culture collection name) 

Security aspect  To establish safety in vitro and/or in animal study and human studies by minimum tests including antibiotic resistance 

patterns, metabolic activities, toxin production, hemolytic activity, infectivity in immunocompromised animal models, 

side effects in humans, and adverse incidents in consumers 

Functional aspect  To show probiotic benefits such as the production of bacteriocins and acids 

 To show ability to inhibit the growth, the adhesion and the spread of pathogens both in vitro and in vivo 

 To determine the effective dosage 

 To show ability to colonize the vagina 

 To show ability to co-aggregate pathogens, to auto-aggregate and form biofilm 

Technological aspect  To show stability during the process 

 To show stability within the formulation 

 To show preservation of the functional properties in the formulation 

 To show a prolonged release profile in the vagina 

 To show formulation efficacy  

Clinical evidence of 

usefulness 

 To establish efficacy in double blind, randomized, placebo-controlled phase 2 human trials 

 To compare the probiotic to standard means of prevention or treatment in a phase 3 effectiveness trial 

 

8. CONCLUSION 

Gonorrhea is a major public health issue. The emergence of resistance to antibiotics and the 

difficulties to develop vaccines call for alternative solutions. One promising approach is the 

use of Lactobacilli recognized to be an important defense against infection. They are naturally 

hosted by the vagina and may be introduced in sufficient quantity by a dosage form. 

Therefore, they would restore the normal microbiota and enhance the natural defense 

mechanisms, to induce a protection towards infections. Many concomitant properties are 

required to confer this protection. They have been identified, but they have not yet been fully 

elucidated. Lactobacilli are lacking in some cases of urogenital tract infections. So, the 

probiotic approach to restore the vaginal ecosystem and fight against urogenital infections is 

increasing in this field. Probiotics are generally considered to be safe and are already widely 

used. However, more work is required to isolate strains with scientifically proven efficacy on 

N. gonorrhoeae. Then, such strains could be incorporated into vaginal formulations to prevent 

gonorrhea. L. crispatus has showed to fulfil many criteria. Its characterization as well as its 

efficacy on N. gonorrhoeae should however continue to be fully assessed. Some usual 

formulations such as tablets, capsules, suppositories containing Lactobacilli have already 

showed their efficacy for the vaginal route and may be a support. However, even if there are 
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few published data on the other vaginal forms such as semi-solid forms containing 

Lactobacilli, it could be very interesting to assess them. 
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1. INTRODUCTION 

Les hydrogels ont fait l’objet de plusieurs études pour la prévention et/ou le traitement des 

infections de la voie vaginale, surtout des infections sexuellement transmissibles. Face aux 

difficultés de traitement et de prévention de la gonococcie, dues respectivement au 

développement des résistances et à la baisse de l’utilisation du préservatif, notre équipe 

propose une stratégie basée sur des hydrogels probiotiques à base de Lactobacillus crispatus, 

de poloxamer 407 et d’alginate de sodium. Cette chapitre vise à faire une synthèse 

bibliographique permettant de justifier le choix de la forme hydrogel, des polymères et de 

Lactobacillus crispatus pour la prévention de la gonococcie. 

 

2. CHOIX DE LA VOIE VAGINALE 

Les infections sexuellement transmissibles continuent de nos jours à se propager. Dans de 

nombreux cas, elles ne sont pas diagnostiquées et conduisent éventuellement à des 

complications à long terme à l’instar de la stérilité (Chan, 2005). Les jeunes femmes âgées de 

15 à 24 ans sont plus susceptibles d'être infectées par les IST que les jeunes hommes (UNFPA 

et al., 2015). Des études ont démontré que les préservatifs lorsqu'ils sont utilisés de manière 

correcte et systématique sont efficaces contre  l'acquisition et la transmission d'IST (Matson et 

al., 2011; Sarkar, 2008). Malheureusement, dans de nombreuses sociétés, les femmes ont 

souvent peu ou pas la possibilité de négocier leur utilisation avec leurs partenaires. Les autres 

principaux obstacles à l'utilisation du préservatif sont : la peur que le/la partenaire soit 

méfiant(e) vis-à-vis de soi, la consommation d'alcool et la réduction du plaisir sexuel (Donta 

et al., 2014; Macharia et al., 2017; Mahlalela and Maharaj, 2015; Sahay et al., 2015; Sarkar, 

2008; Tafuri et al., 2010). En conséquence, la stratégie basée sur l'utilisation constante du 

préservatif n'a pas atteint un niveau suffisamment élevé d’efficacité, même après de 

nombreuses années de promotion généralisée et intensive (Potts et al., 2008). Cela explique 

l’élaboration, la mise en œuvre et l’émergence ces dernières années de nouvelles stratégies 

préventives contrôlées par les femmes elles-mêmes, sûres, efficaces et acceptables. Ainsi, 

dans le cadre de nos travaux qui s’intéressent plus particulièrement à la gonococcie, notre 

stratégie est de proposer des solutions qui soient adaptées à la femme, pour une prise en 

charge efficiente de cette IST. L’analyse des symptômes de la gonococcie, de son mécanisme 

de transmission et de sa pathogénicité, réalisée dans le chapitre I a permis de mettre en 

évidence que cette infection se manifeste le plus souvent sous forme de brûlure mictionnelle 
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et d’écoulement purulent chez l’homme, tandis qu’elle est le plus souvent asymptomatique 

chez la femme. Ainsi, même si la femme ne présente aucun signe d’infection, elle peut tout de 

même la transmettre à son partenaire et aussi au nouveau-né. Toutes ces raisons font de la 

voie vaginale la principale voie sexuelle de transmission de la gonococcie. Il semble donc 

pertinent d’orienter notre stratégie vers la voie vaginale. L’étude du mécanisme de 

pathogénicité (chapitre I) nous a permis de comprendre le niveau de ce mécanisme sur lequel 

il serait intéressant d’agir pour prévenir l’infection. En effet, l’adhérence du gonocoque aux 

cellules épithéliales est la première étape déterminante et la seule étape qui se déroule dans la 

lumière vaginale. Pour la prévention de la transmission du gonocoque, notre proposition est 

de développer un système capable d’empêcher son adhérence aux cellules épithéliales. La 

voie vaginale est déjà une voie d’administration utilisée pour les antiseptiques, les 

antibiotiques, les antifongiques, les antiparasitaires, les hormones et les contraceptifs (Vidal, 

2017). C’est la voie idéale pour une action locale au niveau du vagin. Les formes 

pharmaceutiques adaptées à cette voie sont nombreuses : crèmes vaginales, gels vaginaux, 

douches vaginales, capsules vaginales, ovules, comprimés vaginaux (Vidal, 2017).  

 

3. INTERET DE LACTOBACILLUS CRISPATUS POUR LA PREVENTION DE 

LA GONOCOCCIE 

La microflore vaginale est dominée par des espèces de Lactobacillus. Plusieurs espèces de 

Lactobacillus telles que L. iners, L. crispatus, L. gasseri, L. jensenii, L. acidophilus, L. 

fermentum, L. plantarum, L. brevis, L. casei, L. vaginalis, L. delbrueckii, L. salivarius, L. 

reuteri et L. rhamnosus ont été décrites pour coloniser le vagin à divers degrés (Cribby et al., 

2009). D'autres espèces bactériennes telles que Gardnerella vaginalis, Peptostreptococcus 

spp., Prevotella spp., Escherichia coli, Streptococcus agalactiae et Enterococcus faecalis sont 

présentes en quantités limitées dans un vagin sain. La composition bactérienne vaginale varie 

d’une femme à une autre (Vasquez et al., 2002) et d’une région à une autre. L'utilisation 

d'antibiotiques, l'activité sexuelle, la menstruation, la grossesse, les douches vaginales, les 

hormones et toutes les méthodes de contraception sont susceptibles de perturber le microbiote 

vaginal (Farage et al., 2010; Witkin et al., 2007). Malheureusement, il existe une corrélation 

entre la perte et la perturbation des lactobacilles vaginaux et le risque élevé d'infections 

génitales, y compris les IST telles que le virus de l’immuno- déficience humaine (VIH) (Dols 

et al., 2012; Frank et al., 2012; Hummelen et al., 2010; Martin et al., 1999; Mitchell et al., 

2009, 2013; Schellenberg et al., 2011; Sewankambo, et al., 1997; Spear et al., 2011, 2008), le 
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virus du papillome humain (Dols et al., 2012; Gao et al., 2013; Lee et al., 2013; Mitchell et 

al., 2012; Smith et al., 2012), le virus de l'herpès simplex de type 2 HSV-2 (Cherpes et al., 

2003), Trichomonas vaginalis (Brotman et al., 2012), Neisseria gonorrhoeae et Chlamydia 

trachomatis (Wiesenfeld et al., 2003).  

L. crispatus est une espèce de Lactobacillus naturellement présente dans le vagin, qui favorise 

la stabilité de la microflore vaginale normale. L’étude par vidéomicroscopie de la composition 

bactérienne de mucus, fraîchement prélevés chez des femmes, a montré que le piégeage des 

cellules virales était efficace dans le cas où le mucus était dominé  par L. crispatus tandis que 

cela n'était pas le cas quand le mucus était dominé par L. iners ou Gardnerella vaginalis 

(Nunn et al., 2015). Ceci montre l’importance de la présence de L. crispatus. 

L. crispatus inhibe plusieurs bactéries, levures et virus dont Neisseria gonorrhoeae (Amant et 

al., 2002; Breshears et al., 2015), Chlamydia trachomatis (Nardini et al., 2016), et Escherichia 

coli, Candida albicans, Candida Glabrata et Gardnerella vaginalis (Hütt et al., 2016). L. 

crispatus est spécifique au vagin humain (Pavlova et al., 2002; Ravel et al., 2011; Zhou et al., 

2007, 2010). Il peut produire d’importantes quantités d'acide lactique et confère au vagin un 

pH de 3,5-4 qui est protecteur vis-à-vis du gonocoque et d’autres agents responsables d’une 

IST (Ravel and Brotman, 2016). Il est aussi capable de réduire l'adhérence du gonocoque aux 

cellules cervicales épithéliales humaines (Vielfort et al., 2008). Certains probiotiques à base 

de L. crispatus sont déjà commercialisés pour la prévention et/ou le traitement de bactérioses 

vaginales, mycoses vaginales et infections urinaires récurrentes. Par conséquent, 

l'administration de L. crispatus pourrait aider à prévenir la gonococcie. 

En outre, Amant et al. (2002) ont démontré que L. acidophilus ATCC 4356, L. crispatus 

ATCC 33197, L. jensenii ATCC 25258, L. gasseri ATCC 33323 étaient capables d’inhiber le 

gonocoque à faible pH (5,8 - <7), mais L. crispatus et L. jensenii le pouvaient aussi à pH 

neutre (7). Ils ont suggéré que L. crispatus et L. jensenii peuvent protéger plus efficacement 

que L. acidophilus ATCC 4356 et L. gasseri ATCC 33323 car le pH vaginal qui normalement 

est acide peut tendre vers la neutralité dans certaines circonstances. Par ailleurs, Hütt et al., en 

2016 ont montré que la production d’acide lactique de plusieurs souches vaginales de L. 

crispatus (15,6 ± 2,8 mg.mL-1) était supérieure à celle de plusieurs souches vaginales de L. 

jensenii (11,6 ± 2,6 mg.mL-1) mais qu’elle est spécifique à chaque souche. Les souches de L. 

crispatus présentaient une meilleure activité antagoniste contre E. coli et Candida spp. que L. 

jensenii. Ils ont donc suggéré qu’un candidat probiotique potentiel pourrait être trouvé parmi 

les souches de L. crispatus. Dans le cadre de nos travaux, notre choix s’est donc porté sur L. 

crispatus ATCC 33197 qui a été le plus été étudié pour son activité antigonococcique. Le but 
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est de recoloniser la muqueuse vaginale, rétablir l’équilibre biologique et constituer une 

barrière microbiologique contre le gonocoque. 

 

4. INTERET DE LA FORME “HYDROGEL” POUR LA VOIE VAGINALE 

 La forme galénique que nous avons retenue pour administrer L. crispatus est l’hydrogel 

vaginal. En effet, les hydrogels vaginaux suscitent un grand intérêt en recherche pour la 

prévention du VIH et des IST. Ils ont été étudiés précédemment dans les équipes partenaires 

de ce projet de thèse (Institut Galien Université Paris Sud (IGPS) et le département de 

Pharmacie Galénique Cosmétologie et législation de la faculté de pharmacie de l’Université 

Félix Houphouët-Boigny (PGCL)). En effet, un hydrogel à base d’un polymère 

thermogélifiant (le poloxamer 407) et d’un polymère mucoadhésif 

(l’hydroxypropylméthylcellulose) a été particulièrement étudié pour la voie rectale dans le 

traitement du paludisme chez l’enfant (Koffi et al., 2006, 2008). Les résultats prometteurs 

obtenus, tels que la libération prolongée et l’amélioration de la biodisponibilité de la quinine 

chez le lapin, ont favorisé des travaux ultérieurs visant à adapter cette formulation à la voie 

vaginale (Aka-Any-Grah et al., 2010). En effet, Aka-Any-Grah et al. (2010) ont développé 

des hydrogels à base d’une part de poloxamer 407 ou de mélange de deux poloxamer 407 et 

188 et d’autre part de l’hydroxypropylmethylcellulose. Ces gels étaient insensibles à la 

dilution par le fluide vaginal simulé (Aka-Any-Grah et al., 2010). Ces gels étaient par ailleurs 

capable de véhiculer le peptide M48U1 et de former simultanément une barrière contre la 

diffusion du virus VIH jusqu’aux cellules épithéliales vaginales du macaque (Bouchemal et 

al., 2015). Des travaux sur les gels de poloxamer destinés à une application cutanée pour le 

traitement de l’ulcère de Buruli ou contenant d’autres molécules antipaludiques et destinés au 

traitement du paludisme sont également en cours.  

Le choix de la forme galénique hydrogel résulte également de l’étude comparée des gels aux 

autres formes pharmaceutiques adaptés à la voie vaginale. En effet, les gels ont un risque de 

fuite plus faible que les formes liquides (douches vaginales) en raison de leur importante 

viscosité, ce qui augmente leur rétention et leur temps de contact avec la muqueuse vaginale. 

Les anneaux vaginaux, quant à eux, sont des dispositifs de diffusion de substances 

médicamenteuses. Ils sont généralement constitués d'une matrice polymère solide (silicone, 

matériaux thermoplastiques, copolymère d'éthylène et d'acétate de vinyle) (Malcolm et al., 

2010) et laissent diffuser les molécules de faible masse molaire. Dans le cas de notre système, 

ce sont des bactéries qui doivent être libérées et la diffusion n’est pas un mécanisme possible 
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pour des particules de cette taille dans ce type de systems. Ainsi, ces anneaux ne conviennent 

pas à notre objectif. Concernant les comprimés, capsules et ovules, ils présentent l’avantage 

d’une bonne conservation. Toutefois, leur temps de délitement dans le vagin est parfois 

prolongé, et il existe un risque de répartition non homogène de la substance active. Pour 

toutes ces raisons, nous avons préféré les formes semi-solides qui devraient tapisser toute la 

muqueuse vaginale (Hussain and Ahsan, 2005) à l’image du mucus vaginal. En effet dans la 

partie la plus interne du vagin, le mucus forme un gel viscoélastique qui tapisse toute la 

muqueuse vaginale et constitue une barrière naturelle contre les microorganismes. En outre, 

parmi les formes semi-solides, les gels (monophase) sont plus faciles à préparer que les 

crèmes qui contiennent une phase lipophile et une phase hydrophile. Parmi les gels, les 

hydrogels ont été retenus. En effet, les hydrogels sont des gels dans lesquels le milieu de 

dispersion est aqueux. Cette hydrophilie est un gros avantage pour éviter les salissures sur les 

vêtements. Les hydrogels sont généralement incolores, inodores, insipides et peuvent être 

utilisés en combinaison avec des dispositifs vaginaux ou des préservatifs (Pilcher, 2004). Ils 

offrent plusieurs autres avantages tels que la biocompatibilité, la bonne distribution et la 

mucoadhésion, la libération appropriée de la substance active et l'acceptabilité par les 

patientes.  

Par ailleurs, les hydrogels trouvent déjà de nombreuses applications : 

- pour l’immobilisation cellulaire : les hydrogels sont utilisés pour former des matrices 

comme support pour la croissance de cellules souches, de cellules bactériennes par 

adsorption, ou encapsulation ou pour l’administration de probiotiques (Cellesi, 2012; 

Chaluvadi et al., 2012; Willaert, 2011) 

- dans l’ingénierie tissulaire : les hydrogels sont utilisés comme matériaux d’échafaudage 

pour le comblement, la régénération ou la réparation tissulaire (Maisani, 2017) 

- pour la délivrance de substances actives (Cook and Brown, 2018). 

Concernant la voie vaginale, les hydrogels ont été principalement formulés pour le traitement 

de la sécheresse vaginale et l'administration locale de médicaments antimicrobiens, de 

microbicides, de contraceptifs et d'inducteurs du travail lors d’un acouchement (Vidal, 2017). 

Les hydrogels ont également été étudiés pour la possibilité d'une administration systémique 

d'hormones (Almomen et al., 2015), de vaccins (Gordon et al., 2012), de protéines et de 

peptides (Hussain and Ahsan, 2005; Richardson and Illum, 1992) passant par la voie vaginale. 

Le développement d’un gel pour la voie vaginale nécessite la conception d’un applicateur car 

ce dernier est nécessaire pour atteindre la jonction cervico-vaginale (Hussain and Ahsan, 

2005). La figure 1 présente quelques schémas d’applicateurs. Les applicateurs constitués de 
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deux cylindres dont le cylindre externe contient la préparation et le cylindre interne constitue 

le piston avec un bouchon pour fermeture sont généralement utilisés pour les formes solides 

(Fig. 1A), mais pourraient être adaptés aux formes semi-solides. Généralement, pour les 

formes semi-solides, les applicateurs sont constitués d’un tube contenant la préparation, d’un 

cylindre pour une administration en profondeur et un bouchon. Ils peuvent exister en un 

ensemble continu (Fig. 1B) ou en deux parties à assembler avant usage que sont le tube d’une 

part et le cylindre d’autre part (Fig. 1C). La présentation en deux parties semble plus adaptée 

pour des préparations extemporanées. 

 

A B C 

 

  

 

 

Figure 1. Description schématique d’applicateurs vaginaux sur le marché. 

 

Les hydrogels préformés sont de plus en plus remplacés par des systèmes qui peuvent être 

administrés sous forme de liquide avant de se transformer en un gel à l'intérieur du corps, 

stimulés par des facteurs physiologiques spécifiques tels que le pH, la température et les ions. 

Les hydrogels sensibles à la température peuvent être avantageux pour l'application vaginale 

car ils ne nécessitent aucun composé supplémentaire externe pour induire la gélification. 

 

5. LES GELS THERMOSENSIBLES A BASE DE POLOXAMERS : 

PROPRIETES PHYSICOCHIMIQUES ET APPLICATIONS 

PHARMACEUTIQUES 

Les poloxamers sont des copolymères synthétiques triblocs composés de blocs de 

poly(oxyéthylène) (POE) et de poly(oxypropylène) (POP), soit une structure de type : POE-

POP-POE (Fig. 2).  
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Figure 2. Formule chimique générale des poloxamers, x et y sont le nombre de répétition des unités 

d’oxyéthylène et d’oxypropylène. 

Parmi les poloxamers, le poloxamer 407 et le poloxamer 188 sont les plus utilisés pour une 

application pharmaceutique. Le poloxamer 407 possède 95-105 unités oxyéthylène (OE), 54-

60 unités oxypropylène (OP) et une masse molaire moyenne de 9840-14600 Da 

(Pharmacopée  Européenne, 2018). Il est non-ionique, non toxique et administrable à 

l’Homme (Singh-Joy and McLain, 2008). Les solutions de poloxamer 407 sont autoclavables 

à 120 °C pendant 15 min à la pression de 1 bar, sans modifier significativement leur viscosité 

(Dimitrova et al., 2000; Dumortier et al., 2006; Misra, 2014). Il est facile de préparer des 

solutions de poloxamer 407 de concentration inférieure à 30 %. En solution diluée, le 

poloxamer 407 se comporte comme un tensioactif. A des concentrations supérieures ou égales 

à 16  % (m/m), le poloxamer 407 possède des propriétés thermogélifiantes qui sont 

réversibles. Cette propriété est caractérisée par la température de gélification en-dessous de 

laquelle la préparation est fluide et au-dessus de laquelle elle est semi-solide. En effet, à basse 

température et en solution diluée, le poloxamer 407 est sous la forme d’unimères. Au fur et à 

mesure que la température augmente, les unimères s’organisent en micelles en raison de la 

déshydratation de la partie hydrophobe formant ainsi des micelles sphériques à cœur 

hydrophobe (Alexandridis et al., 1994; Cao et al., 2005) (Fig. 3). Si la température est 

davantage augmentée et que la concentration en poloxamer 407 est supérieure à 16 %, ces 

micelles, dont la taille du cœur mesure environ 50 Amström, peuvent s’organiser pour donner 

la structure ordonnée d’un gel de type cubique micellaire (Mortensen and Pedersen, 1993). La 

gélification du poloxamer est donc déclenchée par la température (Lenaerts et al., 1987). D’un 

point de vue rhéologique, cela se traduit par une brusque augmentation des modules élastique 

G’ et visqueux G’’ (Fig. 4). La Figure 4 décrit les différentes phases d’une courbe de 

rhéologie type lors de l’élévation de la température. Dans la phase I, la solution de poloxamer 

se comporte comme un liquide visqueux (G’’˃G’). Le poloxamer est sous forme d’unimères 

et les modules sont faibles. G’’ diminue légèrement avec la température car sous l’effet de 

l’augmentation de la température, il y a une déshydratation progressive des chaînes de 

poloxamer qui se trouvent alors en moins bon solvant et se contractent. La phase II est 

marquée par l’augmentation des modules témoignant de la formation des micelles. La 

température de gélification, Tgel, peut être définie comme la température de croisement des 
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modules élastiques et visqueux. Dans la phase III, le système se comporte comme un gel 

élastique (G’˃G’’), car les micelles sont organisées sous forme d’un réseau tridimensionnel. 

Les valeurs des modules sont élevées. Une formulation à base de poloxamer 407 peut ainsi se 

présenter sous la forme liquide à température ambiante pour faciliter son administration et son 

étalement sur les muqueuses et gélifier à la température corporelle (Dumortier et al., 2006). 

Les gels de poloxamer 407 sont transparents, incolores et lavables à l’eau. 

 

 

POP: poly(oxypropylène)   POE: poly(oxyéthylène) 

T = température              C = concentration              Tgel = température de gélification 

Figure 3. Mécanisme d’association des unimères de poloxamer conduisant à la micellisation et la gélification 

d’après les informations recueillies dans la revue de Dumortier et al. (2006). 

 

   

 

Figure 4. Courbe de rhéologie type décrivant la gélification du poloxamer à 20 % (m/m) due à l’élévation de la 

température et exprimant les paramètres suivants : la température de gélification (Tgel), le module élastique (G’) 

et le module visqueux (G’’) (Aka-Any-Grah et al., 2010).  

 

L’incorporation de principes actifs et d’autres additifs peut fortement modifier la température 

de gélification du poloxamer. L’ajout d’acides (principalement acides forts) et d’alcools 

(éthanol ou isopropanol) a tendance à diminuer la rigidité des gels et à augmenter la 
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température de gélification (Vadnere and Amidon, 1984). En revanche, l’incorporation de sels 

minéraux (NaCl, CaCl2, Na2SO4...) ou d’autres polymères comme le Carbopol®, l’alginate de 

sodium, la methylcellulose et l’hydroxypropylmethylcellulose entraîne une diminution de la 

température de gélification (Das et al., 2010; Su et al., 2003).  

Le poloxamer 407 a été utilisé en recherche dans des formulations pharmaceutiques 

injectables (Derakhshandeh et al., 2010), vaginales (Aka-Any-Grah et al., 2010; Liu et al., 

2009; Rençber et al., 2017), oculaires (Dimitrova et al., 2000), rectales (Charrueau et al., 

2001; Koffi et al., 2006), cutanées (Dumortier et al., 2006), nasales (Wang et al., 2017) et 

buccales (Zeng et al., 2014).  

Veyries et al., en 2000 ont par ailleurs montré que le poloxamer 407 est capable d’inhiber 

l’adhésion de pathogènes à une surface de poly(méthylméthacrylate). Cette propriété anti-

adhésive du poloxamer est non spécifique. Ces auteurs ont suggéré que la combinaison de 

poloxamer 407 avec un agent antimicrobien pourrait être une approche prometteuse pour 

prévenir l'infection de matériaux étrangers in vivo : un gel de poloxamer contenant des 

d'antibiotiques pourrait ainsi être utilisé pour enrober les prothèses au moment de la chirurgie 

afin de prevenir les infections. Le poloxamer, en ingénierie tissulaire, a été utilisé pour 

l’encapsulation de cellules (Gioffredi et al., 2016; Khattak et al., 2005; Sengupta et al., 2015; 

Suntornnond et al., 2017; Wagner et al., 2014). 

 Au vu de toutes ces propriétés, nous avons donc retenu le poloxamer 407 dans le cadre de 

notre étude. Notre hypothèse est que le poloxamer 407, par ses propriétés physico-chimiques, 

permettrait à la formulation de recouvrir la muqueuse vaginale et d’empêcher l’adhésion du 

gonocoque aux cellules épithéliales. De plus, L. crispatus serait incorporé dans la formulation 

de sorte que même si quelques gonocoques arrivaient à pénétrer dans le gel, ils seraient 

inhibés par l’activité de L. crispatus. Néanmoins, les gels de poloxamer ont de faibles 

propriétés mécaniques et mucoadhésive avec une vitesse de dissolution rapide dans les fluides 

biologiques, réduisant leur temps de résidence au site d’administration (Koffi et al., 2006). 

Pour améliorer ces propriétés, plusieurs stratégies ont été proposées : 

-Modification chimique des chaines de polymère (Chen et al., 2011; Hsu et al., 2009) 

-Mélange physique avec un polymère mucoadhésif (Huang et al., 2016; Ur-Rehman et al., 

2011; Wang et al., 2017) 

-Ajout des petites molécules (NaCl) qui peuvent renforcer la viscosité et la tenue mécanique 

(Choi et al., 1999; Ricci et al., 2005). 

La méthode que nous avons retenue du fait de sa facilité à mettre en œuvre est le mélange du 

du poloxamer 407 avec des polymères mucoadhésifs capables de former des enchevêtrements 
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ou des liaisons non covalentes avec le mucus couvrant les tissus épithéliaux, prolongeant ainsi 

le temps de résidence in vivo. Il existe plusieurs polymères mucoadhésifs : les polyacrylates, 

le chitosane, les dérivés de la cellulose, l’acide hyaluronique, la pectine, l’amidon, le 

poly(éthylène glycol), le carraghénane, l’alginate et la gélatine (Acarturk, 2009; Andrews et 

al., 2009; Boddupalli et al., 2010). Certains travaux rapportent le développement de 

formulations destinées à la voie vaginale, constituées d’un mélange de poloxamer 407 et d’un 

polymère mucoadhésif tel que le chitosane (Ur-Rehman et al., 2011), 

l’hydroxypopylmethylcellulose (Aka-Any-Grah et al., 2010; Bilensoy et al., 2006; Deshkar et 

al., 2015; Karavana et al., 2012; Rençber et al., 2017; Tuğcu-Demiröz et al., 2013), le 

carbopol (Bilensoy et al., 2006), le polycarbophile (Chang et al., 2002), l’acide hyaluronique 

(Bilensoy et al., 2006), le carraghénane (Liu et al., 2009). Tous ces auteurs ont montré 

l’amélioration des propriétés mucoadhésives des gels de poloxamer en présence de ces 

polymères. Bouchemal et al. (2015) ont montré par vidéomicroscopie l’effet barrière du gel de 

poloxamer 407 et d’hydroxypropylméthylcellulose contre la diffusion de particules de 

polystyrène modifiées mimant la taille et la charge de surface du VIH-1.  

 

6. PROPRIETES PHYSICOCHIMIQUES DE L'ALGINATE ET SES 

APPLICATIONS PHARMACEUTIQUES 

Dans le cadre de nos travaux, nous nous sommes intéressés à l’alginate de sodium comme 

polymère mucoadhésif. L'alginate est un polysaccharide hydrophile, naturel, issu d’algues 

brunes (Phaeophyceae) ou de bactéries. Sa structure contient deux types de monomères, 

l'acide β-D-mannuronique (M) et l'acide α-Lguluronique (G) qui sont organisés sous forme de 

blocs M-M, G-G et M-G (Fig. 5). La proportion de résidus mannuroniques par rapport aux 

résidus guluroniques (rapport noté M/G) ainsi que le nombre et la longueur des blocs M-M, 

G-G et M-G est très variable.  Qin (2008) résume la composition en unité M et G d’alginates 

extraits d’algues couramment utilisées pour la production d’alginate commercialisé. 

L’alginate issu des tiges de Laminaria hyperborean renferme 60 % de blocs G-G 

contrairement aux autres alginates qui en renferment 14-31 % (Qin, 2008). 
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Figure 5. Formule chimique de l’alginate (Grasdalen et al., 1981).  

 

 

 

Figure 6. Schéma de la gélification ionique de l’alginate avec les ions calcium (Braccini and Pérez, 2001). 

 

Il existe plusieurs sels d’alginate (calcium, sodium, ammonium, and potassium). L'alginate de 

sodium est un polymère biodégradable, non-toxique et mucoadhésif. Il se dissout dans l’eau 

en formant des solutions colloïdales visqueuses. Il gélifie en présence d’ions divalents comme 

Ca2+, Zn2+, Cu2+, Ba2+, Mg2 et forme des hydrogels élastiques et non thermoréversibles 

(Fig. 6). L’utilisation de l’ion calcium est la plus fréquente. La formation de gels d'alginate est 

un processus assez complexe car il dépend de la masse molaire, de la répartition des blocs de 

monomères (M-M, M-G, G-G), de leur pourcentage en unité M ou G, de la source des ions 

calcium (chlorure, phosphate, lactate ou acétate de calcium) et des procédés de préparation du 

gel. En effet, les ions calcium s’associent préférentiellement aux fragments poly-G plutôt 

qu’aux fragments poly-M (Wang et al., 1993). Les blocs poly-G, en raison de leur 
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conformation spatiale, permettent une chélation plus énergétique des ions calcium (Braccini 

and Pérez, 2001). Ces derniers interagissent avec les fonctions carboxylates et les atomes 

d’oxygène des fonctions hydroxyles. Le gel d'alginate se présente sous la forme d'un 

enchaînement régulier dit de type « egg box » ou boite à œufs avec des zones organisées 

reliées par les segments poly-M ou poly-(M-G) (Fig. 6). Lors de la gélification avec les ions 

calcium, le gel peut se présenter sous trois états physiques différents selon la concentration en 

ions calcium. A très faible concentration, il y a formation d’agrégats (microgels) qui 

provoquent une diminution de la viscosité de la solution d’alginate. Puis, à partir d’une 

certaine concentration, les macromolécules se réarrangent pour former un réseau 

tridimensionnel occupant tout l’échantillon. Si la concentration en calcium augmente encore, 

on observe un phénomène de synérèse (gel avec démixtion) dû à une diminution du taux de 

gonflement des chaînes d’alginate avec expulsion d’eau hors du réseau. Par ailleurs, la 

gélification de l’alginate dans une solution ne contenant que du chlorure de calcium est 

rapide, mal contrôlée et conduit à la formation d’un gel non homogène. Pour obtenir un gel 

plus homogène, il est possible d’ajouter du chlorure de sodium à la solution de chlorure de 

calcium qui sert à gélifier l’alginate, ainsi qu’à la solution d’alginate (Smidsrød and Skjåk-

Braek, 1990). D’autre part, l’utilisation d’un tampon phosphate tel que l'hexamétaphosphate 

de sodium pourrait ralentir le processus de gélification avec le chlorure de calcium. En effet, 

les groupes carboxylates de l’alginate et les groupes phosphates présents dans le tampon 

entrent en compétition avec les ions calcium (Lee and Mooney, 2012). De plus, le sulfate de 

calcium (CaSO4) et le carbonate de calcium (CaCO3), en raison de leur faible solubilité, 

peuvent ralentir la vitesse de gélification de l’alginate. Une solution d'alginate peut donc être 

mélangée avec du CaCO3, qui n'est pas soluble dans l'eau à pH neutre. Le glucono-δ-lactone 

est ensuite ajouté à ce mélange alginate/CaCO3 pour dissocier les ions Ca2+ du CaCO3 en 

abaissant le pH. Les ions Ca2+ libérés déclenchent ensuite la gélification de la solution 

d'alginate de manière plus graduelle. Les gels d’alginate ainsi obtenus ont généralement une 

grande porosité qui facilite la diffusion des molécules et leur libération. La présence d'un 

agent chélatant tel que l'acide éthylènediaminetétraacétique (EDTA), le lactate, le citrate ou le 

phosphate augmente l'élimination des ions calcium de la matrice. 

Le comportement rhéologique des gels d’alginate est influencé par la structure du polymère. 

En effet, la proportion des blocs poly-G et leur longueur conditionnent la formation des gels 

obtenus en présence de calcium ainsi que les propriétés mécaniques. Les segments G-G sont 

rigides et statiques alors que les segments M-M ou M-G sont flexibles. La présence de longs 

blocs G-G génèrent la formation d’un réseau rigide et statique, alors que les gels à faible taux 
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de guluronate et longs segments élastiques génèrent des structures dynamiques (Brus et al., 

2017; Funami et al., 2009). Une contamination microbienne peut entrainer une 

dépolymérisation de l’alginate conduisant à une diminution de la viscosité, d’où la nécessité 

de sa stérilisation. 

L'alginate trouve des applications en pharmacie, en cosmétologie, en ingénierie tissulaire et en 

industrie alimentaire. En pharmacie, il est utilisé dans les formes sèches pour l’obtention de 

comprimés à matrice hydrophile afin de contrôler la libération des ingrédients 

pharmaceutiques actifs ou comme agent désintégrant ou agent liant. Dans les formes liquides 

et pâteuses, il est utilisé comme agent épaississant et stabilisant. Il est aussi utilisé pour 

l’encapsulation de substances actives et de cellules. Les solutions d’alginate ont également un 

excellent pouvoir lubrifiant et cicatrisant. Certaines formulations destinées à la voie vaginale 

renferment de l’alginate : des comprimés (Abruzzo et al., 2013; El-Kamel et al., 2002), des 

films (Mishra et al., 2016; Rai et al., 2010), des hydrogels (Ferreira et al., 2017), des 

microsphères (Szekalska et al., 2015), et des microparticules (Martín-Villena et al., 2013). 

Par ailleurs, Chaluvadi et al. (2012) ont étudié la survie de différents probiotiques 

(Bifidobacterium breve, Bifidobacterium longum, Lactobacillus acidophilus, Lactobacillus 

reuteri) dans des formulations symbiotiques composées de 10 mg.mL-1 de fructo-

oligosaccharides, d’inuline et de pecto-oligosaccharides dans une matrice d'alginate, après 

conservation sous aérobie à la température de 4 °C. Ils ont montré l’effet bénéfique de 

l’alginate sur la croissance des probiotiques avec l’inhibition simultanée de la colonisation du 

gros intestin par Salmonella enteritidi. Toutefois, l’activité métabolique après cette 

conservation était stressée. Au moins 107 UFC/mL de bactéries probiotiques ont survécu après 

21 jours de conservation dans ce gel d'alginate. La survie était meilleure dans les gels 

symbiotiques additionnés de fructo-oligosaccharides, d'inuline et de pecto-oligosaccharides 

par rapport aux gels d’alginate seuls. Ils montrent ainsi que les prébiotiques protègent les 

bactéries probiotiques et prolongent leur durée de conservation dans les gels, dans des 

conditions aérobies réfrigérées (Chaluvadi et al., 2012). Le gel d’alginate pourrait ainsi former 

une matrice pouvant servir de support pour la croissance des lactobacilles d’étude.  

L’alginate possède de bonnes propriétés mucoadhésives. Après son contact avec la muqueuse, 

il s’étale, s’hydrate grâce au fluide vaginal, gonfle et adhère grâce aux acides carboxyliques 

de sa structure qui créent des liaisons hydrogène avec les glycoprotéines de la mucine (Patil 

and Sawant, 2009). L'enchevêtrement avec le mucus est amélioré lorsque les chaines sont 

dépliées. En milieu acide, l’alginate ne gonfle pas beaucoup, les chaines ont plutôt tendance à 

s’agréger. Ainsi, l'alginate est moins mucoadhésif à pH acide. Dans le cas où l’alginate est 
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réticulé avec un cation divalent, sa flexibilité diminue, ce qui diminue ses propriétés de 

mucoadhésion (Patil and Sawant, 2009). Les propretés mucoadhésives de l’alginate peuvent 

aussi être influencées par sa masse molaire : les chaînes d'alginate de faible masse molaire 

restent relativement rigides, et moins susceptibles de se lier à la mucine par rapport à celles de 

masse molaire élevée (Menchicchi et al., 2015). L’alginate est assez souvent associé à un 

autre polymère mucoadhésif tel que le chitosane (Abruzzo et al., 2013), la gélatine (Ferreira 

Almeida and Almeida, 2004) dérivés de la cellulose (Sirviö et al., 2014). 

 

 La mucoadhésion prolonge le temps de résidence des formulations, favorisant l’absorption et 

l’efficacité des actifs thérapeutiques. Bagul et al. (2009), comparant différents polymères 

mucoadhésifs, les ont classés dans l’ordre croissant suivant, en fonction de la force de 

mucoadhésion : gélatine, gomme dammar, gomme copal, éthylcellulose, alginate de sodium, 

gomme xanthane, chitosane, hydroxypropylméthylcellulose, carbopol.  

 

7. MELANGE ALGINATE-POLOXAMER 

Dans le cadre de notre travail, nous avons choisi de mélanger le poloxamer 407 et l’alginate 

de sodium. Le choix du mélange de l’alginate de sodium au poloxamer avait pour but 

d’obtenir un système mucoadhésif, pouvant potentiellement gélifier par deux mécanismes qui 

sont la thermogélification du poloxamer et la gélification ionique de l’alginate, étant donné 

que le fluide vaginal contient des ions calcium sous la forme d’hydroxyde de calcium à 

0,22 g/L (Owen and Katz, 1999). La présence de groupes hydroxyles terminaux dans la 

structure du poloxamer, permet des mélanges physiques ou des greffages chimiques (Chen et 

al., 2011; Fang et al., 2009). Lin et al. (2004) ont proposé l’hypothèse que les molécules d’eau 

permettent des liaisons hydrogène entre les groupes carboxyls de l’alginate et les groupes 

ethers du poloxamer 407, pouvant conduire à la formation d’un réseau tridimentionnel, donc 

d’un gel. Ainsi, dans les conditions suivantes (pH 7,4, 37 °C), la répulsion ionique entre les 

groupes carboxyls chargés négativement peut produire une conformation d'alginate plus étirée 

et favoriser ainsi la formation de ces liaisons hydrogène avec les blocs de poly(oxyéthylène) 

du poloxamer, ce qui pourrait favoriser la formation du gel et renforcer ses propriétés 

mécaniques. Le tableau 1 reporte les études publiées sur les mélanges d’alginate de sodium et 

de poloxamer 407. Il ressort que ces deux polymères sont compatibles. La gélification de l’un 

n’empêche pas la gélification de l’autre polymère. 
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Tableau 1. Publications reportant l’utilisation d’un mélange de poloxamer et d’alginate 

Type de système Concentration Caractéristiques 

de l’alginate 

Mécanisme de gélification Principaux résultats - Application  Auteur 

Solutions à base 

d'alginate et de 

poloxamer, 

pilocarpine 

Alginate  

0.5-3 % (m/m) : 

Poloxamer 407  

 12-16 % (m/m) 

M/G = 1,56 Gélification in situ pour une 

administration ophtalmique 

Administration ophtalmique de pilocarpine 

Evaluation à pH 4,0 et 25 °C d’une part et à pH 7,4 et 37 °C d’autre part.  

Les concentrations de cations (Na + (0,14 M) et Ca 2+ (0,0005 M)) en présence de 

fluide lacrymal ne sont pas suffisamment élevées pour que la solution d'alginate à 

2 % (w / w) forme un gel fort. Les alginates avec des teneurs en guluronate de plus 

de 65 % forment des gels instantanément en présence de fluide lacrymal simulé, 

tandis que ceux avec des teneurs en guluronate faibles forment des gels faibles 

avec une cinétique relativement lente. La teneur en guluronate de l'alginate de 

sodium utilisé dans cette étude n'était que de 39 %. Cette étude a permis 

d’identifier le gel optimal pour une administation olphtalmique dans le but 

d’obtenir une gélification in situ et un gel résistant aux forces de cisaillement 

exercées par le battement des paupières. 

Lin et al. 

(2004) 

Microparticules 

d'alginate-

poloxamer, 

terbutaline, 

sérumalbumine 

bovine 

Alginate  

3 % (m/m) : 

Poloxamer 407   

3 % (m/m)  

dans la phase 

aqueuse en ratio 

1 : 5, 3 : 3, 5 : 1 et 

5 : 0 

Non données Emulsion hydrophile/lipophile 

gélifiée par du chlorure de 

calcium 

Encapsulation de sulfate de terbutaline et de protéine telle que la sérumalbumine 

bovine 

Moebus et al. 

(2009)  

Microbilles 

poloxamer-alginate 

métoprolol 

Concentration totale 

en polymère  

2 % (m/v) 

Non données Gélification externe du 

mélange poloxamer et alginate 

dans du chlorure de calcium 

Libération contrôlée du succinate de métoprolol Parhi and 

Suresh (2015)  
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Tableau 1. Suite 

Type de système Concentration Caractéristiques 

de l’alginate 

Mécanisme de gélification Principaux résultats - Application  Auteur 

Mélange poloxamer 

- alginate-CaCl2 

Non donnée Non données Gélification par du chlorure de 

calcium 

Réduction des adhérences après la chirurgie du strabisme dans un modèle de lapin Ryu et al. 

(2013)  

Mélange CaCl2-

poloxamer-alginate  

Non donnée Non données Gélification par du chlorure de 

calcium 

Prévenir l'adhérence postopératoire chez les chiens en formant une barrière sur la 

surface d'une plaie intra-abdominale après une chirurgie abdominale chez le chien 

Kim (2015)  

Poloxamer-alginate-

CaCl2  Lidocaine 

Non donnée Non données Gélification par du chlorure de 

calcium 

Propriétés analgésiques, anti-inflammatoires et antiadhésives du mélange chargé 

de lidocaïne dans un modèle de douleur incisionnelle chez le rat 

Choi et al. 

(2017) 

Mélanges physiques 

(A+P) ou des 

greffages chimiques 

(AP), 

selegiline 

Alginate 

0,63 % (m/v) 

Poloxamer 407  

20 % (m/v) 

 

AP 15 % (m/v) 

Alginate  

1,2 105 g/mol 

 

Gélification par la température Administration transdermique de la selegiline par le poloxamer seul, le mélange 

poloxamer 407–alginate, ou le poloxamer greffé sur l’alginate. 

La température de gélification du mélange de poloxamer et d’alginate était 

similaire à celle du poloxamer seul. Celle du poloxamer greffé à l’alginate était 

plus grande que celle des deux systèmes. 

Le mélange physique alginate et poloxamer conduit à une structure très poreuse 

avec des pores irréguliers interconnectés de tailles différentes variant de 10-20 µm 

de diamètre, alors que le greffage chimique du poloxamer à l’alginate se présente 

sous la forme d’un réseau semblable à une éponge avec des pores sphériques. 

(Chen et al., 

2011) 

 

 

 

 

 

 

 

Hydrogel alginate, 

poloxamer, 

liposome 

Alginate  

0 - 2 % (m/m) 

Poloxamer 407 17-

20 % (m/m) 

Non données Gélification interne de 

l’alginate. Ajouter la poudre de 

poloamer et d’alginate à la 

solution de CaEDTA (acide 

éthylènediaminetétraacétique 

de calcium). Bien 

homogénéiser puis ajouter le 

GDL (glucono-δ-lactone).  

L’alginate est compatible avec le poloxamer tant sous forme liquide que gélifiée.  

L’alginate ne modifie pas significativement les propriétés élastiques du mélange 

de polymer. Une gélification à la fois du poloxamer par la température et de 

l’alginate par les ions est observée. Le réseau formé par l’alginate ne modifie pas 

l’organisation des micelles du poloxamer. Ces auteurs recommandent une 

concentration en alginate inférieure ou égale à 1% car la présence de l’alginate et 

du calcium diminue la température de gélification. 

Les liposomes ne modifient pas les propriétés du mélange de polymères mais 

interfèrent dans la cinétique du mécanisme de gélification comme en témoigne la 

différence des pentes de G’ et G’’. Leur influence ne dépend ni de leur taille ni de 

leur potentiel zêta. Le poloxamer, gélifié, impose son comportement aux systèmes. 

(Grassi et al., 

2006) 
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Tableau 1. Suite 

Type de système Concentration Caractéristiques de 

l’alginate 

Mécanisme de gélification Principaux résultats - Application  Auteur 

Hydrogel alginate -

poloxamer 

Alginate  

0.5-1 % (m/v) 

Poloxamer 407  

5-30 % (m/v) 

%G ≥ 60,  

M = 310 000 g.mol-1  

Gélification interne de l’alginate avec le 

CaEDTA (acide 

éthylènediaminetétraacétique de 

calcium) et le GDL (glucono-δ-lactone). 

Ce gel a été trempé dans la solution de 

poloxamer pendant 7 jours 

Les hydrogels d'alginate ont une gamme de tailles de pores pouvant aller 

de 5 à 200 nm. Les rayons hydrodynamiques des unimères de poloxamer 

407 sont d'environ 2 nm, et les rayons de micelles de poloxamer 407 sont 

d'environ 11 nm. Ainsi, les chaines de poloxamer peuvent diffuser 

librement au sein du réseau formé par l’alginate sans encombrement 

stérique étant donné que le mélange de polymères se fait à 4 ° C. 

La calorimétrie et la diffusion des neutrons ont permis de démontrer que 

la présence d’une matrice d’alginate n’empêche pas la formation de 

micelles de poloxamer ni l’auto-assemblage de micelles dans un réseau 

cubique. La rhéologie et la diffusion des neutrons ont démontré que 

l’hydrogel est thermogélifiant. 

(White et al., 

2013) 

Hydrogel alginate–

laponite-poloxamer 

Alginate  

0.75-1 % (m/v) 

Laponite  

0.5-1 % (m/v) 

Poloxamer 407 

 5-30 % (m/v) 

Non données  Gélification interne du mélange 

alginate-laponite avec le CaEDTA et le 

GDL. Ce gel est ensuite trempé dans la 

solution de poloxamer pendant 7 jours 

Ces auteurs démontrent un effet synergique entre l’alginate, la laponite et 

le poloxamer. Le poloxamer 407 augmente l’élasticité de gels d’alginate –

laponite. La variation de la concentration en alginate n’influence pas les 

modules rhéologiques. 

La présence de laponite et d’alginate n’interfère pas dans le mécanisme de 

gélification du poloxamer 

(Hom and 

Bhatia, 

2017) 

Film de mélange 

alginate -poloxamr 

Alginate 

2 % (m/m) 

Poloxamer 407  

18 % (m/m) 

Alginate A1, M/G =1.49 

M = 396 000 g.mol-1,  

Alginate A2, M/G =0.56 

M = 419 000 g.mol-1  

Gelification thermique suivi de 

gélification externe ionique par  

CuSO4, 5H2O 

Modélisation dans le but de prédire l’épaisseur, la dureté, et le délai 

d’obtention d’un film de poloxamer 407 et d’alginate. 

(Barba et al., 

2014) 

Film alginate -

poloxamer 

Alginate  

0,25-1 % (m/v) 

Poloxamer 407  

5-30 % (m/v) 

Non données Gélification interne de l’alginate avec le 

CaEDTA et le GDL Ce gel, étalé dans 

une boite de Pétri, a été trempé avec la 

solution de poloxamer pendant 7 jours 

Formulation de films épais et larges, thermosensibles, élastiques pouvant 

être utilisés pour les pansements, l’administration de substances actives 

ou en ingénierie tissulaire. 

(Quah et al., 

2018) 
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8. CONCLUSION 

Cette revue bibliographique permet donc de justifier le choix de la voie vaginale et le 

développement d’un hydrogel vaginal à base de poloxamer 407, d’alginate de sodium et de L. 

crispatus pour la prévention de la gonococcie. Cet hydrogel tapisserait la muqueuse vaginale, 

afin de piéger le gonocoque et l’empêcher d’adhérer aux cellules épithéliales (barrière 

physique). A cela s’ajouterait l’activité propre de L. crispatus vis-a-vis de N. gonorrhoeae. 

Les hydrogels thermosensibles sont particulièrement intéressants car ils peuvent se présenter 

sous une forme liquide afin de faciliter leur administration et leur étalement sur la muqueuse 

vaginale puis gélifier à la température corporelle. Le développement d’un hydrogel 

thermosensible constitue une stratégie intéressante pour une application biomédicale. Pour 

obtenir la thermogélification, le poloxamer 407, un polymère synthétique, thermosensible et 

amphiphile a été retenu pour nos travaux. Afin d’améliorer l’adhésion du gel à la muqueuse 

vaginale et prévenir ainsi les fuites, nous avons choisi d’ajouter un second polymère dit 

mucoadhésif à la formulation. Pour obtenir la mucoadhésion, l’alginate de sodium, un 

polymère mucoadhésif, anionique, naturel, biocompatible, biodégradable qui gélifie en 

présence d’ions calcium, a été retenu. L’association de ces deux polymères pourrait 

potentiellement permettre de combiner les deux mécanismes de gélification, notamment la 

gélification induite par la température du poloxamer et la gélification ionique de l’alginate.  
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INTRODUCTION 

 

La revue bibliographique a démontré l’intérêt de L. crispatus dans la prévention de la 

gonococcie et l’intérêt de la voie vaginale pour cette application. Parmi les formes destinées à 

cette voie, les hydrogels, bien qu’encore peu étudiés pour l’administration des probiotiques, 

sont apparus comme particulièrement intéressants pour délivrer les lactobacilles. L’objet de 

cette partie expérimentale a donc été d’étudier l’intérêt de cette approche pour le 

développement d’une forme vaginale pour la prévention de la gonococcie. 

Après une première étape d’optimisation, en faisant varier les concentrations des polymères 

(poloxamer 407 et alginate de sodium), nous avons pu sélectionner une formulation (projet 

d’article, chapitre IV). Ensuite, nous avons caractérisé L. crispatus et nous l’avons incorporé 

dans cette formulation que nous avons caractérisée de façon plus approfondie par rhéologie et 

microscopie confocale et dont nous avons évalué l’efficacité in vitro sur N. gonorrhoeae 

(projet d’article, chapitre V). Enfin, des études complémentaires feront l’objet du chapitre 

VI de ce manuscrit.  

Ces études ont été réalisées, d’une part, en conditions mimant les conditions d’administration, 

et d’autre part, en conditions mimant les conditions physiologiques (37 °C en présence de 

fluide vaginal simulé). En ce qui concerne les conditions d’administration, la température 

ambiante est de 19-20 °C en France et en Europe tandis qu’elle est de 25-30 °C en Côte 

d’Ivoire et en Afrique subsaharienne. Nous avons choisi les conditions ambiantes de la Côte 

d’Ivoire afin de mieux apprécier les propriétés des gels car le poloxamer étant thermosensible, 

s’il est possible d’administrer les gels dans ces conditions, il sera aussi possible de les 

administrer à des températures plus basses.  
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CHAPITRE IV : DEVELOPPEMENT ET 

CARACTERISATION D’UN HYDROGEL A BASE DE 

POLOXAMER 407 ET D’ALGINATE DE SODIUM DESTINE 

A UNE ADMINISTRATION VAGINALE 
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Introduction- résumé 

Le but de cette étude était de concevoir et de caractériser un hydrogel à base de poloxamer 

407 et d’alginate de sodium comme une plateforme destinée à l’administration par la voie 

vaginale de produits préventifs ou curatifs. L'alginate de sodium a été choisi pour ses 

propriétés muco-adhésives et sa capacité à donner un gel ionique. Le poloxamer, quant à lui, a 

été sélectionné pour ses propriétés thermogélifiantes. La masse molaire, la conformation et le 

ratio M/G de l’alginate ont été préalablement déterminés. Différents mélanges de polymères 

ont été préparés. Leurs propriétés en écoulement, leur température de gélification, leurs 

propriétés viscoélastiques, leur capacité de gélification ionique ont été évaluées. Les 

formulations ont été caractérisées à 25 ° C pour mimer les conditions d'administration et à 

37 °C, après dilution avec le fluide vaginal simulé, afin de mimer les conditions 

physiologiques. Cette étude a permis d’améliorer les connaissances sur les mélanges de 

poloxamer 407 et d'alginate de sodium. Elle a également permis de sélectionner un gel 

contenant 21,5 % de poloxamer 407 et 1 % d'alginate qui présentait des propriétés 

mécaniques adéquates pour assurer une administration vaginale et était résistant à la dilution 

par les sécrétions vaginales. Ce gel est destiné à être auto-administré par la femme grâce à un 

dispositif d’administration tel que décrit dans la Figure 1 du chapitre. 3, mais en première 

intention, nous avons développé un test d’expulsion mené avec une seringue telle quelle sans 

aiguille ni canule pour simuler un tel dispositif d’administration. 
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Abstract 

This study aimed to design a handy and easy-to-use hydrogel-based delivery system as a 

platform for the administration of relevant substances into the vagina. For this hydrogel, 

sodium alginate, a natural anionic mucoadhesive polymer and poloxamer 407, a temperature-

sensitive polymer were selected. 1H NMR spectroscopy and SEC-MALLS experiments were 

performed to characterize alginate. Then, alginate solutions (0.5-2 % w/w), poloxamer 407 

solutions (16-21.5 % w/w) and their mixtures were prepared. Their flow properties, gelation 

temperature, viscoelastic properties, ionic gelation ability, administration ability were 
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assessed. This commercial alginate had a mannuronate-to-guluronate ratio of 1.24, a weight-

average molecular weight of 300 000  ± 2% g.mol-1, a polydispersity index of 1.8 ± 3%. 

Alginate solutions displayed a viscous behavior, and were not appropriate for vaginal 

administration when used alone. Poloxamer solutions and their mixtures with alginate were 

temperature-sensitive, shear-thinning, non-thixotropic and had an elastic behavior suitable for 

a vaginal administration. The gel containing 21.5 % of poloxamer 407 and 1 % of sodium 

alginate seemed promising due to (i) its low resistance to expulsion from a device and 

suitability for a self-administration, (ii) its rheological properties and its resistance to dilution 

with vaginal fluid, favorable for in situ gelation and prolonged vaginal residence. 

 

Keywords 

Gel, poloxamer 407, rheology, sodium alginate, temperature–sensitive, vaginal fluid, 

viscoelastic properties. 

 

Abbreviations 

A, sodium alginate; G’, elastic modulus; G’’, viscous modulus; P, poloxamer 407; SVF, 

simulated vaginal fluid, Tgel, gelation temperature. 
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1. INTRODUCTION 

The reduced effectiveness of antibiotic-based treatments due to antibiotic resistance calls for 

novel strategies for the prevention of genitourinary infections in women. As the vagina is the 

key route of contamination, the administration of products with effectiveness on the early 

stages of infections could be valuable. Therefore, researches have been focused on vaginal 

delivery systems (Chien and Lee, 2002; Choudhury et al., 2011; Cook and Brown, 2018). 

There are a variety of polymeric matrices that has been investigated for the vaginal 

administration, using different dosage forms (Cook and Brown, 2018; Mastromarino et al., 

2002; Misra, 2014). Among them, hydrogel-based delivery systems and particularly thermo-

responsive hydrogels seem attractive. Indeed, thermo-responsive hydrogels can be liquid at 

storage temperature and be easily administered as a liquid, whereas the gelation occurs at 

physiological temperature. Once gelled, such formulation has a high resistance to flow, which 

prolongs its residence time at the site of administration. Poloxamer 407, a temperature-

sensitive amphiphilic triblock copolymer of poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide), has been widely investigated in the development of temperature-

sensitive gels, thanks to its ability to undergo reversible thermal gelation (Charrueau et al., 

2001; Dumortier et al., 2006). It is already widely used in the pharmaceutical field and is 

considered as a safe excipient. Poloxamer 407 is often mixed with a mucoadhesive polymer 

which may increase its adhesion to the mucus, so its residence time at the administration site 

(Aka-Any-Grah et al., 2010). In the literature, several mucoadhesive polymers have been 

studied for this purpose (Acarturk, 2009). A great interest was devoted to naturally occurring 

polysaccharides such as alginate due to their biocompatibility, biodegradability and non-

toxicity (Lee and Mooney, 2012). Alginate is an anionic linear polysaccharide extracted from 

different brown seaweed (Phaeophyceae), consisting of (1-4)-linked blocks of poly-β-d-

mannuronic acid (M) and poly-α-l-guluronic acid (G) residues. Its M/G ratio as well as the 

arrangement of these residues can vary depending on its source (Grasdalen et al., 1981). Its 

physical properties is determined by its mannuronate-to-guluronate ratio (M/G) ratio, its 

sequences and its molecular weight. Sodium alginate can form mucoadhesive gels in the 

presence of divalent cations such as Ca2+, which bind to G units to form an “egg-box” 

structure. Both poloxamer 407 and sodium alginate may be combined to obtain a solution 

with in situ gelation capacities (Lin et al., 2004), may be gelled with calcium chloride to 

obtain beads or capsules (Moebus et al., 2009; Parhi and Suresh, 2015), gelled by CaEDTA 

and glucono-δ-lactone to obtain hydrogels (Grassi et al., 2006; Hom and Bhatia, 2017; White 
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et al., 2013), or gelled both thermally and ionically to obtain a film (Barba et al., 2014; Quah 

et al., 2018). Both polymers may be mixed together or alginate may be grafted onto 

poloxamer (Chen et al., 2011).  

The present study aims to develop a gel intended for an administration into the vagina by the 

women themselves. This gel should have optimized flow properties, gelation temperature and 

viscoelastic properties associated with low hardness and low expulsion force from a device to 

ensure its easy administration, and should maintain its gelation at 37 °C in the presence of 

vaginal fluid. The in vivo studies conducted by Owen et al. (2000) showed that shear rates in 

the vagina are due to movements of the vaginal epithelial surfaces, gravity and capillary flow. 

They are approximately 0.1 s -1 at the time of initial spreading and can increase up to 100 s-1 

due to coitus. Mixtures of poloxamer 407 and sodium alginate were prepared by varying their 

concentrations in order to improve their mechanical properties to withstand these shear forces 

into the vagina and dilution with the vaginal fluid. The formulations were first investigated to 

ensure both thermal gelation with poloxamer 407 and ionic gelation with alginate. Then, they 

were characterized by rheological studies (i) at 25 °C to mimic the administration conditions, 

and (ii) at 37 °C, after dilution with the simulated vaginal fluid (SVF) in order to mimic the 

body conditions. Their ability to be easily expelled from a device and their textural profile 

were also assessed. 

 

2. MATERIALS AND METHODS 

2.1.  Materials 

Poloxamer 407 of pharmaceutical grade (Lutrol® F127) was purchased from BASF 

(Germany). According to the supplier, its average molecular weight (Mw) was 11774 g.mol-1 

(9840-14600 g.mol-1). Sodium alginate was purchased from Roth (France), lot N° 351172083. 

Bovine serum albumin and all other reagents were supplied by Sigma-Aldrich (France) and 

were of analytical grade. Sterile ultrapure water (18.2 MΏ, MilliQ, Millipore, France) was 

used. 

 

2.2.  Characterization of sodium alginate 

The molecular weight of sodium alginate was determined using size-exclusion 

chromatography (SEC) coupled online with multiangle light scattering (MALLS). The whole 
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line was equipped with a degasser (DGU-20A3, Shimadzu, Japan), a pump (LC10Ai, 

Shimadzu, Japan) with a flow rate of 0.5 mL min−1 (the eluent was 0.1 μm filtered 0.1 mol.L−1 

LiNO3), an automatic injector (SIL-20A, Shimadzu, Japan), a stainless steel pre-filter 

(0.45μm), one pre-column (OHPAK SB-G), two analytical size-exclusion columns (OHPAK 

SB 804 HQ and 806 HQ), and three detectors: (i) a multi-angle light scattering (MALLS) 

detector (Dawn EOS, Wyatt Technology, CA, U.S.A.) fitted with a K5 cell of 50 μL, with a 

red source (Ga-As 690 nm) of mW and 18 photodiodes (angles distributed around the cell), 

(ii) a differential refractive index (DRI) detector (RID 10A, Shimadzu, Japan), and (iii) a 

differential viscosimeter detector (Viscostar II, Wyatt Technology, CA, U.S.A.). The Astra 

6.0.6.13 software package was set to collect and extrapolate data according to the known 

value of the differential refractive index, dn/dC (dn/dC = 0.14 mL.g−1.) (Colinet et al., 2009).  

The sodium alginate M/G ratio was determined by 1H NMR spectroscopy. It was performed 

in a 5 mm diameter tube at 80 °C, on a Bruker Avance 400 spectrometer at 400 MHz. The 

chemical shift scale was calibrated on the basis of the solvent (D2O) peak. The acquisition 

time was 1 s and the number of scans was 128. The sample was previously partially 

hydrolyzed, freeze-dried, dissolved in D2O and freeze-dried to replace exchangeable protons 

with deuterium, and finally dissolved in D2O at 10 mg/mL for measurements as described by 

Jensen et al. (2015). 

 

2.3.  Hydrogel preparation 

Hydrogels containing different ratios of poloxamer 407 (16-21.5 % w/w) and/or sodium 

alginate (0.5-2 % w/w) were prepared. Polymer solubilization was performed by using a 

mixer equipped with a turbine adapted to the mixing of viscous preparations (Rayneri-

turbotest, Rayneri, France) under an agitation of 1000 rpm (Aka-Any-Grah et al., 2010). 

Sodium alginate solutions were prepared by progressive solubilization of the alginate powder 

in ultrapure water at room temperature. The poloxamer powder was gradually added either in 

ultrapure water or in alginate solution at 4 °C. After complete dissolution, each formulation 

was equilibrated 48 h at 4°C to eliminate foam and air bubbles and was autoclaved (121 °C, 

15 min). The compositions of the different formulations are summarized in Table 1. 
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Table 1. Formulations developed with alginate (A) and poloxamer (P) 

Denomination Alginate (% w/w) Poloxamer (% w/w) 

A0.5 0.5  

A1 1  

A1.5 1.5  

A2 2  

P16  16 

P18.5  18.5 

P21.5  21.5 

P21.5A1 1 21.5 

 

2.4.  Hydrogels diluted by simulated vaginal fluid   

Vaginal fluid is composed by fluids that originate from uterus, cervix, and sometimes 

menstrual secretions and sperm (Owen and Katz, 1999). However, the human vaginal fluid 

quantity is limited, and it degrades rapidly once collected from its source. Thus, Owen et Katz 

(1999) had developed a simulated vaginal fluid (SVF) in order to test vaginal pharmaceutical 

forms. SVF was prepared by adding NaCl (3.51 g), KOH (1.4 g), Ca(OH)2 (0.22 g), bovine 

serum albumin (0.018 g), lactic acid (2.00 g), acetic acid (1.00 g), glycerol (0.16 g), urea 

(0.4 g), and glucose (5.00 g) to 900 mL of ultrapure water. Their mixture was stirred 

mechanically until complete dissolution. The pH of the mixture was then adjusted to 4.5 using 

HCl 1N. The final volume was adjusted with water to 1 L. In this study, to mimic the 

maximum dilution of gels that was likely to occur after vaginal administration, 5 mL of each 

formulation were mixed with 0.75 mL of SVF by vortexing. The aim of this test was to assess 

the influence of the dilution on the thermogelation and the rheological properties of the 

formulations. 

 

2.5.  Alginate ionic gelling capacity 

The evaluation of ion activated gelation of alginate was performed in the presence of the 

calcium ions of SVF in order to identify the formulations suitable for use as in situ gelling 

systems. Gelling capacity of the formulations was determined by mixing the 5 g of 

formulations with 0.75 mL of SVF. Then, calcium carbonate was introduced into formulations 

at 0.03 and 0.05 w/w %. The gelation was assessed by the tube inversion method (Ur-Rehman 

et al., 2011). 
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2.6.  Rheological characterization 

Rheological studies aimed to determine the flow properties, the gelation temperatures and 

viscoelastic properties of the formulations. All the measurements were carried out on a 

rotational rheometer ARG2 (TA instruments, New Castle, USA). The geometry was an 

aluminum cone/plate (diameter 40 mm, angle 1° and cone truncation 28 µm) equipped with a 

solvent trap to limit evaporation during measurement. Temperature was controlled by Peltier 

diodes placed in the lower plate. Experiments were started after a 3-minute equilibration time. 

Three experimental conditions were investigated: 25 °C, 37 °C and 37 °C after dilution with 

SVF. 

Regarding flow properties, the viscosity was recorded as a function of shear rate. The shear 

rate was increased gradually from 0.01 s-1 to 1000 s-1 over 3 min, maintain to 1000 s-1 for 

1 min and gradually decreased from 1000 s-1 to 0.01 s-1 over 3 min. 

For oscillatory measurements, linear viscoelastic regions, where the elastic modulus (G’) and 

the viscous modulus (G’’) remained constant with stress were determined. The oscillatory 

measurements were then performed under a stress value belonging to the linear viscoelastic 

regime. G' (Eq. 1) is related to the elasticity or the energy stored and recovered in the material 

per deformation cycle, whereas G'' (Eq. 2) describes the viscous character or the energy 

dissipated during the cycle. The elastic modulus reflects the solid-like component of elastic 

behavior. The higher the G’ value, the more pronounced the elastic character and conversely, 

the higher G”, the more pronounced the viscous properties.  

 

G' =
τ0

γ
0

 cos δ       (1)       

 G'' =
τ0

γ
0

 sin δ      (2)      

tan δ = 
G''

G'
         (3)                                          

τ0 and γ0 are the maximal amplitudes of the stress and the strain respectively. δ, the phase 

angle, varies between 0° and 45° (tan δ < 1, G' > G'') for a rather elastic material and between 

45° and 90° (tan δ > 1, G'' > G') for a predominantly viscous material (Eq. 3). A temperature 

sweep from 5 °C to 45 °C was performed at a frequency of 1 Hz, with a heating rate of 

1 °C/min. G' and G'' were measured as a function of temperature. This oscillatory experiment 

allowed to determine the sol–gel transition temperature (Tgel) defined as the crossover of G’ 
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and G’’ curves. In addition, a frequency sweep was performed from 0.01 to 50 Hz to 

determine the viscoelastic properties.  

All rheological tests were realized in triplicates and results were expressed as mean ± standard 

deviation. TRIOS software was used for data analysis. 

 

2.7.  Texture Profile Analysis at 25°C 

To predict performance of the formulations during product filling and the ease of removing 

the formulation from the packaging system, texture profile analysis (TPA) was performed 

with a TA1 texture analyser (TA instrument, Ametek, France) in TPA mode. 10 g of 

formulations were transferred into a 40 mL vial, taking care to avoid air bubbles introduction 

into samples. The samples were stored at 25 °C for 24 h before measurements. A plastic 

cylindrical analytical probe of uniform 12.7 mm diameter, 120 mm height was forced down 

into each sample at a defined rate of 1 mm.s-1 over a defined depth of 10 mm at a temperature 

of 25 ° C. Two cycles of compression separated by a delay period of 20 s were applied. The 

hardness, the cohesiveness and adhesiveness were determined from the force-time and the 

force-displacement curves obtained. Five replicates were performed for each sample.  

 

2.8.  Expulsion evaluation from a vaginal device 

The capacity of the gels to be expelled from a vaginal device was studied. A 5 mL plastic 

syringe Terumo® with 12 mm cylinder diameter, and a central tip of 3 mm×10 mm 

diameter×length without needle nor cannula was used to mimic such a vaginal applicator. For 

the test, a home-made device described previously by Burckbuchler et al. (2010) was coupled 

to a TA-XT2 Texture Analyzer (Stable MicroSystems, Godalming, UK) in compression mode 

which was equipped with a force transducer calibrated with a 30 kg sensor. The principle 

consisted in applying a displacement of 30 mm, at a speed of 2 mm.s-1, at 30 °C, to the 

plunger of the syringe previously filled with the gel and in measuring the resulting maximal 

expulsion force and the work required to expel formulations. This latter was determined from 

the area under the force-displacement curve recorded during plunger compression. All 

measurements were performed on six replicates. 
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3. RESULTS AND DISCUSSION 

3.1.    Sodium alginate characterization 

Characterization of sodium alginate by SEC/MALLS allowed to determine the weight-

average molecular weight (Mw), the number-average molecular weight (Mn), the gyration 

radius (Rg) and the intrinsic viscosity of sodium alginate in LiNO3 (0.1 mol.L−1).  

 

Mw was 300 000 ± 2% g.mol-1 and Mn was 165 000 ± 3% g.mol-1. The polydispersity index 

(PI) (Eq. 4) was 1.8 ± 3%. It indicated a slight polymolecularity of the sodium alginate 

chains. 

𝑃𝐼 =
𝑀𝑤

𝑀𝑛
           (4) 

 

In the conditions described above, alginate intrinsic viscosity [η] was 1200 ± 0.5% mL.g-1. 

From [η], the Mark-Houwink-Sakurada equation (Eq. 5) allowed to determine the “a” 

exponent which is related to the polymer conformation (Teraoka, 2002). K and a are constant 

parameters giving information for a defined alginate–solvent pair. Two “a” values were 

obtained: 0.6 corresponding to linear flexible expanded alginate, and 1 due to the stiffness of 

some hydrated chains. These results showed the presence of two types of chain conformations 

one flexible and one rigid. 

[η] = K. 𝑀𝑣
𝑎              (5)         

 

The hydrodynamic radius Rh of sodium alginate was 36 ± 1% nm determined by 

SEC/MALLS. From Rh, the radius of giration Rg was estimated according to Eq. 6 (Teraoka, 

2002) and was about 60 nm.  

𝑅𝑔 ≈
𝑅ℎ

0.6
                  (6) 

 

Rg was used to calculate the critical chain overlap concentration of sodium alginate C*. C* 

characterizes the transition between the dilute regime and the semi-dilute unentangled regime. 

C* was calculated according to Eq. 7 (Teraoka, 2002) and was 0.06 % w/w.  

C* =  
𝑀

𝑁𝐴 (
4

3
𝜋𝑅𝑔

3)
                          (7) 
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where M is the mass of the chain and NA the Avogadro’s number. Another method to estimate 

C* is based on Eq. 8 (Teraoka, 2002).- 

𝐶∗ =
1

[𝜂]
                             (8) 

With this equation, the obtained C* was 0.08 % w/w. This latter value is of the same order of 

magnitude as the previous one, but should be more precise due to the presence of two types of 

chain conformations in the sample. 

 

SEC/MALLS studies were realized in LiNO3 whose ionic strength was higher than water. In 

high ionic strength media, the conformation of polyelectrolyte coils such as alginate is more 

compact than in water, due to the screening of electrostatic interactions. Thus, in our 

formulation conditions (in water), the alginate chains are expected to be more extended, 

consequently, C* should be lower than 0.08 % w/w. 

 

Figure 1 shows the 1H NMR spectrum obtained with sodium alginate. The regions 1 (4.96-

5.18 ppm), 2 (4.57-4.82 ppm), 3 (4.38-4.55 ppm) were integrated to obtain respectively I1, I2, 

I3. This allowed to calculate the alginate M/G ratio according to Eq. 9 as described by Jensen 

et al. (2015).  

 

 

Figure 1. Sodium alginate 1H NMR spectrum. 

 

𝑀 𝐺⁄ =  
𝐼2+𝐼3−𝐼1

𝐼1
                 (9)  

 

The M/G ratio was 1.24 ± 0.04 that corresponded to 55 % of M units and 45 % of G units. 

This value was similar to the M/G ratio of alginate obtained from the fronds of Laminaria 
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hyperborean (Qin, 2008). It was higher than those of other parts of this algae or other 

Laminaria species (Fertah et al., 2014; Qin, 2008). Fertah et al. (2014) showed that M/G ratio 

value of 1.12 allowed the preparation of alginates suitable to form soft and elastic gels.  

 

3.2.    Gel preparation and selection of the in vitro conditions 

Different formulations were prepared by varying the concentration of each polymer. Sodium 

alginate was used at concentrations ranging from 0.5-2 % w/w, that belonged to the semi-

diluted regime as these concentrations were higher than C*. All formulations appeared to be 

homogeneous to the naked eye after storage and were translucent. However, A1.5, A2 and 

their corresponding mixtures with poloxamer 407 were so viscous that they were difficult to 

prepare. Thus, they were not considered for further studies.  

 

As these formulations were intended for a vaginal administration, some particular conditions 

should be taken into account. Generally, two to five milliliters of topical vaginal products are 

applied in the vagina (Aka-Any-Grah et al., 2010). However, a volume of 5 mL could 

significantly better cover the human vaginal epithelium, immediately following its insertion, 

within the first 30 min and without sexual intercourse, compared to lower volumes (3 mL) 

(Barnhart et al., 2004). Therefore, a volume of 5 mL for each gel unit would be interesting to 

ensure a good epithelial coverage. Owen and Katz (1999) also showed that the volume of 

ambient vaginal fluid present at any time in the vagina was approximately 0.5–0.75 mL. 

Therefore, to mimic the maximum dilution of the formulations that was likely to occur after 

its application, 5 g of each formulation were mixed with 0.75 mL of SVF by vortexing. To 

explore the ability of the formulations to withstand vaginal fluid dilution, rheological studies 

were performed (i) at 37 °C without dilution with SVF and (ii) at 37°C after dilution with 

SVF to mimic complete dilution with SVF. Indeed, gels in the vagina should lie between 

those two extreme conditions.  

 

3.3.    Sodium alginate formulations 

In a first step, formulations containing only sodium alginate were studied. The effect of 

alginate concentration, of the dilution with SVF at 37 °C and of ionic calcium induced 

gelation were assessed. 
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Rheological behavior at 25 °C and at 37 °C 

The variations of the viscosity of alginate solutions as a function of shear rates at 25 °C 

showed an increase of viscosity with concentration. Both A0.5 and A1 were slightly shear-

thinning (Fig. 2A). The formulations also displayed a non-thixotropic behavior showed by the 

overlay of downward and upward curves of the viscosity versus shear rates. The G’ and G’’ 

moduli were frequency–dependent at 25 °C (Fig. 2D). The viscous modulus of A0.5 and A1 

were respectively higher than their elastic moduli and the crossover was observed at high 

frequency (Fig. 2D). At the crossover frequency of A0.5 (10 Hz), G’ = G’’ = 2.5 Pa, but at the 

crossover frequency of A1 (about 46 Hz), G’ = G’’ ≃ 2600 Pa. Alginate solutions had 

predominant viscous behavior.  

The rheological behavior of sodium alginate at 37 °C was similar to the one of 25 °C (Fig. 

2B, E compared to Fig. 2A, D). 

 

Rheological behavior at 37 °C after dilution with SVF 

Regarding the flow properties after dilution with SVF, A0.5 viscosity was similar to the 

results at 37 °C while the one of A1 was reduced (Fig. 2B, C). After dilution with SVF at 

37 °C (Fig. 2F), the viscoelastic moduli of A0.5 were not modified but those of A1 were 

reduced compared to the results at 37 °C (Fig. 2E). In these conditions, the crossover 

frequency of both alginate solutions was 1 Hz, with G’ = G’’ = 0.1 Pa.  
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Figure 2. Flow properties (A, B, C), frequency sweeps (D, E, F) at 25 °C (A, D), at 37 °C (B, E) and at 37 °C after dilution with simulated vaginal fluid (C, F) of alginate 

solutions A0.5 and A1: (●) η for A0.5, (●) G’ for A0.5, (○) G’’ for A0.5, (■) η for A1, (■) G’ for A1, (□) G’’ for A1. 
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Gelling capacity in the presence of calcium ions 

The gelling capacity of alginate solutions at different concentrations was evaluated in the 

presence of human simulated vaginal fluid, in order to assess the possibility of ionic gelation 

in situ. Indeed, the human vaginal fluid contains 0.003 mol.L-1 of calcium ions from calcium 

hydroxide (Owen and Katz, 1999). As the other components of the vaginal fluid could 

interfere with the gelation, a calcium hydroxide solution corresponding to its concentration in 

SVF was also studied as a control. The gelling capacity of A0.5 and A1 in the presence of the 

maximum volume of vaginal fluid (0.75 mL) was assessed. None of the tested formulations 

gelled after the addition of SVF. Using the calcium hydroxide solution at the same 

concentration, volume and nature, simulating the calcium ion content of the SVF, no gelation 

was observed neither. To the best of our knowledge, there is no previous study reporting 

sodium alginate gelation induced by vaginal fluid. However, previous studies were performed 

with simulated tear fluid. Sodium alginate with a high G content (˃ 65 %) at 0.5-2 % (w/v) 

could gel instantaneously in the presence of calcium ions simulating their content in simulated 

tear fluid as well as in simulated tear fluid itself (Cohen et al., 1997; Lin et al., 2004). The tear 

fluid contains more calcium than SVF (0.02 mol.L-1) (Marques et al., 2011). In the present 

study, both G content of alginate and calcium concentration in SVF were lower, respectively 

about 45 % and 0.003 mol/L. Thus, they were not sufficient to ensure a gelation. The dilution 

with SVF reduced the concentration of alginate in the system from 0.5 to 0.4 and from 1 to 

0.9 (% w/w), still above C*.  

In situ ionic gelation of alginate under these conditions being difficult to reach, insoluble 

calcium ions such as calcium carbonate (CaCO3) was added in the formulation in order to 

increase calcium concentration. Thus, alginate solutions were mixed with CaCO3 and SVF 

was added to this mixture. Unfortunately, ionic gelation was not obtained neither. Brus et al., 

(2017) showed that hydrated M-rich blocks of alginate had higher flexibility, lower ability to 

bind alginate crosslinking ions, and had tendency to self-aggregate into nanodomains. Such 

behavior could also be involved with our alginate sample. 

 

3.4.    Characterization of poloxamer 407 formulations and of their mixtures with 

alginate 

Sodium alginate solutions had a viscous liquid behavior that was not suitable for a vaginal 

administration when used alone. Several studies have showed that the mixture of alginate with 

poloxamer may increase its mechanical properties (Quah et al., 2018; White et al., 2013). A1 
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was retained for the studies with poloxamer due to its better viscoelastic properties compared 

to A0.5. Poloxamer solutions were first studied in order to determine the optimal poloxamer 

concentration. Then, the optimized poloxamer solution was mixed with alginate at 1 %. Their 

flow, thermogelling, viscoelastic properties and their ionic gelation were assessed.  

 

Poloxamer solutions  

Poloxamer 407 solutions were studied at concentration ranging from 16 to 21.5 % w/w. 

Figure 3 reports the results of poloxamer at 21.5 %. All poloxamer formulations displayed a 

shear-thinning behavior at 25 °C. This behavior was interesting for an easy administration 

with a device, due to the low flow resistance when applied at high shear conditions. The 

formulations also displayed a non-thixotropic behavior. As soon as the shear was removed, 

the viscosity recovered its initial value. The poloxamer 407 formulations were temperature-

sensitive. Below the gelation temperature (Tgel), G’ was lower than G’’. Above Tgel, G’ 

became higher than G’’ (Fig. 3C). Around Tgel, G’ and G’’ strongly increased with 

temperature. The gelation temperatures are gathered in Table 2. The one of P21.5 was the 

lowest (21±1 °C) compared to 25 ±1 °C for P18.5 and 32 ±1 °C for P16 (Table 2). G’ and G’’ 

moduli were also frequency–dependent (Fig. 3E). P21.5 had the highest viscoelastic moduli, 

and thus, lead to the most consistent gels (Table 2). 

 

Influence of dilution of poloxamer solutions with SVF  

All poloxamer formulations remained shear-thinning and non-thixotropic after dilution with 

SVF as exemplify by the Figure 3B for P21.5. P16 diluted by SVF lost its thermal gelation 

due to the concentration of poloxamer that became 13.9 %, which was less than the minimal 

concentration required to obtain a gelation. This diluted system was not characterized. The 

other poloxamer formulations diluted with SVF had a gelation temperature 4 °C higher than 

the non-diluted ones (Table 2). The dilution of P18.5 by SVF lead to a final poloxamer 

concentration of 16 % which is the minimal concentration to obtain a gelation. Therefore, 

21.5 % appeared to be the optimal poloxamer concentration and was selected to prepare 

mixtures with alginate. With this sample, the final poloxamer concentration after dilution with 

SVF is 18.7 %. 

 

Influence of alginate on poloxamer solutions and gels  

The mixture of poloxamer 407 with alginate (P21.5A1) was macroscopically homogeneous 

and translucent. The ethylene oxide groups of poloxamer 407 and sodium alginate chains 
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could interact by hydrogen bonds, which contributed to their miscibility in solution (Caykara 

et al., 2005; He et al., 2004). Moreover, the miscibility of neutral polymers with 

polyelectrolytes is also favored by the entropy of the counter ions of the polyelectrolyte.  

P21.5A1 remained shear-thinning (Fig 3A), temperature-sensitive (Fig. 3C). The gelation 

temperatures of P21.5 and its mixture P21.5A1 were similar, showing that alginate did not 

significantly interfere with the poloxamer 407 gelation. Tgel was 19 ± 1 °C for P21.5A1. The 

administration conditions are 19-20 ° C in Europe while they are 25-30 °C in sub-Saharan 

Africa. Therefore, P21.5A1 might be in gel state when administered at room temperature or it 

may be stored in colder conditions if a liquid state is required for its administration. At 

temperatures below the gelation temperature, the viscoelastic moduli values of the mixture 

were higher than those of the poloxamer formulation. Therefore, sodium alginate chains 

contributed to the elasticity of the mixture thanks to the network they formed. Above the 

gelation temperature, the viscoelastic moduli of P21.5 and P21.5A1 with sodium alginate 

were not significantly different suggesting that at high temperatures poloxamer 407 imposed 

it behavior to the mixtures (Fig. 3C). These results are in accordance with those of Grassi et 

al. (2006) who showed that the properties of pure P407 at 20 % and its corresponding 

mixtures with alginate 1-2 % were largely different at low temperatures but similar at 

temperatures above gelation. They also demonstrated that the presence of alginate chains had 

a favorable influence on the structural process, providing a stabilizing framework for micelles 

caging and packing. However, once the structural process was complete, the properties of the 

systems almost coincided with those of poloxamer 407 alone.  

In frequency sweeps, the elastic modulus was higher than the viscous modulus at all the 

studied frequencies (Fig. 3E) as both studied temperatures (25 °C et 37 °C) were above Tgel, 

so the formulations were in gel state. When the frequency increased the elastic modulus 

remained constant while the viscous modulus slightly decreased.  
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A                       25°C, without SVF B                          37 °C, with SVF 

  

  
C                        Without SVF D                              With SVF 

  

  
E                               25°C, without SVF F                         37 °C, with SVF 

  

Figure 3. Flow properties (A, B), temperature sweep (C, D) displaying one data point out of ten, frequency 

sweep (E, F) of P21.5 and P21.5A1 as was (A, C, E) and after dilution with SVF (B, D, F): (▲) η for P21.5, 

(▲) G' for P21.5, (△) G’’ for P21.5, (■) η  for P21.5A1, (■) G' for P21.5A1, (□) G'' for P21.5A1. 
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Table 2. Gelation temperature, viscous and elastic moduli values at a frequency of 1 Hz for the poloxamer 

formulations and the poloxamer–alginate mixture. 

Formulation Tgel (°C) Conditions G’  ( Pa) G’’ ( Pa) 

P16 32 ± 1 25 °C (4.0 ± 0.7) 10-3 0.4 ± 0.1 

P18.4 25 ± 1 3.0 ± 0.2 40 ± 6 

P21.5 21 ± 1 (12,7 ± 0.2).103 (1.1 ± 0.01).103 

P21.5A1 19  ± 1 (13.5 ± 0.4).103 (1.0 ± 0.2).103 

P18.5 + SVF 29  ± 1 37 °C (8.4 ± 0.5).103 (0.9 ± 0.2).103 

P21.5 + SVF 25  ± 1 (13.8 ± 0.2).103 (0.7 ± 0.1).103 

P21.5A1 + SVF 24  ± 1 (10.5 ± 0.2).103 (0.7 ± 0.2).103 

  

 

Influence of SVF on poloxamer and alginate mixture 

P21.5A1 remained shear-thinning and non-thixotropic after dilution with SVF (Fig. 3B). Flow 

experiments at 37°C in the presence of SVF were likely to be related to the residence time of 

the gel in the vagina, important property to ensure the therapeutic efficacy and to avoid 

leakage. Indeed, the shearing and dilution with SVF will influence the rheological properties 

of the formulations and, hence, their spreading and retention in the vagina. A good 

spreadability of P21.5A1 is expected due to its shear-thinning behavior. After dilution with 

SVF, the viscosities remained high, which is favorable to a prolonged residence time.  

Dilution of P21.5 with SVF also increased the gelation temperature. Tgel of P21.5A1 after 

dilution with SVF was similar to P21.5 sample diluted with SVF (Fig. 3D). Therefore, SVF 

had the same influence on both P21.5 and P21.5A1 gelation properties. 

After dilution with SVF the poloxamer and its mixtures remained viscoelastic with G’ that 

remained higher than G’’ (Table 2). The elastic modulus value of the diluted mixture 

P21.5A1 with SVF was lower than the non-diluted one (Fig 3E compared to Fig. 3F). This 

could be explained by the decrease in polymer concentration, but also by the more compact 

conformation of alginate chains due to ionic strength increased, caused by SVF. Moreover, 

proteins and other electrolytes contained in SVF could also interact with the polymers and 

decrease the elasticity of the system.  

 

Addition of calcium carbonate in P21.5A1 

Ionic gelation of sodium alginate in P21.5A1 formulation was studied to assess if the presence 

of poloxamer could favor this ionic gelation. Calcium carbonate (0.03 and 0.05 %) was 

introduced into the gels. The gelling capacity was determined by diluting the gels with SVF in 

cold conditions to avoid poloxamer 407 gelation, and by visually observing the flow after tube 
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inversion. Unfortunately, the ionic gelation did not occur. Ionic gelation is dependent upon 

multiple parameters such as (i) the alginate M/G ratios, (ii) the type of ionic cross-linker, (iii) 

the influence of the other ions, proteins and electrolytes contained in the SVF, (iv) the 

concentration of alginate and the viscosity of the formulation, and (v) the ability of SVF to 

create a sufficiently acidic environment. The great variability on the alginate used in the 

published data, and the lack of alginate characterization in some cases did not allow us to 

determine the limit value of each parameter to obtain ionic gelation. Therefore, this approach 

was abandoned.  

 

3.5.    Expulsion ability from a device and texture profile analysis 

Two practical administration tests, texture profile analysis (TPA) at 25°C and an expulsion 

test from a syringe without needle at 30° C were performed. TPA is frequently used to 

identify formulations that may be suitable for clinical application. The studied parameters 

were hardness, cohesiveness and adhesiveness that were obtained from the experimental force 

versus time curves (see typical graph in Fig. 4) and related force versus displacement curves. 

Hardness was the peak force during the first compression cycle, needed to deform the sample. 

In administration conditions, hardness should be low to allow the gel to be easily removed 

from the container and spread onto the mucosa. Cohesiveness was related to the effects of 

repeated shearing stresses on the structural properties of formulations and measures the 

reconstruction of the gel after application. High cohesiveness value provides full structural 

recovery following gel application. Adhesiveness was the work required to overcome the 

attractive forces between the surface of the probe and the surface of the sample when the 

probe was removed. In our study, the adhesiveness and cohesiveness values of the P21.5 were 

similar to those of P21.5A1 (Table 3). Similar maximal force and similar work to expel gels 

from the syringe were also obtained with both systems (Table 3). In syringeability tests, it is 

usually considered that the maximal force to exert on the plunger should be below 30 N for 

manual injection (El Kechai et al., 2015). Yet, maximal force values around or below 10 N 

are preferred. In our case, the maximal force was much smaller indicating an easy 

administration. Moreover, the values of the work to expel the formulations were below 13 mJ, 

despite both formulations were in gel state. This can be explained by the shear-thinning 

behavior of those formulations. There is not yet a consensus of adequate value of the work to 

expel the gels into the vagina, but these results might help to design a vaginal device to allow 

a handy and easy administration of the gels by women themselves. 
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Figure 4. Typical texture profile analysis (TPA) curve depicted from Chen (2009). Hardness: peak force during 

the first compression cycle. Adhesiveness: negative force area A3 for the first compression. Cohesiveness: ratio 

of positive force area during the second compression to that during the first compression (A2/A1). 

 

 

Figure 5. Force-distance profile for P21.5A1 in a 5 mL syringe, without needle nor cannula. 

 

Table 3. Texture profile analysis and expulsion ability of P21.5 and P21.5A1. 

Samples Texture in TPA mode Expulsion ability from a device 

Adhesiveness (mJ) Cohesiveness Hardness  (N) Maximal force (N) Work of expulsion (mJ) 

P21.5 4.81 ± 0.21 0.89 ± 0.04 0.59 ± 0.03 0.8  ± 0.1 6.1 ± 1.5 

P21.5A1 4.79 ± 1.49 0.93 ± 0.09 0.48 ± 0.03 0.7 ± 0.2 6.4 ± 5.9 
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3.6.    Microstructure of P21.5A1 

From the rheological results of P21.5 and P21.5A1 associated to the characterization of 

sodium alginate, it was possible to propose a macroscopic organization of both polymers in 

water. Indeed, in aqueous solution, some alginate chains were in extended conformation 

stabilized by hydrogen bonds and others were flexible due to the high M content. In addition, 

the viscoelastic moduli of P21.5A1 was higher than those of P21.5 when the systems were 

liquid suggesting that alginate chains created a network of entangled chains that provided 

some elasticity. In gel state, P21.5A1 viscoelastic moduli were similar to P21.5 suggesting 

that poloxamer micelles of P21.5A1 crystallized by forming the same clusters as P21.5. 

Therefore, the location of alginate chains could only be around the microdomains formed by 

the poloxamer micelles. Figure 6 presents the organization that can be inferred for our 

mixture. This organization is almost similar to the observation by transmission electronic 

microscopy of a mixture of poloxamer and alginate after their Tgel reported by Abrami et al. 

(2014). White et al. (2013) using differential scanning calorimetry, small-angle neutron 

scattering and rheology proposed a similar organization of a mixture of ionic gelled alginate 

and thermally gelled poloxamer. Further microscopic studies such as small-angle X-ray 

scattering or small-angle neutron scattering should be performed to further characterize our 

systems, which do not contain calcium ions. 

 

 

Figure 6. Schematic depiction of the mixture P21.5A1 showing the crystalized poloxamer micelles and alginate 

chains. 
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4. CONCLUSION 

In this work, hydrogels containing different concentrations of poloxamer 407 and sodium 

alginate and intended to be a platform for vaginal administration were developed. The results 

confirmed the macroscopic compatibility between both polymers. All the formulations 

containing P407 were temperature-sensitive. The optimal concentration of poloxamer to 

preserve the thermogelling properties after dilution with vaginal fluids was 21.5 % w/w. 

Adding 1 % w/w sodium alginate enhanced the formulation elasticity in liquid state. The 

mixture of P407 at 21.5 % w/w and sodium alginate at 1 % w/w was a temperature-sensitive 

system with increased elasticity and adequate rheological properties, although it was not 

possible to induce in-situ ionic gelation of sodium alginate in these conditions. Its rheological 

properties at 25 °C associated to the texture profile analysis and the evaluation of its ability to 

be expulsed were all favorable to its administration. Its rheological properties at 37 °C after 

dilution with SVF were adequate to avoid leakage and ensure its spreading, making this gel a 

promising candidate for vaginal administration.  
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CHAPITRE V : FORMULATION D’UN HYDROGEL A BASE 

DE POLOXAMER 407, D’ALGINATE DE SODIUM ET DE L. 

CRISPATUS DESTINE A INHIBER LA CROISSANCE DE 

NEISSERIA GONORRHOEAE 
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Introduction- résumé 

La résistance croissante de Neisseria gonorrhoeae à tous les traitements antibiotiques actuels 

et les difficultés liées aux moyens de prévention ont conduit à l’étude de méthodes 

alternatives pour prévenir cette infection sexuellement transmissible. Dans ce travail, une 

stratégie de prévention basée sur l’utilisation d’un gel vaginal contenant des lactobacilles a été 

évaluée. Une souche de Lactobacillus crispatus a été sélectionnée sur la base des données 

publiées concernant sa capacité à inhiber Neisseria gonorrhoeae et ses propriétés probiotiques 

ont été caractérisées. Un hydrogel thermosensible contenant 21,5 % de poloxamer 407, 1 % 

d'alginate de sodium et 9 log10 UFC/unité de gel de Lactobacillus crispatus a été mis au point. 

La température de gélification et les caractéristiques rhéologiques de cette formulation sont 

apparues favorables à une administration vaginale. La microscopie confocale a révélé des 

Lactobacillus crispatus viables dans le gel au bout de six mois de conservation à 4 °C et à 

25 °C, mais ces bactéries n'étaient plus cultivables. La capacité des souches de lactobacilles à 

inhiber Neisseria gonorrhoeae a été observée avec le gel. Un tel système est donc prometteur 

pour la prévention de la gonococcie.  
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Abstract 

The increasing resistance of Neisseria gonorrhoeae to any current antibiotic treatment and the 

difficulties associated with the use of prevention means such as condom urge the need for 

alternative methods to prevent this sexually transmitted infection. In this work, a prevention 

strategy based on the use of a vaginal gel containing Lactobacilli was assessed. A 

Lactobacillus crispatus strain was selected based on the published data on its ability to inhibit 

Neisseria gonorrhoeae and its probiotic properties were characterized. A thermo-sensitive 

hydrogel containing 21.5 % of poloxamer 407, 1 % of sodium alginate and 9 log10 CFU by gel 

unit of Lactobacillus crispatus was developed. The gelation temperature and the rheological 
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characteristics of this formulation appeared suitable for a vaginal administration. 

Lactobacillus crispatus were viable in the gel for six month although a large amount of the 

bacteria was not culturable. The ability of Lactobacillus crispatus to inhibit Neisseria 

gonorrhoeae was still observed with the gel. Such system, thus, appeared promising for the 

prevention of gonorrhea. 
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1. INTRODUCTION 

Gonorrhea is a sexually transmitted infection, that is caused by Neisseria gonorrhoeae (N. 

gonorrhoeae), with 78 million new cases each year (WHO, 2016). It has become a major 

public health issue for many reasons. Indeed, more often this infection remains asymptomatic 

in women, which favors its spreading. It can induce severe damages such as infertility both in 

men and women, and blindness in newborns (Grodstein et al., 1993; Laga et al., 1986). It also 

increases the risk of contracting human immunodeficiency virus HIV (Cohen, 2004; Jarvis 

and Chang, 2012). There is currently an emergence of resistance to several antibiotics even to 

the last intention treatments (Lefebvre et al., 2018). Some untreatable strains insensitive to 

any known antimicrobial are now circulating. Meanwhile, neither vaccine nor new drugs are 

emerging on the market. Condom, sole effective prevention mean, is unfortunately not well or 

insufficiently used. Thus, gonorrhea has become difficult to treat or to prevent. The main 

target of gonorrhea, as all sexually transmitted infections is women, because they are more 

vulnerable. A strategy focused on women could allow to achieve better results in the field of 

prevention (Stein, 1990). Thus, recent researches are interested in woman-controlled tools for 

vaginal administration (Minnis and Padian, 2005; Traore et al., 2018). 

Approaches based on probiotic have recently been developed for the prevention of women 

urogenital tract infections (Andrew and Gregor, 2017; Stapleton et al., 2011). Indeed, 

probiotics are defined as “live microorganisms that, when administered in adequate amounts, 

confer a health benefit on the host” (Hill et al., 2014). The most important probiotic genus 

studied for urogenital infections is Lactobacillus. The healthy vaginal flora is typically 

dominated by Lactobacillus (L.) species, such as L. iners, L. crispatus, L. jensenii and L. 

gasseri (Pavlova et al., 2002; Ravel et al., 2011), but L. crispatus seems to largely prevail 

over the other Lactobacillus strains (Antonio et al., 1999; Vasquez et al., 2002). Moreover, L. 

crispatus has been reported to promote the stability of the normal vaginal flora (Verstraelen et 

al., 2009). Vaginal colonization with a human L. crispatus strain had been successful 

(Antonio and Hillier, 2003). A L. crispatus strain was also used with success as a vaginal 

suppository for healthy women with a history of recurrent urinary tract infections (Czaja et 

al., 2007; Stapleton et al., 2011) and for the treatment of bacterial vaginoses (Hemmerling et 

al., 2010). Moreover, it was shown that L. crispatus inhibited the infectivity of N. 

gonorrhoeae in vitro (Amant et al., 2002) and ex-vivo (Breshears et al., 2015). Therefore, in 

this study, L. crispatus was selected. Its use for a vaginal administration could be a valuable 

strategy for vaginal gonorrhea prevention. As the health promoting effects of probiotics are 
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usually strain specific, in this work, we report on the ability of a reference vaginal L. crispatus 

strain ATCC 33197 to be used as a probiotic for the prevention of gonorrhea. Since bacterial 

suspensions are liquid and can be quickly cleared after vaginal instillation, we focused on the 

design of a gel form intended for the administration of this L. crispatus strain. Indeed, 

hydrogels are three-dimensional polymer networks made up of water soluble polymer chains 

crosslinked by chemical or physical bonds. They have been studied in the fields of cell 

immobilization (Cellesi, 2012; Chaluvadi et al., 2012; Willaert, 2011), of tissue engineering 

(Maisani, 2017) and of drug delivery (Cook and Brown, 2018). They are already used and 

well accepted for vaginal administration, are easy to be prepared and have a low cost of 

production (Pilcher, 2004). They can be easily self-administered without partner knowledge. 

They are expected to easily cover the vaginal mucosa and ensure efficiency. Several studies 

have been focused on viscoelastic and temperature-sensitive hydrogels based on poloxamer 

407 (Aka-Any-Grah et al., 2010; Huang et al., 2016; Liu et al., 2009). In aqueous solution, 

this synthetic poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock 

copolymer forms micelles above a certain critical micelle concentration or temperature. If the 

polymer concentration is high enough, these micelles organize themselves into a cubic liquid 

crystalline structure when the temperature is further increased above a critical temperature 

called gelation temperature (Tgel), forming a gel-like phase (Dumortier et al., 2006). It is 

generally used as drug delivery systems (Karavana et al., 2012; Rençber et al., 2017) or for 

cell encapsulation (Gioffredi et al., 2016; Khattak et al., 2005; Wagner et al., 2014). 

Poloxamer 407 can be mixed with mucoadhesive polymers to improve this property. Among 

these mucoadhesive polymers, sodium alginate is particularly attractive. Indeed, it is a natural 

polymer derived from brown algae that can be used to create hydrogels by ionic cross-linking 

with divalent cations such as Ca2+. Alginate is commonly and widely used for drug delivery, 

cell encapsulation and immobilization, wound dressing, enzymes immobilization (Lee and 

Mooney, 2012; Lin et al., 2004; Szekalska et al., 2016; Tønnesen and Karlsen, 2002). The 

mixtures of poloxamer 407 and alginate could be liquid at low or room temperature to allow 

easy administration, and, undergo gelation at body temperature (Lin et al., 2004). Previous 

study on this mixture also showed compatibility between poloxamer 407 and alginate (Grassi 

et al., 2006).  

In the present study, the mixture of poloxamer 407 and sodium alginate was studied as a 

support for a vaginal administration of L. crispatus in order to obtain a temperature-sensitive 

gel with adequate mechanical properties and capable to inhibit N. gonorrhoeae. To the best of 

our knowledge, there is no published data dealing with the use of semisolid dosage forms (gel, 
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cream) for the administration of Lactobacilli into the vagina. The probiotic properties of the 

selected strain were first assessed. In a second step, the influence of L. crispatus on the 

thermogelling and viscoelastic properties of the mixture of poloxamer 407 and alginate was 

investigated by rheology at 25 °C, in administration conditions, and at 37 °C after dilution 

with simulated vaginal fluid (SVF) to mimic in vivo conditions after administration. The 

efficacy of the gel on N. gonorrhoeae was evaluated in vitro as well as the viability of the L. 

crispatus in the gel over a six-month period. 

 

2. MATERIALS AND METHODS 

2.1.   Materials 

L. crispatus, a reference strain, isolated from human vagina with collection numbers CIP 

103603 (ATCC 33197; NCTC 4505; NCIMB 4505), and a reference strain N. gonorrhoeae 

with collection number CIP 107031 (ATCC 49226; CCM 4500; CCUG 26213; CDC 10.001; 

CNCTC 5194; DSM 9189) were purchased from Institut Pasteur (Paris). The strains were 

stored at -80 °C in cryovials with the appropriate broth supplemented with 20 % (v/v) 

glycerol.  

Streptococcus pneumoniae ATCC 49619 and Streptococcus pyogenes ATCC 12344 were 

obtained from Institut Pasteur (Abidjan). BD-Difco™ Lactobacilli of Man-Rogosa-Sharpe 

(MRS) broth or MRS agar, brain heart infusion agar and Columbia agar base were obtained 

from Fisher Scientific (France). Poloxamer 407 (P) (Lutrol® F127) of pharmaceutical grade 

was purchased from BASF (Germany). According to the supplier, the average molecular 

weight was 11774 g.mol-1 (9840-14600 g.mol-1). Sodium alginate (A) was purchased from 

Roth (France), lot N° 351172083. Its weight-average molecular weight determined by size 

exclusion chromatography coupled to multi-angle light scattering was 300 000 g.mol-1. 

Bovine serum albumin and all other reagents were supplied by Sigma-Aldrich (France) and 

were of analytical grade. Live/dead® bacLightTM bacterial viability kit was purchased from 

Fisher Scientific (France). Sterile water (resistivity 18.2 MΩ, MilliQ, Millipore, France) was 

used. All the antibiotic discs were from BIO-RAD (France) and the E-test from Biomérieux 

(France).  
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2.2.   Study of Lactobacillus crispatus 

2.2.1 Growth kinetic 

To determine its stationary growth phase, L. crispatus (1/1000 v/v) in MRS broth was 

incubated at 37 °C, 5 % CO2. Then, the number of colony-forming units was determined at 

the beginning (t0) and every three hours for 24 h, using a MRS agar plate. This test was 

performed in triplicate in one experiment. 

 

2.2.2 Acid production and growth at different pH 

The evaluation of the acidification ability of L. crispatus and of the effects of low pH on its 

growth was achieved according to Boskey et al. (1999), with slight modifications. MRS broth 

was prepared and adjusted to specific initial pH (pHi) ranging from 4 to 7 with either HCl or 

NaOH before autoclaving. L. crispatus was inoculated (1 % v/v) into 10 mL of each MRS 

broth giving a starting concentration of about 107 cells/mL. Then, they were incubated for 

24 h at 37 °C under 5 % CO2. The amount of acid produced by L. crispatus was indirectly 

determined by measuring the pH immediately after preparation (t0) and after 24 h incubation 

(t24h) with a pH meter (Metter Toledo equipped with an electrode Seven2GO, France). To 

assess the sensitivity of L. crispatus to the pH, the numbers of CFU/mL of each MRS broth 

were quantified at the beginning (t0) and after 24 h (t24h). This assay was performed in two 

separate experiments constituted of three replicates each. 

 

2.2.3 Auto-aggregation and co-aggregation assays 

This test was conducted to appreciate the ability of L. crispatus to auto-aggregate and co-

aggregate N. gonorrhoeae. It was determined according to Verdenelli et al. (2014) with slight 

modifications. The cultures were harvested by centrifugation (2800 g, 10 min, 4 °C), and 

washed twice with sterile PBS (pH7). Bacterial suspensions in PBS of L. crispatus and N. 

gonorrhoeae were adjusted to 0.5 McFarland. Equal volumes (1 mL) of each suspension were 

mixed for 20 s using a vortex, and left for 4 h at 37 °C. A droplet of the single suspensions 

and the mixture was then put on a glass slide immediately and after four hours. They were 

Gram-stained for visual observation of aggregates, defined as visible clumps of bacteria. This 

experiment was performed twice.  
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2.2.4 Hemolytic activity  

To evaluate the ability of L. crispatus to induce hemolysis, the hemolytic activity of L. 

crispatus was determined according to Maragkoudakis et al. (2009) with slight modifications. 

In short, the subculture of L. crispatus of 16 h in MRS broth was streaked onto Columbia agar 

base plates supplemented with 5 % (v/v) whole sheep blood. The plates were incubated at 

37 °C under 5 % CO2 for 24 h and 48 h in anaerobic conditions. Then, the clear zones and the 

color of hemolysis around the growth colonies were observed. Streptococcus pneumoniae 

ATCC 49619 and Streptococcus pyogenes ATCC 12344 were used as controls for 

respectively α- and β-hemolysis.  This experiment was performed thrice.  

 

2.2.5 Antibiotic susceptibility profile 

L. crispatus susceptibility to different classes of antibiotics was evaluated by disc (6 mm 

diameter) method. At least two independent set of experiments were performed. As a control 

to the disc method, susceptibility to azithromycin, cefixime, ceftriaxone, ciprofloxacin, 

gentamicin, penicillin G and tetracycline was also evaluated by the E-test method according 

to the manufacturer's instructions. This method provides a convenient and quantitative test of 

antibiotic resistance. All the plates were incubated for 24 and 48 h before reading the plates. 

MRS agar was used in order to favor the growth of L. crispatus. 

 

2.3.   Purity control and counting of L. crispatus 

Purity was assessed by macroscopic observation of colonies and microscopic observation 

after Gram staining. The serial decimal dilution method, by plating onto MRS agar medium, 

was used for counting total Lactobacilli in every suspensions and gels. Dilutions were made 

in PBS and after vortexing each dilution for 5 s, 100 µL of the previous dilution were 

inoculated in 900 µL of the next dilution. Then, 100 µL of the chosen dilutions were poured 

on the MRS agar plates. 

 

2.4.   Hydrogel preparation 

A concentrated mixture of polymers was prepared. Polymer solubilization was performed by 

using a mixer equipped with a turbine adapted to the mixing of viscous preparations (Rayneri-

turbotest, Rayneri, France) under an agitation of 1000 rpm as described by Aka-Any-Grah et 
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al. (2010). The alginate powder (1.250 g) was gradually added under agitation at room 

temperature to an ultrapure water (71,875 g). After complete dissolution of alginate, the 

poloxamer powder (26,875 g) was gradually added at 4 °C under the same agitation. After 

complete dissolution, this mixture was equilibrated 48 h at 4°C to eliminate air bubbles and 

was autoclaved at 121 °C, 15 min before its mixing with the Lactobacilli suspension. 

Meanwhile, frozen L. crispatus (-80 °C) was isolated on MRS agar for 48-72 h. Then it was 

subcultured twice, first for 24 h and second for 16 h (37 °C, 5 % CO2). This second subculture 

was centrifuged (2800 g, 10 min, 4°C) and washed twice with sterile water before being 

suspended in sterile water. L. crispatus homogenization was achieved by vortexing. L. 

crispatus suspension was enumerated by plating serial dilutions onto MRS agar. 

Final gels with or without L. crispatus were obtained by mixing respectively 1 mL of sterile 

water or 1 mL of the L. crispatus suspension to 4 g of the concentrated polymer mixture. This 

allowed obtaining two types of gels (P21.5A1 and P21.5A1L) whose final compositions are 

presented in Table 1. P21.5A1L contained 9 log10 CFU of L. crispatus per gel sample (5 g). 

 

Table 1. Hydrogels containing alginate (A), poloxamer (P) with or without L. crispatus (L) 

Acronyms Poloxamer (% w/w) Alginate (% w/w) L. crispatus (log10 CFU/5 g of gel) 

P21.5A1 21.5 1 - 

P21.5A1L 21.5 1 9 

 

2.5.   Preparation of hydrogels diluted by simulated vaginal fluid  

Previous studies showed that 5 mL of gels were able to properly cover the human vaginal 

epithelium, immediately after insertion, within the first 30 min and without sexual intercourse 

(Barnhart et al., 2004). The volume of ambient fluid present in the vagina at any time is 

approximately 0.5–0.75 mL (Owen and Katz, 1999). Therefore, to mimic the maximum 

dilution likely to occur in the vagina after the gel administration, 5 mL of each formulation 

were diluted with 0.75 mL of simulated vaginal fluid (SVF). The SVF was prepared 

according to Owen and Katz (1999). This SVF simulates the vaginal fluid from healthy, 

nonpregnant, premenopausal women and can be used to study vaginal formulations in vitro. 

P21.5A1 + SVF denoted P21.5A1 diluted with SVF and P21.5A1L + SVF the P21.5A1L one 

diluted with SVF. The aim of this test was to assess the influence of the dilution by SVF on 

the thermogelling and the rheological properties of the formulations. 
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2.6.   Rheological characterization of the hydrogels 

Rheological properties of the gels, at 25 °C, at 37 °C or after dilution of the gels by SVF at 

37°C, were carried out on a rotational rheometer ARG2 (TA instruments, New Castle, USA) 

equipped with an aluminum cone/plate geometry (diameter 40 mm, angle 1° and cone 

truncation 28 µm) and with a solvent trap to limit evaporation during measurement. Peltier 

diodes, placed in the lower plate, allowed to control the temperature. The samples were 

equilibrated 3 min before starting the experiments. In flow measurements, the viscosity (η) 

was recorded as a function of shear rate. The shear rate was increased gradually from 0.01 s-1 

to 1000 s-1 over 3 min, maintained to 1000 s-1 for 1 min and decreased gradually from 1000 s-1 

to 001 s-1 over 3 min. In oscillatory measurements, linear viscoelastic regions, where the 

moduli remained constant as the shear stress increased were determined. The gelation 

temperature (Tgel) and viscoelastic properties of the gels were assessed under a stress value 

belonging to their viscoelastic linear regime. A temperature sweep at a rate of 1 °C/min was 

performed at a frequency of 1 Hz, in a temperature range from 5 °C to 45 °C, and the elastic 

modulus (G') as well as the viscous modulus (G'') were recorded as a function of temperature. 

The gelation temperature (Tgel) was determined as the temperature of the crossover of G' and 

G''. G' and G'' were also recorded during frequency sweeps from 0.01 to 50 Hz. These 

experiments were performed in triplicate. 

 

2.7.   pH measurement of the gels 

Both the pH and the temperature into the gels were measured at room temperature with a pH-

meter Mettler Toledo Seven2Go, suited for measurements in viscous systems. This 

experiment was performed in triplicate. 

 

2.8.   Assessment of the distribution of L. crispatus within the gel 

The distribution and viability of L. crispatus within the gels were assessed by using syto 9 

that stained both living and dead bacteria in green and propidium iodide that stained only dead 

bacteria in red. When used simultaneously, syto 9 seemed to allow the observation of living 

bacteria in green, and propidium iodide the observation in red of the dead ones (Moore et al., 

2015). These fluorescent stains were introduced at 1/1000 (v/w) in the gels. In short, they 

were introduced in the 1 mL of L. crispatus suspension before mixing it with the gels in the 
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liquid state, then, they were immediately observed by microscope. This study was performed 

with an inverted confocal laser scanning microscope LSM 510-Meta (Carl Zeiss, Germany) 

using a Plan-Apochromat 63X/1.4 objective lens, equipped with an argon (488 nm excitation 

wavelength) and a helium neon laser (543 nm excitation wavelength). The green and the red 

fluorescence emissions were collected with a 505-550 nm band-pass and a 560 nm long pass 

emission filter respectively, under a sequential mode. The pinhole was set at 1.0 Airy unit. For 

each condition, single 2D images were collected as well as 3D images with an image every 

0.9 µm along the z axis to reach a thickness of 32 µm taken arbitrarily. 12 bit numerical 

images were acquired with LSM 510 software version 3.2. 

 

2.9.   Assessment of the influence of gel state 

L. crispatus within the gel P21.5A1L were counted after culture on MRS agar plate at t0, t24 h 

and t48 h after storage at 15 °C (below gelation temperature) and at 23 °C (above gelation 

temperature). L. crispatus suspension was also analyzed in the same conditions as a control. 

This test was realized in triplicate. 

 

2.10.   Stability studies of the gel P21.5A1L 

P21.5A1L was stored at two storage temperatures (4 °C and 25 °C) over six months in order 

to assess its stability. The gel viscosity at a shear rate of 125 s-1 and pH were measured as 

previously described. Counting on MRS agar plate was performed to investigate the 

culturability of cells. In brief, after serial decimal dilutions, three dilutions were plated on 

MRS agar. Plates were incubated at 37 °C for 48 h before counting the colony forming units. 

Otherwise, L. crispatus viability was evaluated by confocal laser scanning microscopy. 

Briefly, the fluorescent stains were introduced at 1/1000 (v/w) in the liquid gels containing L. 

crispatus, vortexed and immediately observed by confocal microscopy as previously 

described in section 2.8. 

 

2.11.   Inhibition of the growth of N. gonorrhoeae 

For the preparation of N. gonorrhoeae suspension, the frozen stock was isolated on Thayer-

Martin medium plate and incubated for 18 h at 37 °C in a moist atmosphere enriched with 

5 % CO2. These conditions were respected because autolysis may occur during prolonged 
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incubation, and it may be difficult to obtain a suspension from growth on agar plates. Then, 

colonies were suspended in NaCl 0.85 % to a turbidity equivalent to 0.5 McFarland standard. 

These suspensions contained 106 N. gonorrhoeae cells/mL. They were mixed thoroughly 

using a vortex mixer to break up clumps of growth. 

The inhibition of N. gonorrhoeae was evaluated by using a modified version of the agar 

overlay technique of Amant et al. (2002). Figure 1 presents the method schematically. Brain 

heart infusion agars (BHIA) with different pH adjusted to pH 5, 6.5, and 7 were prepared 

before being autoclaved at 121 °C over 15 min. Gels or suspensions containing L. crispatus 

were inoculated onto BHIA plates (60 mm diameter), using respectively 1 µL sterile handle or 

50 µL to obtain a spot. After 24 h of incubation, 4 mL of chocolate agar (containing proteose 

peptone, dextrose, sodium chloride, disodium phosphate, agar, hemoglobin) were poured onto 

the BHIA plates and allowed to solidify. Then, 500 µL of N. gonorrhoeae suspension were 

spread onto the agar overlay and incubated for 24 h. The presence of a zone of growth 

inhibition was considered as positive for inhibition. A control was made by the same protocol 

without the step of spot formation. For all experiments, the number of L. crispatus in the 

suspensions or the gels was confirmed by standard serial dilution and culture. The thickness 

of each agar layer was about 2 mm. 

 

 

Figure 1. Schematic depiction of the inhibition of N gonorrhoeae test: ① heart brain infusion agar, ② spots of 

gels or suspensions containing  L. crispatus  after incubation 24 h, 37°C, ③ chocolate agar medium, ④ 

spreading of N. gonorrhoeae, ⑤ inhibition zones. 

 

3. RESULTS AND DISCUSSION 

In this study, a reference strain, well identified and characterized, that originated from a 

human vagina and that has already shown an efficacy on N. gonorrhoeae (Amant et al., 2002; 

Breshears et al., 2015) was selected. Then, its probiotic benefits such as its acidification 
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ability, its ability to inhibit the growth of N. gonorrhoeae in vitro, and its ability to auto-

aggregate or co-aggregate N. gonorrhoeae were confirmed before formulation development. 

 

3.1.   Characterization of L. crispatus 

In this study, L. crispatus suspensions contained 9 log10 CFU/mL based on published data.  

Amant et al. (2002) showed the effectiveness of different dilutions of 108 L. crispatus on N. 

gonorrhoeae and Reid et al. (2001) showed the effectiveness of over 108 viable probiotic per 

day to restore and maintain a normal vaginal flora. An expert consensus document stated that 

the minimal number of viable cells should be 1 × 109 CFU administered per day (Hill et al., 

2014).  

L. crispatus growth kinetic test allowed determining its stationary phase that began after 9 h 

of culture. Based on this result, for all the tests, cultures of 16 h of incubation were used to 

ensure reproducible physiological and metabolic states of the strain.  

As regards L. crispatus acidification ability, this strain was grown in either standard growth 

medium (pHi 6.5) or in modified pH growth medium (4, 5, 6, 7). The use of these pH values 

was based on the fact that vaginal pH varies between 3.5 and 5.5 and increases up to 7 in the 

presence of seminal fluid (O’Hanlon et al., 2013; Owen and Katz, 1999). Therefore, the 

growth and the acid production of L. crispatus were simultaneously evaluated in MRS at pH 

ranging from 4 to 7 to mimic this vaginal pH. In MRS, the Lactobacilli had the nutrients they 

needed to grow, pH was the only modified parameter in order to assess its influence. The 

growth of L. crispatus was favored at pH ranging from 6 to 7 (Table 2). This pH range 

corresponded to the pH of the mixture of polymers, which was thus favorable for the mix with 

L. crispatus. Otherwise, whatever the MRS pHi, a decrease in pH values was observed after 

24 h of incubation at 37 °C and 5 % CO2, mimicking the vaginal conditions. The variations of 

pH are given in Table 2. They were also higher at pH varying between 6 and 7, suggesting a 

correlation between L. crispatus viability and acid production. A reduction of pH by L. 

crispatus indicated indirectly an acidification due to lactic acid production. This result 

suggested thus higher lactic acid production at pH higher than 6. Both pH and lactic acid 

concentration of a media may inactivate pathogens individually or in combination. (O’Hanlon 

et al. (2013) showed that as the alkalin pH of the vagina due to seminal fluid, reduced the 

protective action of vaginal acidity against pathogens, the level of vaginal lactic acid was 

likely to reduce the transmission of vaginal acid-sensitive pathogens. As only protonated 
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lactic acid might have microbicidal activity, it would be better to have a pH below the pKa of 

lactic acid (3.90) (Tachedjian et al., 2017). In this study, the quantity of protonated lactic acid 

was not measured, but as the final pH in each sample was between 3,1 and 3,9, it can be 

supposed that lactic acid was in its protonated state favorable for its antibacterial activity. The 

final pH in each sample was comparable to the pH of healthy vagina dominated by 

Lactobacilli as described by O’Hanlon et al. (2013).  

 

Table 2. Reduction in pH values due to L. crispatus acid production and growth of L. crispatus at different pH 

values as a mean of three replicates on two separate experiments.  

pHi 4.00 ± 0.01 5.00 ± 0.01 6.00 ± 0.01 6.50 ± 0.01 7.00 ± 0.01 

Mean growth at 24 h, 37 °C, 5 % 

CO2 (Log10 CFU/mL) 

1.19 ± 0.23 1.57 ± 0.41 1.85 ± 0.46 1.88 ± 0.11 2.00 ± 0.16 

Mean pH reduction  due to L. 

crispatus at 24 h, 37 °C, 5 % CO2 
0.74 ± 0.17 1.49 ± 0.13 1.96 ± 0.02 2.24 ± 0.08 2.39 ± 0.04 

 

Moreover, Graver and Wade (2011) showed the important role of acidification in the 

inhibition of N. gonorrhoeae. For Foschi et al. (2017), the presence of lactate seemed to be 

crucial for the anti-gonococcal activity, especially for pH values ranging from 4.4 to 5.3, 

indicating that the presence of hydrogen ions was necessary but not sufficient to inhibit  

gonococci. In our study, this evaluation of the acid production and the growth of L. crispatus 

in the pH range of 4 to 7 predicted a favorable growth in the vagina containing natural 

nutrients and favorable conditions for the inhibition of N. gonorrhoeae (see section 3.5). 

Amant et al. (2002) also showed the ability of this Lactobacillus strain to inhibit N. 

gonorrhoeae both at acid and neutral pH. Based on these studies, the higher reduction in pH 

related to higher lactic acid production was considered as more interesting.  

 

The auto-aggregation and co-aggregation with N. gonorrhoeae properties of L. crispatus were 

investigated. Figure 2 shows their organization in suspension after a 4 h-incubation time in 

suspension. L. crispatus formed large and dense visible clumps (Fig. 2A) whereas N. 

gonorrhoeae formed a clump similar to that observed by Anderson et al. (16) (Fig. 2C), with 

an aspect different than that of L. crispatus (Fig. 2A). Small and widely distributed aggregates 

were observed in the mixtures of L. crispatus and N. gonorrhoeae (Fig. 2B). They were 

arranged as microcolonies similar to the ones observed by Foschi et al. (2017). L. crispatus 

can change its organization in the presence of pathogens to co-aggregate with them. Reid et 

al. (1990) showed that when Lactobacilli formed co-aggregates and bound to pathogens, this 

resulted in returns to homeostasis, because co-aggregation created a hostile biochemical 
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micro-environment around the pathogen and prevented it from continuation of growth and 

domination of the niche.  

 

A B C 

   

L. crispatus L. crispatus - N. gonorrhoeae N. gonorrhoeae 

Figure 2. Aspects of clumps in aggregation tests after 4 h of incubation (x 40).  

 

Regarding the security aspect associated with the use of this L. crispatus strain, two 

parameters were studied, its hemolytic activity and its antimicrobial resistance. Hemolytic 

activity test showed that the Columbia sheep blood agar aspect around the colonies were 

unchanged, meaning L. crispatus did not exhibit hemolysis. It is a non-hemolytic bacterium. 

This result was in accordance with many reports which had revealed that Lactobacilli 

generally did not exhibit hemolysis (Ambalam et al., 2012; Kassaa et al., 2014; 

Maragkoudakis et al., 2006). The antibiotic resistance is another key factor for probiotics as 

the level of susceptibility to the antimicrobial agents is species-dependent. Table 3 presents 

the results of disc method. Both E-test and the disc method gave similar results for the 

antibiotics studied by the two methods. The resistance to gentamicin and ciprofloxacin was 

observed both by E-test and disc diffusion methods. Results showed that L. crispatus was 

resistant to an aminoglycoside (gentamicin), quinolones (ciprofloxacin, nalidixic acid, 

pefloxacin) and a lincosamide (clindamycin) (Table 3). Several studies have reported intrinsic 

resistance of Lactobacilli to quinolones, gentamicin, and other antibiotics (Danielsen and 

Wind, 2003; Štšepetova et al., 2017; Temmerman et al., 2003). According to the European 

Food Safety Authority (EFSA) guidance on the assessment of bacterial susceptibility to 

antimicrobials of human and veterinary importance, bacterial strains carrying intrinsic 

resistance present a minimal risk for horizontal spread and thus, may be used as a food 

additive. Based on these in vitro tests, L. crispatus is an interesting probiotic candidate. 

However, further studies should be performed to search for pathogenicity genes, as well as in 

vivo studies to confirm that this L. crispatus strain could not induce any pathogenicity and 

could be regarded as a safe microorganism for a vaginal administration. 
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Table 3. Antibiotics susceptibility of L. crispatus by disc diffusion method as a mean of at least two repetitions, 

showing in gray the antibiotics to which L. crispatus was resistant. 

Antibiotic discs (dose/disc) Inhibition zone 

diameter (mm) 

Antibiotic discs (dose/disc) Inhibition zone 

diameter (mm) 

PENICILLIN CLASS  TETRACYCLINES CLASS  

Penicillin G (10μg) 26 Doxycycline (DOX, 30 μg) 26 

Ampicillin (AMP, 10 μg) 25 Minocycline (MN, 30 μg) 29 

Amoxicillin (AMX, 25 μg) 24 Tetracycline (TET, 30 μg) 28 

Oxacillin (OXA, 1 μg) 27 MACROLIDES CLASS  

Piperacillin (PIP, 75 μg) 34 Azithromycin (AZM, 15 µg) 20 

Ticarcillin (TIC, 75 μg) 37 Spiramycin (SPN, 100 μg) 18 

Amoxicillin-clavulanic acid (AMC, 20/10 μg) 27 Erythromycin (ERY, 15 μg) 30 

Piperacillin-tazobactam (PPT, 75/10 μg) 24 CHLORAMPHENICOL CLASS  

Ticarcillin-clavulanic (TCC, 75/10 μg) 36 Chloramphenicol (CHL, 30 μg) 29 

CEPHALOSPORIN CLASS  LINCOSAMIDES CLASS  

Cephalexin (CEF, 30 μg) 30 Lincomycin LCN, 15 μg) 13 

Cefuroxime (CXM, 30 μg) 24 Clindamycin (CMN, 2 μg) 6 

Cefixime (CFM, 10 μg) 28 QUINOLONES CLASS  

Ceftazidine (CAZ, 30 μg) 21 Pefloxacin (PEF, 5 μg) 0 

Cefpodoxine (CPD, 10 µg) 19 Ciprofloxacin (CIP, 5 μg) 0 

Ceftriaxone (CFO, 30 µg) 31 Nalidixic acid (NAL, 30 μg) 0 

AMINOGLYCOSIDES CLASS  ANSAMYCIN CLASS  

Gentamicin (GMI, 15μg) 0 Rifampycin (RAM, 30 μg) 27 

CARBAPENEM CLASS  GLYCOPEPTIDES CLASS  

Imipenem (IPM, 10 μg) 25 Vancomycin (VAN, 30 μg), 19 

  Teicoplanin (TEC, 30 μg) 15 

 

Regarding the ability of L. crispatus to inhibit the growth of N. gonorrhoeae in vitro, the 

assays were realized at three different pH (5, 6.5, 7) (Table 4). L. crispatus suspensions 

contained 8 log10 cells/mL while N. gonorrhoeae suspension 6 log10 cells/mL. The BHIA acid 

(pH 5) overlayed by chocolate agar (pH 7) was deleterious for N. gonorrhoeae. That is why 

there was no growth of N. gonorrhoeae at this condition. An inhibition zone was clearly 

observed at BHIA pH 6.5 and 7. Therefore, this test confirmed the inhibition of N. 

gonorrhoeae by the studied L. crispatus strain in a pH-dependant manner (Table 4). This 

result was similar to the observation of Amant et al. (2002), who demonstrated that L. 

crispatus could inhibit N. gonorrhoeae both in acidic and in neutral pH. Foschi et al. (2017) 

also showed the strict correlation between the pH levels and the anti-gonococcal effect of 

Lactobacilli. Their supernatant whose pH was below 4 induced a reduction of 100 % of N. 

gonorrhoeae viability by L. crispatus after 7 min of direct contact at 37 °C, 5 % CO2. The 

acidic environment associated to inhibitory molecules produced by L. crispatus may induce 

complete inhibition of the growth of N. gonorrhoeae. 
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Table 4. Inhibition of the growth of N. gonorrhoeae in vitro by agar overlayed method, after 24 h of incubation 

at 37 °C, 5 % CO2. Comparative study of L. crispatus suspension and of gels P21.5A1 and P21.5A1L. Four 

different experiments (test). 

 

 Control = BHIA 

Agar overlayed by 

chocolate agar 

Test 1 Test 2 Test 3 Test 4 

S
u

sp
e
n

si
o

n
 

Counting  (log10 L. crispatus 

/spot) 
No spot 8.52 8.33 8.12 8.35 

Inhibition diameter at pH 5 ≥ 60 mm ≥ 60 mm ≥ 60 mm ≥ 60 mm ≥ 60 mm 

Inhibition diameter at pH 6.5 No inhibition 30 mm 28 mm 30 mm 31 mm 

Inhibition diameter at pH 7 No inhibition 30 mm 20 mm - - 

P
2
1

.5
A

1
 Inhibition diameter at pH 5 ≥ 60 mm ≥ 60 mm ≥ 60 mm ≥ 60 mm ≥ 60 mm 

Inhibition diameter at pH 6.5 No inhibition No inhibition No inhibition No inhibition No inhibition 

Inhibition diameter at pH 7 No inhibition No inhibition No inhibition No inhibition No inhibition 

P
2
1

.5
A

1
L

 

Counting  (log10 L. crispatus 

/spot) 

No spot 7.32 7.72 9.32 9.10 

Inhibition diameter at pH 5 ≥ 60 mm ≥ 60 mm ≥ 60 mm ≥ 60 mm ≥ 60 mm 

Inhibition diameter at pH 6.5 No inhibition 15  mm 12  mm 31 mm 30 mm 

Inhibition diameter at pH 7 No inhibition 10  mm 11  mm - 14  mm 

-non exploitable due to contamination 

All these studies allowed asserting this L. crispatus strain may grow, produce acids, co-

aggregate with N. gonorrhoeae, and inhibit the growth of N. gonorrhoeae. It could be used in 

order to treat or prevent gonorrhea. Our results were in accordance with those of Foschi et al. 

(2017), who demonstrated that their studied L. crispatus strains were able to counteract N. 

gonorrhoeae viability through multiple mechanisms (acidic environment creation, lactate 

production, a biosurfactant production and co-aggregation), and could represent a new 

potential probiotic strategy for the prevention of gonorrhea in women.  

 

3.2.   Preparation and rheological characterization of gels 

In a second step of our study, L. crispatus was incorporated in an aqueous mixture of 

poloxamer 407 and sodium alginate in order to develop a formulation with characteristics that 

were suitable for a vaginal administration. In a preliminary optimization step, the 

concentration of poloxamer 407 (21.5 %) and sodium alginate (1 %) were selected in order to 

obtain a formulation that remained in gel state at 37 °C, even after dilution with SVF, with 

minimal polymer concentrations. Thereafter, the study focused on this gel denoted P21.5A1 

and on its corresponding gel containing L. crispatus at 9 log10 CFU by gel unit (P21.5A1L). 

During the process to obtain the gels containing Lactobacilli, the critical point was the 

mixture of the concentrated polymers with the suspension of Lactobacilli. The counting of 
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Lactobacilli of both suspensions and gels after their preparation showed that in the gel it 

represented 1/5 of the number in the suspension. That corresponded to the dilution ratio of L. 

crispatus suspension (1 mL) to the gel (4 g). This result suggested that the fabrication process 

was not deleterious for the Lactobacilli.  

Both gels were characterized by rheology. The influence of L. crispatus on the flow, the 

gelation and the viscoelastic properties of the formulations were assessed (Fig. 3, Table 5). 

The gel without L. crispatus P21.5A1 showed a shear-thinning behavior (Fig. 3A). This 

behavior should allow an easy administration. This formulation was also non-thixotropic even 

after dilution by the simulated vaginal fluid (Fig. 3B). Therefore, as soon as the shear was 

removed, the viscosity returned to its initial viscosity, which should be favorable to maintain 

the gel at the administration site. P21.5A1 also had a thermogelling behavior (Fig. 3C). 

Below Tgel, the elastic modulus (G’) was lower than the viscous modulus (G’’) revealing a 

dominant viscous behavior. Above Tgel, G’ was higher than G’’ showing a dominant elastic 

behavior. P21.5A1 gelation temperature was 19 ± 1 °C. After dilution with SVF, Tgel was 

increased (Fig. 3C, 3D) whereas the viscoelastic moduli values decreased due to the 

diminution of the concentration of poloxamer (Fig. 3C versus 3D and 3E versus 3F). Aka-

Any-Grah et al. (2010) also observed this phenomenon. When L. crispatus was introduced 

into the gel (P21.5A1L), the rheological properties were similar to those of P21.5A1 (Fig. 3, 

Table 5). L. crispatus did not significantly influence the rheological properties of this mixture 

of poloxamer 407 and sodium alginate even after dilution with SVF. 
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A                          25 °C, without SVF B                           37 °C, with SVF 

  

  
C                             without SVF D                                  with SVF 

  

  
E                              25 °C, without SVF F                           37 °C with SVF 

  

Figure 3. Comparative rheological properties of the gels P21.5A1 and P21.5A1L, showing flow properties (A, 

B), temperature sweep displaying one point data out of ten (C, D), and viscoelastic properties at 1 Hz (E, F), 

showing gels without dilution with SVF (A,C,E) and after dilution with SVF (B,D,F): (■) η for P21.5A1, (■) G’ 

for P21.5A1, (□) G’’ for P21.5A1, and (♦) η for P21.5A1L, (♦) G’ for P21.5A1L, (♢) G’’ for  P21.5A1L 



 

189 

 

.Table 5. Comparative study of the gel without and with L. crispatus. Influence of L. crispatus on the rheological 

properties of the gel containing poloxamer 407 at 21.5 % and sodium alginate at 1 % at three different 

conditions: 25 °C, 37 °C and 37 °C after dilution with SVF. 

Samples Tgel (°C) Viscoelastic properties Flow properties 

Conditions 
G’ at 1 Hz  

(103 Pa) 

G’’ mean at 1 Hz 

(103 Pa) 

P21.5A1 19 ± 1 
25°C 13.5 ± 0.4 1.0 ± 0.2 

Shear-thinning 

Non- thixotropic 

 

37 °C 17.6 ± 0.5 0.5 ± 0.6 

P21.5A1 + SVF 24  ± 1 37 °C + SVF 10.5 ± 0.2 0.7 ± 0.2 

P21.5A1L 19 ± 1 
25°C 13.9 ± 0.3 1.1 ± 0.5 

37 °C 16.5 ± 0.4 0.7 ± 0.1 

P21.5A1L + SVF 23 ± 1 37 °C + SVF 10.1 ± 0.3 0.7 ± 0.2 

 

3.3.   Distribution and viability of L. crispatus in the gel 

For further characterization of the gel containing L. crispatus, we studied the distribution of L. 

crispatus immediately after the gel preparation, by confocal fluorescence microscopy 

(CLSM), using both syto 9 and propidium iodide (Fig. 4). Almost all the L. crispatus cells 

were green stained confirming their viability after their introduction into the gel. The 

distribution seemed to be similar at all the observed points, from two different observed wells 

of the same gel. CLSM showed a homogeneous distribution of L. crispatus in the gel (Fig. 4). 

This distribution of L. crispatus was repeatable and reproducible, showing the reproducibility 

of the method of gel preparation. This homogeneous distribution of L. crispatus in the gel 

should be favorable to a homogeneous distribution of L. crispatus in the vagina.  

 

 

Figure 4. Image representative of the observed images of P21.5A1L in gel state immediately after their 

preparation, by confocal microscopy, showing the majority of L. crispatus in green. Projection in z-axe of 32 µm 

of depth. 

 

The viability of L. crispatus in the suspension compared to the gel as well as the influence of 

the gel state on the viability of L. crispatus was assessed (Fig. 5). Compared to a suspension 
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of Lactobacilli, the number of L. crispatus did not significantly decrease over 48 h, at 15 °C. 

At 23 °C, only a slight decrease was observed at 48 h. These results suggested that the 

formulation was not deleterious to L. crispatus. Below the gelation temperature (15 °C) (Fig. 

5A), the formulation was liquid and solid-like above it (23 °C) (Fig. 5B). The gel state did not 

seem to influence the viability of Lactobacilli at short time.  

 

A                           T = 15 °C B                             T =23 °C 

  

Figure 5. L. crispatus viability in a gel P21.5A1L (black bars) compared to a suspension of L. crispatus (gray 

bars) showing the results at 15 °C (below the gelation temperature) (A) and at 23 °C (above the gelation 

temperature) (B), Tgel = 19 ± 1°C. 

 

4. Influence of the storage conditions 

The stability of the gel P21.5A1L was examined for 6 months in two different storage 

conditions 4 °C and 25 °C. Viscosity of the gel (Fig. 6A, B) as well as its pH (Fig. 6C, D) 

remained unchanged over these 6 months of storage at 4 °C (Fig. 6A, C) as well as at 25 °C 

(Fig. 6B, D). However, the viability and the culturability of formulated L. crispatus were 

modified (Fig. 7, 8). The number of L. crispatus assessed by counting on MRS agar plate 

decreased drastically after 2 days of storage at 25 °C (Fig. 8) and after 7 days at 4 °C (Fig. 7). 

The number of L. crispatus was assessed by confocal microscopy using two fluorescent stains 

(Fig. 7). Zotta et al. (2012) showed the usefulness of two stain indicators for optimal results in 

the evaluation of cells viability. In the present study, Syto 9 was used to stain live bacteria in 

green whereas propidium iodide was use to stain dead cells. Samples were analysed by two 

types of acquisition, the Z-stack acquisition of two different areas and the single stack of eight 

different areas. The coefficient of correlation between the two types of image acquisition was 

0.93. Despite the observation of green-labeled bacteria on the images of the confocal 
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microscopy, there was no bacterial count by agar count method on MRS plate. This result 

suggested the development of viable but nonculturable (VNC) bacteria in the gel during 

storage at both 4 °C and 25 °C. This can be due to the absence of nutrient inducing a stress of 

L. crispatus in the gel. Indeed, the enumeration by agar plate method often leads to an 

underestimation of bacterial total number due to the formation of cells chains and clumps or 

to the induction of VNC state after an exposure to stress or starvation (Léonard et al., 2015; 

Rault et al., 2007; Zotta et al., 2009). These results are in accordance with several studies 

which showed that cell viability estimated by microscopy was higher than viability assessed 

by plate counts. VNC cells can not be cultured using standard microbiological media because 

they are incapable of undergoing the sustained cellular division required to form a colony on 

regular agar media but they often maintain a potential for metabolic activity at the single cell 

level (Zotta et al., 2009). 

As the number of L. crispatus decreased in gel, further studies are needed to preserve its 

viability over time. The use of a lyophilization process might be an interesting strategy.  

 

A                                  4 °C B                                     25 °C 

  

C                                 4 °C D                                     25 °C 

  

Figure 6. Viscosity (A, B) and pH (C, D) measurements of a gel containing poloxamer 407 at 21.5 %, sodium 

alginate at 1 % and L. crispatus at 9 log10 CFU by gel unit, during its storage over six months at a storage 

temperature of 4 °C (A, C)  or at a storage temperature of 25 °C (B, D).  
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Time D0 D1 D2 D7 D14 D26 D180 

Counts on MRS 

agar  

(log10 CFU/g) 

8.03 7.32 7.29 6.03 3.57 0 0 

Total bacteria 

CLSM 

       

Green bacteria 

CLSM 

       

Red bacteria 

CLSM 

       

Figure 7. Viability of L. crispatus containing in the gel P21.5A1L after storage at 4 °C. Observations were made immediately after preparation (D0) and at days 1, 2, 7, 14, 26, 180 (D1-D180). 

Counts on MRS agar plate expressed in log10 CFU/g. Examples of projection of all bacteria, of green-stained bacteria and of red-stained bacteria. Scale bar corresponds to 50 µm.
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Time D0 D1 D2 D7 D14 D26 D180 

Counts on 

MRS agar 

(log10 

CFU/g) 

8.07 7.21 6.84 < 2 0 0 0 

Total bacteria 

CLSM 

       

Green bacteria 

CLSM  

       

Red bacteria 

CLSM 

       

Figure 8. Viability of L. crispatus containing in the gel P21.5A1L after storage at 25 °C (B). Observations were made immediately after preparation (D0) and at days 1,2, 7, 14, 26, 180 (D1-

D180). Counts on MRS agar plate expressed in log10 CFU/g. Examples of projection of all bacteria, of green-stained bacteria and of red-stained bacteria. Scale bar corresponds to 50 µm
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5. Efficacy of inhibition of N. gonorrhoeae 

P21.5A1L efficacy on N. gonorrhoeae was assessed. Its aim was to assess the efficacy of the 

gel containing different quantity of the selected L. crispatus. The minimal quantity of L. 

crispatus in tested gels was 2.1 × 108 CFU/gel unit corresponding to test 1 of P21.5A1L 

(Table 4). These gels showed an efficacy depending on L. crispatus quantity. 

The efficacy of the gel with and without L. crispatus was assessed in vitro on N. gonorrhoeae 

(Table 4). As observed with suspensions containing L. crispatus, the BHIA acid (pH 5) 

overlayed by GC agar (pH 7) induced no growth of N. gonorrhoeae due to its own acidity. 

Therefore, the tests on BHIA at pH 6.5 and 7 were used for comparison. The gel without L. 

crispatus P21.5A1 did not show any efficacy while the gel containing L. crispatus P21.5A1L 

inhibited the growth of pathogens (Table 4). L. crispatus was thus responsible of the 

inhibition by the gel at pH 6.5 and 7. N. gonorrhoeae optimal growth pH is pH 7. This result 

confirmed that L. crispatus inhibited N. gonorrhoeae but this inhibition is reinforced in more 

acidic environment.  

At BHIA pH 6.5, the inhibition zone of the suspension containing 8 log10 L. crispatus was 

similar to the inhibition zone of the gel containing 9 log10 L. crispatus (Table 4). The 

inhibition of N. gonorrhoeae by the studied L. crispatus strain containing in the gel, suggested 

that the polymers could influence the inhibition of N. gonorrhoeae. The gel, due to its 

viscosity, could slow down the diffusion of substances that are produced by L. crispatus are 

involved in the inhibition mechanisms. Despite this lower efficacy compared to the 

suspension, gels remain interesting because liquid suspensions may lead to a rapid flow and 

clearance after vaginal administration whereas the gel is likely to have a higher residence time 

due to its viscosity. Otherwise, the method used to test the inhibition of N. gonorrhoeae only 

explore the influence of the environment pH and the diffusion of inhibitory molecules through 

the agar. Further studies by direct contact with N. gonorrhoeae should be performed to 

determine if formulated L. crispatus preserve all its inhibition properties on N. gonorrhoeae.  

 

6. CONCLUSION 

This study showed the probiotic potential of L. crispatus ATCC 33197 and its ability to 

inhibit N. gonorrhoeae. L. crispatus can be considered as a good candidate to be used in the 

development of vaginal formulations for the prevention of gonorrhea. Gels containing the 

poloxamer 407 at 21.5 % and alginate 1 % with or without L. crispatus ATCC 33197 showed 
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rheological properties favorable for a vaginal administration. Their process of preparation was 

not deleterious for the Lactobacilli cells. Therefore, it would be possible to prepare a gel 

containing L. crispatus 33197 as a valuable system intended to the vagina to prevent the 

infection by N. gonorrhoeae. Such a gel is promising for the prevention of gonorrhea, but L. 

crispatus viability should be optimized by lyophilization or the addition of some nutrients in 

the formulation.   
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CHAPITRE VI : MANIPULATIONS COMPLEMENTAIRES 
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Ce chapitre vise à regrouper des travaux effectués qui n’ont pas été pris en compte dans les 

chapitres IV et V. Il est subdivisé en deux parties. La première partie s’intéresse aux aspects 

préliminaires de l’étude de l’organisation du gel par microscopie confocale après le marquage 

de l’alginate avec la concanavaline A. La deuxième partie concerne l’étude de l’introduction 

de bouillon MRS (Man, Rogosa et Sharpe) dans le gel dans le but d’améliorer la viabilité des 

lactobacilles en leur apportant des nutriments.  

 

1. ETUDE PRELIMINAIRE DE L’ORGANISATION D’UN GEL A BASE DE 

POLOXAMER 407, D’ALGINATE DE SODIUM ET DE LACTOBACILLUS 

CRISPATUS PAR MICROSCOPIE CONFOCALE 

1.1. Introduction 

La microscopie confocale a été utilisée dans des études précédentes pour visualiser la 

microstructure des mélanges de protéines, de gélatine, de protéines de lactosérum et de β-

lactoglobuline, de polysaccharides. Le contraste en fluorescence est obtenu soit par un 

marquage covalent avec une sonde fluorescente (polysaccharides et protéines), soit par un 

marquage non covalent (protéines et amidon) (Lamprecht et al., 2000; van de Velde et al., 

2003). Dans le cadre de ce projet de thèse, nous avons choisi un marquage non covalent de 

l’alginate avec la concanavaline A (Con A) liée de façon covalente avec une sonde 

fluorescente, le « Texas red » (TR-Con A). Le Texas red est un dérivé chlorure de sulfonyle 

de la sulforhodamine 101, qui fluoresce dans le rouge (longueur d’onde d’excitation 595 nm, 

longueur d’onde d’émission 613 nm). La Con A est une lectine, marqueur des 

polysaccharides. Elle se lie aux unités glucopyranosyl et mannopyranosyl de façon 

multivalente (Sandoval-Altamirano et al., 2017). Dans les solutions neutres et alcalines, la 

Con A existe sous forme de tétramères de masse molaire environ 104 000 daltons. En 

revanche, dans les solutions acides (pH inférieur à 5,0), la Con A existe sous forme de 

dimères. La Con A possède un site de fixation du mannose ou du glucose sur chaque unimère 

(Fig. 1). Elle peut se lier à d’autres structures via des liaisons hydrophobes de faible affinité 

car elle possède un second site de fixation capable d’interagir avec des ligands hydrophobes 

(Edelman and Wang, 1978). Les sites de fixation des saccharides sur la Con A se trouvent au 

sommet de chaque sous-unité, à 20 Amström de la cavité non polaire qui lie les ligands 

hydrophobes. De plus, la liaison du saccharide et des ligands hydrophobes ne sont ni 

compétitifs ni interactifs (Edelman and Wang, 1978). Dans le cas de notre étude, le pH des 
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formulations est compris entre 6 et 7. La concavaline A est donc sous forme de tétramères et 

pourrait se lier à l’alginate comme elle se fait avec les saccharides.  

 

A B 

  

Figure 1. Représentation schématique montrant les emplacements (A) des sites de fixation pour le manganèse 

(Mn), le calcium (Ca), les saccharides (S) et les molécules hydrophobes (H) et la forme tétramérique de la 

concanavaline A (B) proposé par Edelman and Wang (1978). 

 

La microscopie confocale a été aussi précédemment utilisée pour la visualisation des 

bactéries, de leur organisation et de leur viabilité. Cette étude vise à observer l’organisation de 

l’alginate  dans la formulation mise au point qui est un mélange complexe de poloxamer 407, 

alginate et lactobacilles. La TR-Con A a donc été visualisée dans les polymères seuls puis 

dans les mélanges. Cette technique permet d’obtenir des images à deux et trois dimensions. 

 

1.2. Matériel et méthodes 

1.2.1. Matériel 

L. crispatus (CIP 103603, ATCC 33197) provient de l’Institut Pasteur (Paris). La gélose et le 

bouillon MRS Difco™ proviennent de Fisher Scientific (France). Le poloxamer 407 (P) 

(Lutrol® F127) de masse molaire 11774 g.mol-1 provient de BASF (Allemagne). L’alginate de 

sodium (A) de masse molaire 300 000 g.mol-1 provient de Roth (France). Les marqueurs syto 

9 du kit Live/dead® bacLightTM et concanavaline A TEXAS REDTM (TR-Con A) proviennent 

de Fisher Scientific (France). L’eau ultrapure (resistivité 18.2 MΩ, MilliQ, Millipore, France) 

a été utilisée.  

 

1.2.2. Préparation des gels 

La préparation des gels est identique à celle décrite dans le chapitre IV paragraphe 2.3 et le 

chapitre V paragraphe 2.4. 
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1.2.3. Marquage à la concanavaline A 

La solution mère de TR-Con A (5 mg.mL-1) a été préparée dans du bicarbonate de sodium 

0,1 M et conservée au congélateur à -20 °C. Avant chaque utilisation, elle a été centrifugée à 

9050 g pendant 15 mn afin d’éliminer les agrégats. Le surnageant a été pipeté pour le 

marquage des formulations. 20 µL de TR-Con A ont été ajoutés à 2 g de gel sous forme 

liquide (4 °C), mélangés au vortex et conservés à l’abri de la lumière à 4 °C pendant 

90 minutes avant d’être analysés par microscopie confocale à température ambiante. 

 

1.2.4. Double marquage concanavaline A- syto 9 

La solution mère de TR-Con A (5 mg.mL-1) a été centrifugée à 9050 g pendant 15 mn, à 

température ambiante. 50 µL du surnageant ont été mélangés au 4 g du mélange poloxamer 

407 et alginate concentré comme décrit dans le chapitre V, puis incubés pendant 90 mn à 

4 °C et à l’obscurité. Par ailleurs, 5 µL de syto 9 ont été mélangés avec 1 mL de la suspension 

de lactobacilles puis incorporés dans les 4 g de gel concentré marqués à la TR-Con A, 

immédiatement avant l’analyse au microscope (images 20x, Zoom 2x). La composition finale 

du gel était P21.5A1L. 

 

1.2.5. Observation au microscope confocale 

La méthode d’observation est décrite dans le chapitre V paragraphe 2.8. 

 

1.3. Résultats et discussion 

1.3.1. Marquage à la concanavaline A 

Les formulations alginate 1 % (A1), poloxamer 21,5 % (P21.5) et le mélange poloxamer 

21,5 %-alginate 1 % (P21.5A1) ont été observés par microscopie confocale après marquage à 

la TR-Con A. Dans la solution d’alginate (Fig. 2A) tout comme dans le mélange avec le 

poloxamer 407 (Fig. 2B), on observe une dispersion uniforme de points rouge, révélant la 

répartition homogène de l’alginate dans ces formulations. En revanche, la présence de TR-

Con A dans P21.5 semble délimiter des interstices d’une taille d’environ 50 µm qui pourraient 

résulter de la cristallisation du poloxamer sous forme de microdomaines. L’interaction entre le 

poloxamer et la TR-Con A semble complexe. Elle demanderait à être mieux comprise surtout 

que ces microdomaines ne sont pas observés dans le mélange (Fig. 2C). Une hypothèse 

pourrait être que la TR-Con A a plus d’affinité pour l’alginate, ce qui fait que lorsque ces 
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deux polymères sont associés, c’est seulement le marquage de l’alginate qui est observé. Un 

marquage covalent de l’alginate avec un fluorophore pourrait être intéressant pour étudier 

l’organisation de nos formulations 

 

A1 P21.5 P21.5A1 

A B C 

   

D E F 

   

Figure 2. Projection (A, B, C) et image 3D (D, E, F) des formulations A1 (A, D), P21.5 (B, E), P21.5A1 (C, F) 

mélangées avec la TR-Con A. Observation à température ambiante, au microscope confocal, à l’objectif 20×, 

Zoom 2×.  

 

1.3.2. Double marquage concanavaline A- syto 9 

Le double marquage par la-Con A et le syto 9 est généralement utilisé dans la caractérisation 

des biofilms afin de visualiser toutes les bactéries avec le syto 9 et les exopolysaccharides 

avec la Con A (Chen et al., 2007; Leccese Terraf et al., 2016). Wei et al. (2017) ont utilisé la 

Con A  conjuguée avec l’alex 488 et le « kit live/dead baclight » respectivement pour marquer 

les exopolysaccharides du biofilm et les lactobacilles vaginaux. Dans le cas de cette étude, le 

mélange P21.5A1L a été étudié par microscopie confocale après marquage de toutes les 

bactéries par le syto 9 et de l’alginate par la TR-Con A (Fig. 3). La répartition des bactéries 

dans le gel semble homogène. L’alginate semble aussi être distribué dans tout le gel de façon 

homogène lorsqu’il est en présence de lactobacilles. La répartition de l’alginate dans le gel 

contenant les lactobacilles (Fig. 3C, F) est similaire à sa répartition dans le gel sans 
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lactobacilles (Fig. 2C, F). Ces observations sont comparables à celles faites par certains 

auteurs sur les exopolysaccharides de biofilms formés par Pseudomonas fluorescens (Baum et 

al., 2009) et par Pseudomonas mandelii (Vásquez-Ponce et al., 2017). 

 

Syto 9 et TR-Con A Syto 9 TR-Con A 

A B C 

   

D E F 

   

Figure 3. Double marquage Syto 9 (lactobacilles) et TR-Con A (alginate) à température ambiante. Projections 

(A, B, C), 3D (D, E, F), la superposition des deux canaux (A, D), le canal vert du Syto 9 marquant les 

lactobacilles (B, E), le canal rouge de la TR-Con A (C, F).  

 

Des études sur les effets de l'alginate sur une bactérie Gram positif (Streptococcus mutant) a 

montré que l’alginate ne se liait pas à la surface des bactéries Gram positif contrairement aux 

bactéries Gram négatif (Pritchard et al., 2017). L. crispatus étant une bactérie Gram positif, 

notre hypothèse est donc que l’alginate ne se lierait pas à la surface de L. crispatus et resterait 

dispersé. Néanmoins, le gel ne subit pas une étape de lavage donc peut renfermer de la TR-

Con A non liée à l’alginate. De plus, le comportement de Con A en présence de poloxamer est 

complexe. Des études complémentaires sont donc nécessaires.  

 

1.4. Conclusion 

Ces études préliminaires de microscopie confocale suggèrent une répartition homogène de 

l’alginate de sodium et des lactobacilles dans tout le gel. D’autres techniques telles que la cryo-
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microscopie électronique à transmission, la diffusion des neutrons aux petits angles ou la 

diffusion des rayons X aux petits angles, seraient utiles pour étudier l’organisation du 

poloxamer également dans ce mélange complexe.   

 

2. INTRODUCTION DU MRS DANS LE GEL : AVANTAGES ET 

INCONVENIENTS  

2.1.   Introduction 

Dans le but d’augmenter le temps de conservation et d’activité des gels, du bouillon MRS a 

été ajouté dans le gel afin que les lactobacilles aient directement les nutriments nécessaires à 

leur viabilité et leur activité et qu’une fois le gel administré dans le vagin, ils n’entrent pas en 

compétition avec les lactobacilles commensaux. En effet, le bouillon MRS est un bouillon 

nutritif utilisé pour la culture des lactobacilles et sa composition a été étudiée pour leur 

assurer une croissance optimale. Le bouillon MRS renferme dans sa composition 10 g de 

protéose peptone n° 3, 10 g d'extrait de bœuf, 5 g d'extrait de levure, 20 g de dextrose, 1 g de 

polysorbate 80, 2 g de citrate d'ammonium, 5 g d'acétate de sodium, 100 mg de sulfate de 

magnésium, 50 mg de sulfate de manganèse et 2 g de phosphate dipotassique par litre (pH 

6,5 ± 0,2). 

 

2.2.   Matériel et méthodes 

Le matériel et les méthodes sont les mêmes que ceux décrits dans les chapitre IV et V.  

Pour évaluer l’influence du MRS sur le gel, quatre gels ont été préparés P21.5A1, P21.5A1L 

d’une part et P21.5A1M, P21.5A1LM d’autre part obtenus par le même protocole que 

précédemment (chapitre V) sauf que la suspension de lactobacilles est réalisée avec du MRS 

au lieu de l’eau. La composition de ces formulations est donnée dans le Tableau 1. Des 

mesures de pH ainsi que des études rhéologiques, d’expulsion à travers une seringue, de 

viabilité et de stabilité ont été menées suivant les protocoles décrits dans les chapitres IV et 

V.  
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Tableau 1. Composition des gels étudiés contenant alginate (A), poloxamer (P), avec ou sans L. crispatus (L), 

avec (+) ou sans (-) MRS 

Formulation Poloxamer (% m/m) Alginate (% m/m) L. crispatus (log10 U/5 g of gel) MRS 

P21.5A1 21,5 1 - - 

P21.5A1M 21,5 1 - + 

P21.5A1L 21,5 1 9 - 

P21.5A1LM 21,5 1 9 + 

 

2.3.   Résultats et discussion  

2.3.1.   Influence du bouillon MRS sur la mesure du pH 

Le gel P21.5A1LM était acide (5,64 ± 0,04). Il était plus acide que le gel P21.5A1L 

(6,85 ± 0,02). La mesure du pH du MRS seul a montré qu’il était lui-même acide (pH 5,57), 

ce qui expliquerait donc la différence de pH observée pour les deux gels. 

 

2.3.2.   Influence du bouillon MRS sur les propriétés rhéologiques des gels 

Cette étude a été menée dans le but d’évaluer l’influence du MRS sur les propriétés 

thermogélifiantes et viscoélastiques des gels avec ou sans lactobacilles. La viscosité, la 

température de gélification (Tgel) ainsi que les modules élastiques G’ et visqueux  G’’ ont été 

déterminés pour chaque gel. Comme dans les chapitres IV et V, les formulations ont été 

analysées à 25 °C pour mimer les conditions d’administration et à 37 °C après dilution par le 

fluide vaginal simulé pour mimer leur comportement in vivo. La Figure 4 montre l’allure des 

courbes obtenues comparée entre les gels sans lactobacilles P21.5A1 et P21.5A1M. La Figure 

5 reporte les résultats comparés des gels avec lactobacilles P21.5A1L et P21.5A1LM. Le 

Tableau 2 rassemble les valeurs de Tgel, G’ et G’’. Les propriétés rhéologiques 

(comportement thermogélifiant, rhéofluidifiant et non thixotrope, propriétés viscoélastiques) 

ne sont pas significativement modifiées par la présence du MRS dans les gels. La seule 

différence concerne les modules G’ et G’’ pour les températures inférieures à la température 

de gélification. Cela peut s’expliquer par le fait que le MRS contient des sels donc sa force 

ionique est plus élevée que celle de l’eau. L’alginate est un polyélectrolyte chargé 

négativement au pH du gel. En présence de sel, la conformation est repliée alors qu’elle est 

plus étendue dans l’eau. Dans le MRS, les chaines d’alginate devraient donc être plus 

contractées, ce qui réduirait la viscosité ainsi que les modules G’ et G’’ comme observé avant 

la température de gélification (Fig. 4 A, B). Par ailleurs, la formulation P21.5A1LM après 
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dilution par le fluide vaginal simulé a une gélification plus progressive avec une température 

de gélification (20 ± 1°C) différente de celle de P21.5A1L (23 ± 1°C) (Fig. 5B). Cela pourrait 

peut-être s’expliquer par la production d’un composé par les lactobacilles lorsqu’ils sont en 

présence de MRS. 
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A                Sans dilution par le SVF B                   Après dilution par le SVF 

  

  
C                                25 °C D                           37 °C + SVF 

  

  
E                                  25 °C F                            37 °C + SVF 

  

Figure 4. Propriétés rhéologiques comparées de P21.5A1 et P21.5A1M montrant le balayage en température 

affichant une donnée sur dix (A, B), le balayage en fréquence (C, D), et la mesure en écoulement (E, F) : (■) G' 

pour P21.5A1, (□) G'' pour P21.5A1, (■) η pour P21.5A1, (◄) G' pour P21.5A1M, (◁) G'' pour P21.5A1M, 

(◄) η pour P21.5A1M.  
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A                   Sans dilution par le SVF B                Après dilution par le SVF 

  

  
C                                  25 °C D                            37 °C + SVF 

  

  
E                              25 °C F                            37 °C + SVF 

  

Figure 5. Propriétés rhéologiques de P21.5A1L et P21.5A1LM, montrant le balayage en température affichant 

une donnée sur dix (A, B), le balayage en fréquence (C, D), et la mesure en écoulement (E, F) : (◆) G'  pour 

P21.5A1L, (◇) G'' pour P21.5A1L, (◆) η pour P21.5A1L, (▶) G' pour P21.5A1LM, (▷) G'' pour  P21.5A1LM, 

(▶) η pour P21.5A1LM. Affichage de chaque 10 points des données de balayage en température. 

 



 

213 

 

Tableau 2. Températures de gélification et paramètres rhéologiques des gels avec ou sans MRS. 

Formulation Tgel  (°C) Conditions G’ à 1 Hz (Pa) G’’ à 1 Hz (Pa) En écoulement 

P21.5A1 
19 ± 1 25°C (13.5 ± 0.4).103 (1.0 ± 0.2).103 

Rhéofluidifiant 

Non-thixotrope 

 

24  ± 1 37 °C + SVF (10.5 ± 0.2).103 (0.7 ± 0.2).103 

P21.5A1M 
18 ± 1 25°C (11.9 ± 0.4).103 (1.0 ± 0.1).103 

23 ± 1 37 °C + SVF (9.2 ± 0.1).103 (0.8 ± 0.1).103 

P21.5A1L 
19 ± 1 25°C (13.9 ± 0.3).103 (1.1 ± 0.5).103 

23 ± 1 37 °C + SVF (10.1 ± 0.3).103 (0.7 ± 0.2).103 

P21.5A1LM 

17 ± 1 25°C (13.0 ± 0.2).103 (1.0 ± 0.2).103 

20 ± 1 37 °C + SVF (8.9 ± 0.4).103 (0.8 ± 0.5).103 

 

2.3.3.   Influence du bouillon MRS sur la capacité d’expulsion à travers un dispositif 

vaginal 

Le Tableau 3 présente les forces maximales (Fmax) ainsi que le travail (W) nécessaires pour 

expulser les gels à travers une seringue de 5 mL choisie comme un modèle de dispositif 

vaginal. Fmax pour les gels avec les lactobacilles est plus de trois fois plus élevée que les gels 

sans lactobacilles correspondants. Aussi, le travail d’expulsion des gels avec les lactobacilles 

est plus de six fois plus élevé que celui des gels sans lactobacilles correspondants, mais reste 

inférieur à 40 mJ. Le MRS n’a pas d’influence significative sur ces paramètres. Connaissant 

les caractéristiques de la seringue 5 mL Terumo® utilisée, ces résultats préliminaires 

permettront de proposer un dispositif d’administration adapté pour une application aisée par la 

femme elle-même et pour une meilleure répartition du gel dans le vagin. 

 

Tableau 3. Evaluation de l’expulsion des gels à travers un dispositif vaginal modélisé par une seringue 5 mL. 

Formulation Force maximale Fmax (N) Travail d’expulsion (mJ) 

P21.5A1 0,7 ± 0,2 6 ± 6 

P21.5A1M 0,7 ± 0,2 5 ± 4 

P21.5A1L 3,2 ± 0,6 37 ± 9 

P21.5A1LM 2,2 ± 0,3 
37  13 

 

2.3.4.    Stabilité du gel P21.5A1LM sur six mois 

Pour l’étude de la stabilité des gels, plusieurs paramètres ont été suivis : la viscosité, le pH, le 

nombre de bactéries cultivables sur gélose MRS, ainsi que le nombre de bactéries vivantes par 

microscopie confocale.  
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Viscosité  

La Figure 6 montre la viscosité pour un taux de cisaillement de 125 s-1 lors de 1’étude de la 

stabilité sur 6  mois des gels avec lactobacilles. Ce taux de cisaillement, a été choisi sur la 

base du taux de cisaillement maximal pouvant être rencontré dans le vagin après 

administration qui est 100 s-1 (Owen et al., 2000). La viscosité de P21.5A1LM  conservé à 

4 °C (Fig. 6A orange) semble similaire sur les 6 mois alors qu’elle décroit lorsque le gel est 

conservé à 25 °C (Fig. 6B orange). Comparées aux viscosités de P21.5A1L (barres oranges 

comparées à barres grises), les viscosités des gels avec MRS ne diffèrent pas 

significativement lorsque les gels sont conservés à 4 °C (Fig. 6A) mais sont légèrement 

abaissées à 25 °C (Fig. 6B). 

 

A                        Conservé à 4 °C B                    Conservé à 25 °C 

  

Figure 6. Viscosité comparée sur 6 mois de P21.5A1L (barre grise) et P21.5A1LM (barre orange). 

 

Mesure du pH 

Le pH de P21.5A1LM est inchangé sur les six mois et toujours plus acide que P21.5A1L à 

4 °C (Fig. 7A). A 25 °C, on observe un léger abaissement de pH entre J0 et J1.  

 

A                        Conservé à 4 °C B                    Conservé à 25 °C 

  

Figure 7. Mesures de pH comparées sur 6 mois de P21.5A1L (barre grise) et P21.5A1LM (barre orange). 
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Cultivabilité sur gélose MRS et viabilité par microscopie confocale 

La cultivabilité sur gélose MRS a été évaluée par dénombrement sur cette gélose. 

La viabilité a été évaluée en utilisant deux marqueurs, le Syto 9 et l’iodure de propidium, qui, 

utilisés simultanément, semblent permettre d’observer les bactéries vivantes (vert) et mortes 

(rouge) (Moore et al., 2015).  

Après l’observation par microscopie confocale des bactéries marquées en rouge ou en vert, les 

aires occupées par ces bactéries ont été mesurées avec Image J, respectivement aire rouge et 

aire verte. Ensuite le ratio des aires occupées par les lactobacilles a été calculé selon 

l’Equation 1 : 

𝑅 =
𝐴𝑖𝑟𝑒 𝑣𝑒𝑟𝑡𝑒 

𝐴𝑖𝑟𝑒 𝑣𝑒𝑟𝑡𝑒+𝐴𝑖𝑟𝑒 𝑟𝑜𝑢𝑔𝑒
 × 100                             (1) 

Ce ratio permet d’estimer la fraction des lactobacilles vivants dans le système. Les ratios (R) 

obtenus à chaque temps sur une période de 6 mois (180 jours) ont été reportés sur la Figure 8. 

Comme nous l’avons vu dans le chapitre V, le dénombrement sur gélose MRS permet de 

déterminer le nombre de lactobacilles actifs et capables de se multiplier pour former une 

colonie. La microscopie confocale permet, en revanche, de visualiser les bactéries vivantes 

marquées en vert et mortes marquées en rouge. Des acquisitions 2D (single) et 2D (projection 

en une image de plusieurs singles obtenus sur une épaisseur de 32 µm). Le coefficient de 

corrélation entre ces acquisitions 2D single et projection est de 0,93. Le nombre de bactéries 

cultivables sur gélose MRS a diminué fortement au cours du temps pour s’annuler à des temps 

courts (Fig. 8). De façon inattendue, la présence du MRS n’améliore pas les résultats. De 

façon intéressante, l’étude de la viabilité par microscopie confocale montre que les variations 

de R ne se font pas de la même manière que le dénombrement sur gélose. Pour des 

dénombrements nuls, on a observé des ratios R parfois élevés (environ 60 %). Les variations 

de R sont plus complexes avec une augmentation surtout dans l’eau P21.5A1L (Fig. 8A, B). 

Dans le MRS, les ratios restent plus élevés, plus longtemps pour P21.5A1LM (Fig. 8C, D). Il 

serait quand même intéressant de reproduire l’étude en faisant des temps intermédiaires. Cette 

étude soulève quelques interrogations. Les bactéries seraient-elles viables mais non 

cultivables ? Une étude de la possibilité de « résurrection » des lactobacilles par exemple par 

la catalase (Liu et al., 2017a, 2017b), pourrait nous permettre de l’élucider. Les bactéries 

vivantes se nourrissent-elles des mortes pour se multiplier et survivre ? Par ailleurs, 

l’utilisation du Syto 9 et de l’iodure de propidium simultanément pour marquer les bactéries 

pourrait être discutée. En effet, le syto 9 marque toutes les bactéries, mais en présence de 

l’iodure de propidium, il est remplacé par ce dernier qui a une plus grande affinité pour 
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l’ADN (Stocks, 2004). Est-ce que la quantité d’iodure de propidium a été suffisante pour 

déplacer le syto 9 et marquer toutes les mortes en rouge au cours de notre étude ? En effet, si 

tel n’est pas le cas, certaines bactéries mortes resteraient marquées en vert. Certains auteurs 

ont parfois observé une coloration jaune au cours de ce double marquage suggérant la 

présence des deux marqueurs en même temps. Les images qui ont servi de base pour notre 

étude présentaient distinctement la couleur rouge ou verte. Ainsi, les bactéries rouges 

semblent mortes et les vertes vivantes. Nous n’avons pas d’interprétation pour le moment aux 

phénomènes observés. Il serait d’abord nécessaire de reproduire ces résultats. Ensuite, les 

mécanismes impliqués nécessiteraient des études approfondies. 

Au bout de six mois, la répartition des lactobacilles a été conservée pour le gel P21.5A1LM 

conservé à 4 ° C, tandis que l’on a observé des zones plus denses ou plus pauvres en 

lactobacilles pour le gel conservé à 25 °C (Fig. 9). En revanche, la répartition des 

lactobacilles semble plutôt homogène sur les six mois quelle que soit la température de 

conservation pour P21.5A1L (Fig. 7 et 8 du chapitre V), montrant que le mélange au vortex 

est efficace pour disperser les lactobacilles dans le gel. 
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C                             Conservé à 4 °C D                          Conservé à 25 °C 

  

Figure 8. Viabilité et cultivabilité comparées sur 6 mois de P21.5A1L (A, B) et P21.5A1LM (C, D) conservés à 

4 °C (A, C) et à 25 °C (B, D). // rupture de la ligne du temps. 
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Conservé à Temps Superposition Vivantes Mortes 

4 °C J0 

   
   

J180 

   
   

25 °C J0 

   
    

J180 

   
   

Figure 9. Répartition et viabilité sur six mois de L crispatus dans le gel P21.5A1LM, montrant en vert les 

bactéries vivantes marquées par le syto 9 et en rouge les bactéries endommagées marquées par l’iodure de 

propidium. 

 

2.3.5.   Influence du MRS sur l’inhibition de la croissance de N. gonorrhoeae 

Le Tableau 4 reporte les résultats des tests d’inhibition de la croissance de N. gonorrhoeae, 

comparés entre les suspensions avec ou sans MRS de même qu’entre les gels avec ou sans 

MRS. Cette étude préliminaire, réalisée immédiatement après la préparation des systèmes, 

révèle que le MRS réduit l’efficacité des gels. Dans le gel P21.5A1L, les lactobacilles sont à 

pH 6-7 alors que dans P21.5A1LM le pH est 5-6. Le pH du milieu pourrait avoir une 
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influence sur la production d’acide lactique et la croissance des lactobacilles. Etudier ces deux 

gels au même pH pourrait permettre de mieux apprécier leur efficacité comparée. Le Tableau 

5 montre l’évolution du pH après incubation de P21.5A1L et P21.5A1LM à 37 °C pendant 24 

h. La production acide semble être plus importante dans le gel avec MRS. La réduction du 

diamètre d’inhibition observé avec P21.5A1LM paraît alors surprenante puisqu’une 

production acide plus élevée correspondant à une baisse de pH plus élévée est normalement 

favorable à une inhibition (Tableau 2 du chapitre V) et un pH plus faible est favorable à 

l’inhibition (Tableau 4 du chapitre v). Ces tests doivent être répétés et des études 

approfondies doivent être réalisées. En effet, les lactobacilles ont un mécanisme d’action 

assez complexe sur les pathogènes, qui n’est pas seulement dû à la production d’acide lactique 

comme nous l’avons vu dans les chapitres II et IV. Il serait de ce fait intéressant d’explorer 

aussi d’autres mécanismes tels que la production de biosurfactants ou de bactériocines dans 

les gels.  

 

Tableau 4. Inhibition de la croissance de N. gonorrhoeae pour les suspensions dans  l’eau ou le MRS de 

lactobacilles et pour les gels contenant des lactobacilles dans l’eau ou le MRS. 

- inexploitable car contaminés 

 

Tableau 5. Production acide après incubation de suspensions et gels de lactobacilles pendant 24 h à 37 °C en 

présence de 5 % CO2 : pHi= pH initial, pH24 h = pH à 24 h. 

Incubation à 37 °C, 5 % CO2 pHi pH24 h 

 Suspension de-lactobacilles dans l’eau 6,70 ± 0,07 5,54 ± 0,26 

Suspension de-lactobacilles dans le MRS 5,08 ± 0,03 4,08 ± 0,06 

P21.5A1L 6,85 ± 0,02 6,53 ± 0,02 

P21.5A1LM 5,64 ± 0,04 4,45 ± 0,04 
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 Contrôle= géloses 

superposées 
Eau 1 MRS 1 Eau 2 MRS 2 

Dénombrement  (log10 L. 

crispatus /spot) 
Sans spot 8,12 8,10 8,35 8,27 

Diamètre inhibition à pH 5 ≥ 60 mm ≥ 60 mm ≥ 60 mm ≥ 60 mm ≥ 60 mm 

Diamètre inhibition à pH 6.5 Sans inhibition 30 mm 20 mm 31 mm 20 mm 

Diamètre inhibition à pH 7 Sans inhibition - - - - 

G
el

s 

 Contrôle= géloses 

superposées 

P21.5A1L P21.5A1LM P21.5A1L P21.5A1LM 

Dénombrement  (log10 L. 

crispatus /spot) 

Sans spot 9,10 9,13 - - 

Diamètre inhibition à pH 5 ≥ 60 mm ≥ 60 mm ≥ 60 mm   

Diamètre inhibition à pH 6.5 Sans inhibition 30  mm 6  mm   

Diamètre inhibition à pH 7 Sans inhibition 14  mm 6  mm   
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2.4.   Conclusion 

Le MRS n’influence pas significativement les propriétés physicochimiques des gels. 

Néanmoins, il n’a pas eu l’effet positif espéré sur la viabilité des lactobacilles et sur 

l’efficacité des gels sur N. gonorrhoeae. La capacité du gel P21.5A1LM à inhiber le 

gonocoque semble diminuer alors que la production acide semble plus élevée. La présence de 

MRS pourrait augmenter le nombre de bactéries viables mais non cultivables. Des études 

complémentaires sont nécessaires pour mieux comprendre les mécanismes impliqués tels que 

la production de substances inhibitrices pour le gonocoque. 
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Le but de ce travail de thèse a été de mettre au point et de caractériser un gel à base de 

Lactobacillus crispatus destiné à une application vaginale pour la prévention de la 

gonococcie.  

Ce travail a eu trois objectifs principaux. Le premier objectif a été d’étudier un mélange de 

poloxamer 407 et d’alginate de sodium pour une administration au niveau du vagin (chapitre 

IV). Etant donné que l’alginate est un polymère naturel dont la composition varie selon la 

source, nous avons déterminé sa masse molaire et sa composition. Les propriétés rhéologiques 

de l’alginate, du poloxamer 407, seuls ou mélangés ont été étudiées. Les aspects pratiques de 

leur administration ont été évalués par des tests d’expulsion à travers un dispositif vaginal que 

nous avons mimé à l’aide d’une seringue, et par l’analyse du profil textural en conditions 

mimant les conditions d’administration des gels. Le but était de faire de ce mélange une 

plateforme pour une administration vaginale. Le deuxième objectif a été de caractériser la 

souche de lactobacilles choisie (L. crispatus ATCC 33197) (chapitre V). Certains 

mécanismes d’action tels que la production d’acide, la capacité de co-agréger le gonocoque 

ainsi que l’inhibition in vitro de la croissance du gonocoque ont été étudiés. Le troisième 

objectif a été de caractériser de façon plus approfondie le gel contenant les lactobacilles 

P21.5A1L (chapitre V et VI).  

Les questions soulevées par ce travail étaient : 

-Quel pH utiliser pour ce gel probiotique ? Un pH acide pour mimer l’acidité vaginale ou 

plutôt proche de la neutralité favorable aux probiotiques ?  

-Le mélange poloxamer 407 et alginate de sodium permet-il une gélification à la fois du 

poloxamer par la température vaginale et de l’alginate par les ions présents dans le fluide 

vaginal ? 

-Quelle est l’influence des lactobacilles sur un tel mélange de polymères ? 

-Quelle est l’influence des polymères sur la viabilité et l’efficacité des lactobacilles ? 

-Quelle est l’influence du fluide vaginal sur les propriétés des gels ? 

Dans le but de répondre aux questions qui se posaient, des mesures de pH, des études 

rhéologiques, des observations en microscopie confocale et des études de stabilité ont été 

réalisées.  

 

1. CHOIX ET CARACTERISATION DE L. CRISPATUS 

La souche de Lactobacillus crispatus a été sélectionnée sur la base des données publiées sur 

sa capacité à inhiber Neisseria gonorrhoeae in vitro (Amant et al., 2002) et ex-vivo (Breshears 
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et al., 2015). De plus, c’est la bactérie la plus ubiquitaire, qui domine la flore vaginale saine 

(Vasquez et al., 2002). Cette bactérie favorise aussi la stabilité de la flore vaginale normale 

(Verstraelen et al., 2009) et possède des propriétés probiotiques. Dans cette étude, la souche 

de référence L. crispatus ATCC 33197, d’origine vaginale a été utilisée pour la mise au point 

du gel destiné à la prévention de la gonococcie. 

La flore vaginale saine est généralement composée de plusieurs espèces de lactobacilles qui 

interagissent ensemble. Pour mimer cette organisation naturelle, il pourrait être intéressant 

d’associer à L. crispatus d’autres souches présentant un potentiel probiotique et ayant aussi 

une efficacité sur le gonocoque. La flore vaginale est dominée par ces 4 espèces : L. iners, L. 

crispatus, L. jensenii et L. gasseri (Pavlova et al., 2002; Ravel et al., 2011). Néanmoins, L. 

iners et L. gasseri sont plutôt associés à des états pathologiques (Verstraelen et al., 2009). Il 

serait donc intéressant de s’orienter vers l’association de L. jensenii à L. crispatus. Les 

proportions restent à être élucidées. Spurbeck and Arvidson (2010) ont montré que L. jensenii 

inhibe l’adhésion du gonocoque aux cellules épithéliales. En mélangeant différentes espèces 

de lactobacilles, l'efficacité pourrait résulter de la synergie des deux souches ou bien j’une des 

souches pourrait inhiber l’autre (Famularo et al., 2001; Gardiner et al., 2002). Des études 

préliminaires devraient donc démontrer l’intérêt de cette association avant leur utilisation 

ensemble. 

Nous avons montré que la souche de L. crispatus choisie pouvait se multiplier et produire des 

acides dans toute la gamme de pH étudiée (4-7), co-agréger avec N. gonorrhoeae et inhiber la 

croissance de N. gonorrhoeae in vitro. Elle a donc été utilisée dans notre formulation pour 

prévenir la gonococcie (chapitre V). 

Nous avons par ailleurs vu dans le chapitre V qu’il existe une corrélation entre le pH et la 

production d’acide lactique par les lactobacilles et avons déduit que plus la variation du pH 

est élevée plus la production d’acide lactique est vraisemblablement élevée. Toutefois, il a été 

démontré que le pH et la concentration en acide lactique d'un milieu peuvent inactiver les 

agents pathogènes individuellement ou en combinaison. De plus, les concentrations élevées 

d’acide lactique protoné pourraient augmenter l’effet microbicide in vivo des lactobacilles 

(O’Hanlon et al., 2013). Le pKa de l'acide lactique étant 3,90, et le pH final dans les tubes 

étant compris entre 3.1 et 3.9, l'acide lactique protoné est donc la fraction la plus importante. 

Dans notre travail, la production d’acide lactique est estimée de façon indirecte par 

l’abaissemeent du pH. Elle devrait être mesurée de façon quantitative par des méthodes 

chromatographiques afin de confirmer notre analyse. 
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En plus des tests réalisés concernant les aspects sécuritaires de l’utilisation de L. crispatus, il 

serait intéressant d’ajouter l'utilisation de méthodes moléculaires telles que la réaction de 

polymérase en chaîne dans le but de déterminer les éventuels gènes de résistance de L. 

crispatus.  

2. CHOIX ET CARATERISATION DES POLYMERES  

Dans une première approche, nous voulions développer une formulation thermosensible qui 

soit liquide à température ambiante pour une administration facile par la femme elle-même, 

suivi d’un bon étalement sur la muqueuse vaginale pour assurer une meilleure efficacité, et 

qui gélifie in situ. Nous avons donc choisi le mélange du poloxamer 407 pour obtenir la 

gélification avec la température corporelle, et de l’alginate de sodium pour ses propriétés 

mucoadhésives et sa possibilité de gélification ionique avec les ions calcium présents dans le 

fluide vaginal. L’association de ces deux mécanismes de gélification pourrait augmenter le 

temps de résidence du système. Ce mélange de polymères devait aussi maintenir la 

gélification après dilution par le fluide vaginal simulé. Nous avons travaillé avec des solutions 

d’alginate en régime semi-dilué vraisemblablement enchevêtré, de concentration variant entre 

0.5 et 2 %. A 1 %, la solution d’alginate a présenté de meilleures propriétés viscoélastiques 

par rapport à celles à 0.5 % et était plus facile à obtenir que les solutions plus concentrées à 

1,5 % ou 2 %. Cette concentration a donc été retenue. Toutefois son comportement liquide 

visqueux ne convient pas pour une administration vaginale lorsqu'il est utilisé seul. Les 

solutions de poloxamer 407 ont donc été étudiées à des concentrations variant de 16 à 21,5 % 

afin de déterminer la concentration optimale. Toutes les formulations de poloxamer ont 

présenté un comportement thermogélifiant, et un comportement solide élastique dominant, 

rhéofluidifiant et non-thixotrope à 25 ° C. La température de gélification de P21.5 était la plus 

basse (21 ± 1 ° C) mais seul P21.5 a maintenu ses propriétés thermogélifiantes après dilution 

par le fluide vaginal simulé à 37 °C. Ce système a donc été retenu pour le mélange avec 

l’alginate de sodium. L'ajout de P21.5 à A1 a amélioré l'élasticité du gel à l’état liquide. 

Plusieurs études ont montré que le mélange du poloxamer 407 avec l’alginate de sodium 

pouvait augmenter ses propriétés mécaniques (Quah et al., 2018; White et al., 2013). 

Le mélange de poloxamer 407 à 21,5 % et d'alginate de sodium à 1 % (P21.5A1) a une 

température de gélification de 19 ± 1 °C. La température ambiante dans certains pays 

d’Afrique subsaharienne comme la Côte d’Ivoire varie généralement entre 25 et 30 °C. Le 

mélange serait donc déjà sous la forme gel avant son administration. Néanmoins, son 

caractère rhéofluidifiant, les résultats de l'analyse du profil textural à 25 °C et de l'évaluation 
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de son aptitude à être expulsé d’une seringue sont propices à une administration aisée et un 

bon étalement. De plus, ce mélange pourrait être conservé au frais avant son administration 

pour être sous forme liquide. Ses propriétés rhéologiques à 37 °C après dilution par le fluide 

vaginal simulé sont aussi favorables pour assurer son étalement et éviter les fuites. 

Dans une deuxième approche, nous voulions aussi obtenir la gélification ionique de l’alginate, 

mais ces essais se sont montrés infructueux même avec l’ajout de calcium dans la 

formulation. Toutefois, l'alginate de sodium associé à des ions calcium peut gélifier en milieu 

acide (Ferreira et al., 2017). Crow et Nelson (2006) ont mélangé des solutions d'alginate à du 

CaCO3 non soluble dans l'eau à pH neutre. En ajoutant de la glucono-δ-lactone à ce mélange, 

ils ont dissocié l'ion calcium en abaissant le pH. Ensuite, l'ion calcium a initié la gélification 

de l'alginate de manière plus progressive (Crow et Nelson, 2006; Wang et al., 2008). Cette 

étude nous emmène à penser qu’une étape supplémentaire d’ajout de la glucono-δ-lactone 

dans nos formulation contenant du calcium, pourrait aider à initier la gélification interne. Cet 

essai pourrait être envisagé. Par ailleurs, Brus et al., (2017) ont montré que les blocs hydratés 

riches en M de l’alginate ont une faible capacité à se lier avec les ions de réticulation. Il serait 

intéressant de comparer notre alginate à un autre grade plus riche en unités guluronate, ce qui 

permettrait de faciliter cette gélification ionique. 

Même si le mélange P21.5A1 ne remplissait pas totalement le cahier des charges initialement 

fixé, nous l’avons retenu pour la suite des études car nous ne savions pas quel serait l’effet des 

lactobacilles sur les propriétés rhéologiques. 

 

3. LACTOBACILLES, POLOXAMER 407 ET ALGINATE 

Les études préliminaires sur les lactobacilles ont permi de choisir le pH optimal pour les 

lactobacilles compris entre 6 et 7. Le pH des gels étant similaire à ces derniers, nous n’avons 

pas jugé nécessaire d’ajouter un tampon dans nos formulations. 

L’ hydrogel optimisé P21.5A1L contient 21,5 % de poloxamer 407, 1 % d'alginate de sodium 

et 9 log10 UFC/unité de gel de L. crispatus. Le processus de préparation des gels n’a pas été 

délétère pour les lactobacilles. La répartition de L. crispatus est reproductible dans le gel, 

montrant la reproductibilité de la méthode de préparation du gel. Cette répartition homogène 

de L. crispatus dans le gel est favorable à une distribution homogène de L. crispatus dans le 

vagin. 

L’influence de L. crispatus sur les propriétés thermo-gélifiantes et viscoélastiques du mélange 

de poloxamer 407 et d’alginate a été étudiée par rhéologie à 25 °C (conditions 
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d’administration) et à 37 ° C après dilution avec le fluide vaginal simulé (SVF) (mimant  les 

conditions in vivo après l'administration). L. crispatus n'influence pas de manière significative 

les propriétés rhéologiques du mélange de poloxamer 407 et d'alginate de sodium, même 

après dilution avec du SVF.  

Dans cette étude, nous nous sommes intéressés à l’un des mécanismes d’action de L. crispatus 

qui est l’abaissement du pH. Nous avons pu faire la preuve du concept d’un gel probiotique in 

vitro. Néanmoins, l’inhibition du gonocoque par les gels reste moins importante que les 

suspensions de lactobacilles. Les gels gardent cependant tout leur intérêt car ils ont un temps 

de résidence plus prolongé que les suspensions après une administration vaginale. 

La méthode d’étude de l’efficacité prend en compte seulement l’action liée aux molécules 

produites par les lactobacilles et capables de diffuser à travers le gel et la gélose (Fig. 1 du 

chapitre V). Une étude par contact direct entre le gel et le gonocoque est à envisager afin 

d’évaluer les autres mécanismes liés à la souche elle-même tels que la co-agrégation puis les 

mécanismes liés à la forme gel. Il s’agira de répondre à la question : les polymères entrainent-

ils par eux-mêmes des mécanismes directs d’inhibition de N. gonorrhoeae ? Powell et al. 

(2014) ont étudié l'interaction de l’alginate de sodium composé d’unités G (˃ 96 %) avec la 

surface de Pseudomonas aeruginosa, une bactérie Gram négatif, en utilisant la microscopie à 

force atomique (AFM), la mesure du potentiel zêta et la mesure de la taille par diffusion 

dynamique de la lumière et des essais de mobilité. Cette étude a permis de démontrer que 

l’alginate était capable de se lier à la surface bactérienne, de diminuer la charge de surface, 

d’induire une agrégation des bactéries et d’inhiber leur mobilité. L’alginate utilisé dans notre 

gel ne possède pas la même composition (G = 45 %), mais pourrait présenter des avantages 

qu’il serait intéressant d’élucider. On peut aussi envisager de changer de grade d’alginate au 

profit d’un autre riche en unités guluronate. Une étude comparée permettrait de conclure sur 

le grade le plus approprié pour cette indication. Une étude de l’influence du mélange 

poloxamer-alginate sur N. gonorrhoeae serait aussi intéressante pour évaluer d’autres 

mécanismes par lequel le gel pourrait être efficace. 

Dans l’étude de la viabilité des lactobacilles par microscopie confocale, les formulations ont 

été rendues liquides, puis mélangées au vortex avec les marqueurs fluorescents entrainant une 

répartition plutôt homogène des lactobacilles. Ce résultat montre que le gel pourrait retrouver 

facilement son homogénéité après une étape de mélange avant son utilisation, à une 

température inférieure à la température de gélification puisque la formulation serait liquide.  
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Contrairement à ce que nous envisagions, l’ajout de MRS dans le gel a présenté des 

inconvénients tels que (i) la baisse de l’efficacité sur le gonocoque, (ii) la baisse de la 

cultivabilité sur gélose MRS de L. crispatus des gels au cours des six mois de conservation à 

4 °C et à 25 °C. Notre hypothèse est que le MRS aiderait les lactobacilles à entrer dans un état 

de bactéries viables mais non cultivables pour survivre longtemps. L’ajout de MRS a 

cependant présenté l’avantage d’une production acide plus élevée lorsque le gel P21.5A1LM 

a été incubé à 37 °C. Le MRS est un milieu assez complexe et la production d’acide lactique 

provient du métabolisme des glucides qui y sont contenus. Il serait donc intéressant de 

sélectionner des glucides et de les mettre à la disposition des lactobacilles dans le gel pour 

favoriser leur survie, leur croissance et leur activité : on parle de l’utilisation de prébiotiques. 

Certains prébiotiques ont déjà fait l’objet d’études pour d’autres souches de lactobacilles. Les 

plus étudiés sont les fructooligosaccharides et les galactooligosaccharides (Gibson et al., 

2017). Toutefois, d’autres prébiotiques tels que l’inuline, le mannitol, la maltodextrine, la 

pectine ont montré de bonne propriétés sur l’amélioration de la survie des lactobacilles (Yeo 

and Liong, 2010). 

Toujours dans le but d’optimiser le gel et améliorer la viabilité des lactobacilles, une voie 

serait de lyophiliser les lactobacilles qui pourraient ensuite être resuspendus et incorporés 

dans le mélange de polymères avant administration. Le gel contenant les lactobacilles pourrait 

également être lyophilisé et reconstitué avec un solvant avant son administration. Ce procédé 

pourrait nécessiter l’utilisation de cryoprotectants dont le choix doit s’orienter vers ceux qui 

augmenteraient la température de gélification en restant toutefois inférieure à la température 

vaginale. Cette étude devrait aussi être associée à la conception d’un dispositif de mélange et 

d’administration. Nous pensons à un système composé de deux compartiments avec un 

opercule qui serait percé pour le mélange avant administration.  

L’évaluation des propriétés mucoadhésives des formulations doit être envisagée ainsi que 

l’évaluation du temps de résidence de nos formulations dans le vagin. Les modèles animaux 

pour étudier le gonocoque sont les souris, les porcs, les chimpanzés (Arko, 1989; Chandler 

and Kraus, 1976; Lucas et al., 1971). La muqueuse vaginale du porc étant proche de celle de 

la femme, des études in vivo sur des modèles animaux de porc seraient intéressantes. 

Néanmoins, le gonocoque est une bactérie stricte de l'Homme. Ainsi, seuls les essais cliniques 

sur la femme pourront fournir la réponse définitive de l’efficacité des lactobacilles formulés 

en tant que probiotiques pour la prévention de la gonococcie.  

Même si nous sommes encore loin d’un système utilisable en clinique, la vision que nous 

avons de notre système serait une formulation unidose, destinée à être administrée par les 
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femmes à risque présentant un antécédent d’infection vaginale et les femmes présentant 

naturellement un déficit de L. crispatus dans la flore vaginale. Cette formulation limiterait la 

gonococcie surtout chez les femmes qui n’ont pas la possibilité de négocier l’usage du 

préservatif lors des rapports sexuels avec leur partenaire. Le nombre, la fréquence et le 

moment d’administration, afin d’assurer la prévention de la gonococcie, sont des paramètres 

importants qu’il faudrait évaluer au cours d’une étude clinique. 
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La gonococcie est une infection sexuellement transmissible, causée par Neisseria 

gonorrhoeae, devenue un problème majeur de santé publique pour plusieurs raisons. En effet, 

cette infection reste souvent asymptomatique chez la femme, ce qui favorise sa propagation. 

Elle peut entraîner des complications graves, telles que l'infertilité chez l'adulte et la cécité 

chez le nouveau-né. Elle augmente également le risque de contracter le VIH. Il existe ni 

vaccin ni nouveaux médicaments émergeant sur le marché. Le préservatif, seul moyen de 

prévention efficace, n’est malheureusement pas bien ou insuffisamment utilisé. Actuellement 

une émergence de gonocoques résistants à plusieurs antibiotiques est observée, et même 

certaines souches non traitables car insensibles à tous les antibiotiques connus commencent à 

circuler. Ainsi, cette infection est devenue difficile à traiter ou à prévenir. Nous avons choisi 

dans le cadre de notre étude de nous intéresser aux aspects de prévention de cette infection qui 

nous paraissait un levier primordial pour juguler cette infection. 

Neisseria gonorrhoeae successivement adhère aux cellules épithéliales, pénètre, se multiplie, 

crée une inflammation et affaiblit la barrière épithéliale. Il peut persister à l'intérieur des 

neutrophiles ou modifier leurs antigènes de surface pour échapper au système immunitaire. Il 

peut également produire certaines protéases pour éviter le développement d'une immunité à la 

réinfection. Neisseria gonorrhoeae peut modifier les sites de fixation des antibiotiques, 

synthétiser des enzymes pour modifier ou inactiver les antibiotiques, modifier ses protéines de 

porine de surface pour réduire la perméabilité des antibiotiques, utiliser une nouvelle voie 

métabolique pour remplacer celle inhibée par les antibiotiques, utiliser le mécanisme actif 

d'efflux d'antibiotiques et protéger l’enzyme cible en se liant à une autre protéine. Ces 

mécanismes de pathogénicité et de résistance aident le gonocoque à survivre.  

Les lactobacilles, en revanche, sont des bactéries commensales prédominantes du microbiote 

vaginal normal. Ils participent au maintien de l'acidité vaginale et luttent naturellement contre 

les infections en associant différents mécanismes. En fait, ils peuvent adhérer aux cellules 

épithéliales, concurrencer les agents pathogènes pour les sites d’adhésion ou produire des 

tensioactifs pour inhiber l’adhérence des agents pathogènes, co-agréger avec des agents 

pathogènes pour réduire leur propagation, produire des substances antimicrobiennes telles que 

les acides, du peroxyde d’hydrogène et des bactériocines et stimuler le système immunitaire. 

L'utilisation de lactobacilles est apparue dans le domaine de la prévention des infections 

urogénitales. Des formulations à base de lactobacilles déjà sur le marché ou en 

développement ont été proposées pour le traitement des infections de la sphère urogénitale. 

Par conséquent, la restauration du microbiote vaginal normal par l'administration de 
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lactobacilles possédant des propriétés probiotiques et une activité sur Neisseria gonorrhoeae 

paraît attractive.  

A l’instar du contrôle des naissances axé sur la femme qui s’avère efficace, axer la stratégie 

de prévention des infections sexuellement transmissibles, en particulier de la gonococcie sur 

la femme apparaît intéressant pour juguler cette infection. Protéger la femme, c’est aussi 

protéger l’homme et également protéger les nouveau-nés. Développer un moyen de 

prévention que la femme soit capable d’utiliser elle-même, de contrôler sans accord de son 

partenaire est à privilégier. Etant donné que la voie vaginale est la voie principale de 

transmission de cette infection, un moyen de prévention destiné à une administration vaginale 

nous a paru judicieux.  

Dans ce projet de thèse, nous avons choisi d’administrer les lactobacilles, en particulier 

Lactobacillus crispatus ayant montré dans la littérature une efficacité contre le gonocoque, en 

l’incorporant dans un gel pour plusieurs raisons. En effet, il s’agit d’une forme galénique 

facile à préparer et à administrer, capable de tapisser la muqueuse vaginale et de réaliser un 

contact intime avec elle tout en augmentant le temps de résidence par rapport à une forme 

liquide. En particulier, les gels thermosensibles peuvent gélifier à la température corporelle 

après leur administration et éviter ainsi leur écoulement rapide de la lumière vaginale. Nous 

avons donc développé un gel à base de poloxamer 407, d’alginate de sodium et de 

Lactobacillus crispatus, puis nous l’avons caractérisé et évalué son efficacité sur le 

gonocoque. Le gel optimisé constitué de poloxamer 407 à 21.5 %, d’alginate de sodium à 1 % 

et de lactobacillus crispatus était (i) rhéofluidifiant, ce qui favoriserait son administration, (ii) 

conservait ses propriétés rhéologiques après la dilution par le fluide vaginal simulé, (iii) 

inhibait la croissance du gonocoque in vitro. Cette formulation est prometteuse pour la 

prévention de la gonococcie. Cette étude préliminaire a permis de faire la preuve du concept 

in vitro. Des efforts restent néanmoins encore à faire pour améliorer la viabilité des 

lactobacilles et la conservation de ces systèmes. L’évaluation de ce gel doit être poursuivie 

afin d’améliorer la compréhension de l’organisation et la structure de ce gel et ses 

mécanismes d’inhibition du gonocoque. 

Plusieurs pistes d’optimisation de notre formulation restent donc à explorer pour compléter ce 

travail. L’introduction de prébiotiques dans ce gel pourrait être une stratégie intéressante pour 

augmenter la viabilité des lactobacilles. La lyophilisation soit des lactobacilles, soit du gel 

complet dans un dispositif d’administration vaginale à double compartiments adapté à cette 

formulation et surtout pour le mélange avant administration pourrait permettre de le conserver 

sur des temps plus longs. Des études de cryo-microscopie électronique à transmission, de 
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diffusion des neutrons aux petits angles, ou de diffusion des rayons X aux petits angles 

pourraient permettre d’étudier de façon plus approfondie leur organisation. Enfin, des études 

d’efficacité sur le gonocoque en le mettant en contact direct avec la formulation pourraient 

être intéressantes pour favoriser des mécanismes d’inhibition tels que la co-agrégation ou la 

production de substances inhibitrices par les lactobacilles, à proximité directe du gonocoque. 
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Résumé : La gonococcie est une infection 

sexuellement transmissible due au gonocoque. 

Elle est devenue un problème majeur de santé 

publique du fait de la multirésistance aux 

antibiotiques, mais surtout de la résistance au 

traitement de dernière intention actuellement en 

vigueur. Lactobacillus crispatus, une bactérie 

naturelle, commensale du vagin de la femme, 

s’est montré efficace pour inhiber le gonocoque. 

Les gels, une forme galénique bien acceptée, 

sont déjà utilisés pour le traitement des 

infections genitales de la femme. Disposer d’un 

gel contenant Lactobacillus crispatus, efficace, 

facile à administrer par la femme elle-même 

parait donc attractif pour la prévention de la 

gonococcie. Ainsi, nous avons conçu un gel à 

base d’un polymère thermogélifiant, le 

poloxamer 407 et d’un polymère biocompatible, 

l’alginate de sodium.  

 

Dans un premier temps, une étude physico-

chimique du mélange de polymères a permis de 

retenir les concentrations optimisées. Dans un 

second temps, la souche de Lactobacillus 

choisie a été caractérisée et introduite dans le 

mélange de polymères. Les propriétés 

physicochimiques dont les caractéristiques 

rhéologiques, l’expulsion d’un dispositif 

d’administration, la stabilité, la microstructure 

ainsi que l’efficacité in vitro du gel obtenu ont 

été étudiés. Une répartition homogène de 

Lactobacillus crispatus a été observée dans le 

gel. Ce système est facilement administrable et 

possède des propriétés rhéologiques favorables 

à son étalement et son maintien dans la lumière 

vaginale. Ce gel a permis d’inhiber la 

croissance du gonocoque in vitro.  

 

Title: Development of a gel containing poloxamer 407, sodium alginate and Lactobacillus crispatus 

for the prevention of gonorrhea 

Keywords : gel, rheology, poloxamer 407, sodium alginate, Lactobacillus crispatus, confocal 

microscopy, vaginal administration, gonorrhea 

Abstract: Gonorrhea is a sexually transmitted 

infection caused by Neisseria gonorrhoeae. It 

has become a major public health issue due to 

multidrug resistance, especially resistance to 

the current last-intention treatment. 

Lactobacillus crispatus, a natural bacterium, 

commensal to the woman's vagina, has been 

shown to inhibit Neisseria gonorrhoeae. Gels, 

a well-accepted dosage form, are already used 

for the treatment of woman's genital infections. 

Having a gel containing Lactobacillus 

crispatus, that is effective, easy to administer 

by the woman herself, would be ideal for the 

prevention of gonorrhea. Thus, we designed a 

gel based on a thermogelling polymer, 

poloxamer 407, and a biocompatible polymer, 

sodium alginate. 

 

First, a physicochemical study of the polymers 

mixtures allowed to select the optimized 

concentrations. Second, the selected 

Lactobacillus strain was characterized and 

introduced into the optimized polymer mixture. 

Physicochemical properties including 

rheological characteristics, expulsion from a 

device, stability, microstructure as well as in 

vitro gel efficacy were studied. A 

homogeneous distribution of Lactobacillus 

crispatus was observed in the gel. It was easily 

administered and its rheological properties 

were suitable for its spreading and its long 

reidence time in the vaginal lumen. This gel 

showed an inhibition of gonococcal growth in 

vitro. 

 


