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Resumen

El tratamiento de infecciones en pacientes con catéter venoso central (CVC) se ha
convertido en un desafio para el sector salud, debido a su asociacion con agentes
patégenos formadores de biopeliculas, las cuales son definidas como un consorcio de
microorganismos que crecen embebidos en una matriz de exopolisacaridos. Estas
estructuras les proporcionan a los microorganismos resistencia contra los antibioticos
y el sistema inmune del huésped, ademas de conferirles la capacidad de diseminarse
a otros sitios del cuerpo. Con la finalidad de evitar la formacion de biopeliculas en sus
etapas tempranas, se han propuesto estrategias como el recubrimiento antimicrobiano
y modificaciones superficiales de los dispositivos médicos. El uso de nanoparticulas
de plata (AgNPs) y polimeros naturales como el quitosan, son de gran interés por su
actividad antimicrobiana y biocompatibilidad, respectivamente. El propésito de este
estudio fue formular hidrogeles de quitosan cargados con diferentes concentraciones
de AgNPs y ampicilina (AMP), antimicrobianos que previamente mostraron accion
sinérgica, para prevenir la formacion temprana de biopeliculas de microorganismos
multirresistentes de aislamientos clinicos. Los hidrogeles de quitosan se caracterizaron
utilizando diferentes técnicas analiticas: reometria, espectroscopia infrarroja por
transformada de fourier (FTIR), espectroscopia Raman y microscopia electrénica de
barrido (MEB). El efecto antibiopelicula se estudié contra cuatro aislados clinicos
multirresistentes (Acinetobacter baumannii, Enterobacter cloacae, Enterococcus
faecium y Staphylococcus epidermidis) por el modelo de colonia. Ademas, el efecto
citotoxico de los hidrogeles se evallo sobre fibroblastos dérmicos humanos (FDH). Se
encontré que los hidrogeles formulados fueron biocompatibles con los FDH y capaces
de inhibir la formacion de biopeliculas de microorganismos multirresistentes. Los
resultados sugieren que los hidrogeles de quitosdn cargados con agentes
antimicrobianos (AgNPs y AMP) podrian ser utilizados como tratamiento profilactico

en pacientes con CVC, al inhibir la formacion de biopeliculas en etapas tempranas.

Palabras clave: Biopelicula, catéter venoso central, citotoxicidad, nanoparticulas de

plata, quitosan.



Summary

The treatment of infections in patients with central venous catheter (CVC) has become
a challenge for the healthcare services, due to its association with biofilm-forming of
pathogen agents, which is defined as a consortium of microorganisms that grow
embedded in an exopolysaccharide matrix. These structures provide resistance
against antibiotics and the host’s immune system, as well as the ability to spread to
other sites in the body. In order to avoid the formation of biofilms in their early stages,
strategies such as antimicrobial coating and surface modifications of medical devices
have been proposed. The use of silver nanoparticles (AgNPs) and natural polymers
such as chitosan, are of great interest for their antimicrobial activity and
biocompatibility, respectively. The purpose of this study was to generate chitosan
hydrogels loaded with different concentrations of AgNPs and ampicillin (AMP) to
prevent early biofilm formation of multi-resistant microorganisms isolated from patients
with medical devices. Chitosan hydrogels were characterized using different analytical
techniques such as rheological test, fourier transform infrared (FTIR) spectroscopy,
Raman spectroscopy and scanning electron microscopy (SEM). The antibiofilm effect
of the different formulations was studied against four representative multi-resistant
clinical isolates (Acinetobacter baumannii, Enterobacter cloacae, Enterococcus
faecium y Staphylococcus epidermidis) using the colony biofilm model. Moreover, the
cytotoxic effect of chitosan hydrogels was evaluated on human dermal fibroblasts
(HDF). It was found that the formulated chitosan hydrogels were biocompatible with
HDF and able of inhibiting the formation of biofilms of multi-resistant microorganisms.
The results suggest that chitosan hydrogels loaded with antimicrobial agents (AgNPs
and AMP) could be used as prophylactic treatment in patients with CVC, by inhibiting

the formation of biofilms in early stages.

Keywords: Biofilm, central venous catheter, cytotoxicity, silver nanopatrticles, chitosan.
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1. INTRODUCCION

Los microorganismos son un ejemplo de la capacidad de adaptacion a las condiciones
adversas, entre ellos, las bacterias se caracterizan por desarrollar mecanismos de
resistencia a los antibioticos de forma intrinseca (métodos enzimaticos, bombas de
eflujo y modificacion del sitio blanco del antibidtico) y extrinseca conocidos como
mecanismos adaptativos. El conocimiento de éstos Uultimos ha cobrado gran
importancia en la actualidad, pues las bacterias pueden realizar formacion de
biopeliculas, definidas como un consorcio de microorganismos que crecen embebidos
en una matriz de polimeros extracelulares, los cuales les confieren la capacidad de
soportar el efecto de diversos agentes antimicrobianos y la accién del sistema inmune.
Se ha detectado la formacién de biopeliculas en las superficies de tejidos del cuerpo
humano, y en diferentes dispositivos médicos como: ventiladores mecanicos,
marcapasos, sondas urinarias, protesis y catéteres venosos centrales (CVCs). EI CVC
es un dispositivo médico utilizado para la administracion de medicamentos, asi como
para la monitorizacibn hemodinamica del paciente. Sin embargo, su uso esta asociado
con complicaciones, principalmente trombosis y sepsis debido a la colonizacién
microbiana del dispositivo. En Estados Unidos, aproximadamente cada afio 80000
infecciones del torrente sanguineo relacionadas a CVC ocurren en la unidad de
cuidados intensivos™®. La contaminacién del CVC puede ser intraluminal, asociada con
la administracion de soluciones y medicamentos contaminados, o extraluminal, debida
principalmente a la colonizacion por microorganismos de la piel. Dependiendo del
origen de contaminacién del dispositivo, los patégenos mas frecuentemente aislados
son: cocos Gram positivos como Staphylococcus coagulasa negativa, S. aureus y
Enterococcus spp Yy, en menor proporcion, bacilos Gram negativos y Candida spp@.
El tratamiento de las infecciones asociadas a biopeliculas representa un reto para el
sector salud, debido a que se requieren altas dosis de antibioticos por tiempos
prolongados. Con la finalidad de evitar la formacion de biopeliculas en sus etapas
tempranas (adhesién bacteriana), se han propuesto estrategias como el recubrimiento

antimicrobiano y modificaciones superficiales de los dispositivos médicos. En este



contexto, los hidrogeles son materiales sintetizados a partir de polimeros naturales
(quitosan, gelatina, alginato, etc.) o sintéticos (polietilenglicol, poliacrilamida,
polivinilalcohol, etc.)®, cuya principal caracteristica es su naturaleza hidrofilica, la cual
permite el desarrollo de novedosos materiales con propiedades antimicrobianas, al
cargar en su estructura moléculas como antibidticos, antifingicos y nanoparticulas
metalicas. Uno de los polimeros mas utilizados para la elaboracion de hidrogeles es el
quitosan por sus propiedades de biocompatibilidad y biodegradabilidad. Estudios
recientes han incorporado nanoparticulas metdlicas (oro y plata) en hidrogeles de
quitosan para desarrollar materiales con propiedades antibacterianas y
antibiopeliculas. Las nanoparticulas de plata (AgNPs) son bien conocidas por su
actividad antibacteriana de amplio espectro, sin embargo, su mecanismo de accion es
desconocido. Diferentes estudios han descrito que las AgNPs tienen la capacidad de
interactuar con la pared celular y desestabilizarla, generar especies reactivas de
oxigeno (EROs) y unirse a grupos sulfhidrilo presentes en biomoléculas como
proteinas y acidos nucleicos®. La incorporacion de las AgNPs en hidrogeles presenta
ventajas como el aumento de su biocompatibilidad y la disminuciéon de su toxicidad.
Ademas, varios estudios han propuesto la combinacién sinérgica de AgNPs y
antibidticos convencionales para combatir bacterias multirresistentes. Algunas
ventajas de utilizar combinaciones sinérgicas son la potenciacion de la actividad
antibacteriana de antibioticos viejos, la disminucion de efectos tdxicos al utilizar dosis
bajas de agentes antimicrobianos y la prevencién de cepas multirresistentes.
Recientemente se ha reportado el efecto sinérgico entre AgNPs y dos antibiéticos
convencionales, ampicilina (AMP) y amikacina. Los resultados mostraron que ambas
combinaciones ofrecen efectos sinérgicos y parcialmente sinérgicos contra
uropatégenos multirresistentes, sin embargo, AMP favorece la distribucion de las
AgNPs generando nanoparticulas mas estables®).

En este estudio formulamos hidrogeles de quitosan cargados con AgNPs y AMP para
prevenir la formacion temprana de biopeliculas de patégenos multirresistentes. Los
hidrogeles se caracterizaron utilizando diferentes técnicas analiticas: reometria,

espectroscopia infrarroja por transformada de fourier (FTIR), espectroscopia Raman y



microscopia electronica de barrido (MEB). El efecto antibiopelicula se estudié contra
cuatro aislados clinicos multirresistentes, y su efecto citotoxico se evallo sobre

fibroblastos dérmicos humanos (FDH).

2. OBJETIVO

Evaluar la actividad antibiopelicula de hidrogeles de quitosan cargados con diferentes
concentraciones de AgNPs y AMP, sobre microorganismos representativos

multirresistentes aislados de pacientes con proceso infeccioso relacionado a CVC.

3. MATERIAL Y METODOS
3.1 Sintesis de las AgNPs

En un vaso de precipitado de 250 mL se colocaron 90 mL de agua desionizada y se
disolvieron 0.169 g de AgNOs (Sigma-Aldrich). Posteriormente, bajo agitacion
magnética se agregaron 10 mL de una solucion de acido galico al 1 % (Sigma-Aldrich).
El valor de pH de la solucion se ajusto a 11 con NaOH 3 M (Baker). Para purificar las
AgNPs, la dispersion obtenida se dializé utilizando una membrana de nitrocelulosa
(peso molecular de 12 kDa) durante 24 h.

3.2 Caracterizacion de las AgNPs

Las AgNPs se caracterizaron por espectroscopia ultravioleta-visible (UV-vis) usando
un espectrémetro S2000 UV-vis de Ocean Optics Inc. (Dunedin, FL, EUA). El diametro
hidrodindmico de las AgNPs se determind por dispersion de luz dinAmica (DLS) en un
Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern, Worcestershire, Reino
Unido) que opera con un laser He-Ne a una longitud de onda de 633 nm y un angulo
de deteccion de 90 °, todas las muestras se analizaron durante 60 s a 25 °C.

3.3 Formulacion de los hidrogeles de quitosan

Se prepararon siete hidrogeles de quitosan: un hidrogel de quitosan sin agentes
antimicrobianos (CH), un hidrogel de quitosan cargado solamente con AgNPs (H 250)

y otro cargado solamente con AMP (H 500), asi como cuatro hidrogeles de quitosan



cargados con diferentes concentraciones de AgNPs y AMP. Las formulaciones H 250
y H 500 se utilizaron para la caracterizacion de los hidrogeles de quitosan. Todas las
formulaciones fueron almacenadas a 4 °C y protegidas de la luz. La AMP fue elegida
debido a su amplio espectro de accion. Ademas, estudios previos han reportado que
su combinacién con AgNPs proporciona una actividad antibacteriana sinérgica e inhibe

la formacion de biopeliculas.

3.3.1 Hidrogel de quitosan

En un vaso de precipitado de 100 mL se colocaron 49.8 mL de agua desionizada.
Posteriormente, se agregaron 2 mL de acido acético (J.T. Baker) y 1.75 g de quitosan
(alto peso molecular, 85 % DD, Sigma-Aldrich) y se mezcl6é hasta formar el hidrogel.
Por ultimo, se agregaron 0.2 mL de glicerol (Sigma-Aldrich) y se agitdé hasta disolver
todos los grumos.

3.3.2 Hidrogeles de quitosan cargados con AgNPs y AMP

Para la preparacion de los hidrogeles de quitosdn con agentes antimicrobianos, la
cantidad de quitosan (1.75 g) y los volumenes de glicerol (0.2 mL) y &cido acético (2
mL) fueron los mismos, mientras que los volimenes (mL) de la solucion de AgNPs
(2070 ppm) y AMP (1000 ppm) representados por AQNPs/AMP, fueron los siguientes:
1.2/2.5, 2.3/5, 4.7/10, 11.7/25, 11.7/0 y 0/25 mL, reemplazando el volumen de agua
desionizada para las formulaciones: H 25/50, H 50/100, H 100/200, H 250/500, H 250

y H 500 respectivamente.

3.4 Caracterizacion de los hidrogeles de quitosan

Para evaluar el efecto de la temperatura y la presencia de agentes antimicrobianos
(AgNPs y AMP) sobre la viscosidad de los hidrogeles de quitosan, se realizaron
mediciones reoldgicas a dos temperaturas (25 y 37 °C) en un reébmetro Anton Paar
Physica MCR 501 (Anton Paar, Austria). La determinacién se realiz6 utilizando una
geometria CP50-2 (50 mm de diametro, cono de 2 °) y la velocidad de corte aumenté
de 0.001 a 1000 s Los datos se obtuvieron a través del software RheoPlus

Rheometer. Los hidrogeles de quitosan se liofilizaron para el analisis espectroscopico



y microscopico. La espectroscopia de FTIR se llevé a cabo utilizando un espectrometro
Nicolet iS50 FT-IR (Thermo Scientific, EUA) para investigar las interacciones
intermoleculares entre los componentes de las formulaciones. Se coloc6 una muestra
delgada de pelicula de hidrogel en el equipo y el espectro se tomd en el rango de 4000
a 400 cm™ con una resolucion de 4 cm? y 25 escaneos, utilizando el método de
reflexion total atenuada que utiliza un cristal de diamante. La espectroscopia Raman
se empleo para estudiar las diferencias estructurales entre el CH y las formulaciones
cargadas con AgNPs y AMP. El analisis se llevo a cabo utilizando un analizador Raman
portatil TruScan RM (Thermo Fisher Scientific, EUA), en el rango de 3000 a 250 cm™?
con una longitud de onda de excitacion de 785 nm y una salida de laser de 350 mW.
Las caracteristicas morfoldgicas superficiales de los hidrogeles de quitosan y la
distribucion de las AgNPs en éstos se investigaron mediante el uso de un microscopio
electronico de barrido JSM-6610LV (Jeol Ltd., Tokio, Japén) acoplado a un
espectrometro de dispersion de energia de rayos X (EDS) OXFORD XMax (Oxford
Instruments Ltd., Reino Unido) con los siguientes detectores: un detector superior
(imagen electrénica secundaria; SEI) y un detector de electrones de retrodispersion
(BEC). La tension de aceleracion fue de 8 — 12 kV. Las muestras (peliculas delgadas
de los hidrogeles de quitosan) se recubrieron por pulverizacion con oro. Las

micrografias se tomaron a un nivel de ampliacion de 1500, 6000 y 10000X.

3.5 Prevalencia de infecciones del torrente sanguineo relacionadas con CVC y cepas
clinicas

El protocolo del estudio fue aprobado por el Comité de Investigacion y Etica del
Hospital Central “Dr. Ignacio Morones Prieto” con el nimero 29-18. Se realizd un
estudio retrospectivo para determinar la frecuencia de los principales microorganismos
relacionados con proceso infeccioso en pacientes hospitalizados con CVC, en el
periodo comprendido entre enero del 2017 y junio del 2018. En el estudio se incluyeron
cuatro microorganismos multirresistentes aislados de muestras clinicas de pacientes
con CVC. La recoleccion y el procesamiento de las muestras se realizo siguiendo los

lineamientos de la American Society for Microbiology. Las cepas se aislaron en un



medio de cultivo solido convencional, posteriormente se realiz6 la identificacion y
determinacion del perfil de susceptibilidad con el equipo VITEK®2. Todas las cepas se

cultivaron en caldo Mueller Hinton (BD Difco) y se almacenaron a -20 °C con glicerol.

3.6 Evaluacion del efecto antibiopelicula

El efecto antibiopelicula de los hidrogeles de quitosan se evallo contra cuatro aislados
clinicos multirresistentes  (Acinetobacter baumannii, Enterobacter cloacae,
Enterococcus faecium y Staphylococcus epidermidis) mediante el modelo de colonia.
En este estudio se incluy6é una crema comercial de sulfadiazina de plata al 1 % (SP;
Argentafil®, Valeant®) como control positivo de inhibicion. Brevemente, las
membranas de nylon (47 mm de diametro, 0.22 um de tamafio de poro; Thermo
Scientific) se esterilizaron mediante irradiacion UV (15 min por lado) y luego se
colocaron en cajas de Petri con agar tripticasa de soya (BD Difco). Posteriormente, las
membranas se inocularon con 10 pL de una suspensiéon bacteriana diluida 1:1000
(DOsoo de 0.08). Para determinar el efecto antibiopelicula de los hidrogeles de quitosan
y la SP, se colocaron 60 pL de los tratamientos sobre el in6culo del microorganismo y
se incubd a 37 °C durante 24 h. Transcurrido el tiempo de incubacion, cada membrana
se coloco en un tubo de ensayo que contenia 9 mL de solucién estéril de NaCl al 0.85
% Yy se agitod en vortex (Thermolyne Maxi-Mix Il; Marshall Scientific) durante 90 s. Las
suspensiones bacterianas obtenidas de la disgregacion de las biopeliculas se
diluyeron en serie en solucién estérii de NaCl al 0.85 % en diez diluciones
consecutivas. Las diluciones se sembraron por triplicado en cajas de Petri con agar
tripticasa de soya y se incubaron en las condiciones mencionadas anteriormente. Las
unidades formadoras de colonias (UFC) se contaron después de 24 h de incubacion.
Todos los experimentos se realizaron por triplicado de manera independiente para

cada microorganismo.

3.7 Ensayo de viabilidad celular

En este estudio, la biocompatibilidad de las formulaciones se evalio mediante el
ensayo de calceina — homodimero de etidio sobre FDH. El protocolo experimental para

el aislamiento de las células fue revisado y aprobado por el Comité de Etica del Instituto



Nacional de Rehabilitacion “Luis Guillermo Ibarra Ibarra” en el proyecto nimero 26/13.
Los FDH se obtuvieron de cirugias estéticas con la firma previa de la carta de
consentimiento informado. La epidermis se separd de la dermis utilizando dispasa
(SIGMA) durante 8 h; la dermis se tratd durante 4 h con colagenasa | (Worthington
Biochemical) para obtener los FDH. Finalmente, las células se cultivaron en DMEM-
F12 (Dulbecco’s Modified Eagle Medium; GIBCO) suplementado con SBF al 10 %
(suero bovino fetal; GIBCO) y 1 % de penicilina/estreptomicina (GIBCO) y se
mantuvieron en una incubadora a 37 °C y 5 % CO2. Para este ensayo se utilizaron
FDH pase 10. La viabilidad de los FDH se evalio mediante la deteccion de calceina -
homodimero de etidio utilizando un kit de LIVE/DEAD® Viabilidad/Citotoxicidad para
células de mamiferos (Thermo) siguiendo el protocolo del fabricante. Las placas de
cultivo de 48 pozos se impregnaron por triplicado con una capa homogénea de los
diferentes tratamientos (30 pL de CH, H 25/50, H 50/100, H 100/200, H 250/500, H
250, H 500 o SP) y se secaron en un gabinete de seguridad tipo Il durante 12 h.
Después del tratamiento previo de las placas de cultivo, se sembraron 20000 células
por pozo durante 24 h a 37 °Cy 5 % COz2. Los FDH tratados con 100 pL de etanol se
utilizaron como control negativo (células negativas a calceina) y los FDH no tratados
se utilizaron como control positivo (células positivas a calceina). Después de 24 h, las
células se incubaron durante 30 min a 37 °C con 2 pM de calceina AM y 2 uM de
homodimero de etidio. La sefial fluorescente de calceina se observd con un filtro de
paso de banda de fluoresceina y el homodimero de etidio con un filtro Texas red. Las
imagenes se capturaron y analizaron utilizando un microscopio Axio Observer.Al (Carl
Zeiss, EUA) y el software AxioVision version 4.8.2. Las células positivas a calceina —
homodimero de etidio (vivas - muertas) y el numero total de células se contaron con el

software ImageJ.

3.8 Analisis estadistico

Todos los experimentos fueron repetidos al menos tres veces. Las UFC registradas
para cada tratamiento se transformaron a su forma logaritmica (Log1o). Los resultados

se expresan como la media + desviacion estandar (DE). Todos los datos se analizaron



mediante el analisis de varianza (ANOVA) de una via seguido de T3 de Dunnett,
utilizando SPSS 23.0 (IBM, Nueva York, NY, EUA). Un valor de p < 0.05 fue

considerado estadisticamente significativo.

4. RESULTADOS Y DISCUSION

El tratamiento de infecciones relacionadas con dispositivos médicos representa un reto
a nivel mundial debido a su asociacion con bacterias que poseen mecanismos de
resistencia contra multiples antibioticos y/o estrategias de supervivencia como la
formacion de biopeliculas. Con la finalidad de prevenir la colonizacién microbiana de
los dispositivos médicos varios estudios han propuesto el desarrollo de materiales con
propiedades antimicrobianas y antiadhesivas. En este contexto, los hidrogeles podrian
ser utilizados como sistemas de transporte de agentes antimicrobianos y servir como
materiales de recubrimiento debido a sus caracteristicas de biocompatibilidad.

En este estudio proponemos el uso de hidrogeles de quitosan cargados con AgNPs y
AMP para prevenir la formacion de biopeliculas en sus etapas tempranas. Ambos
agentes antimicrobianos han sido estudiados previamente de manera independiente y
en combinacion, sin embargo, este es el primer estudio que incorpora AgNPs y AMP
en un hidrogel de quitosan con potencial actividad antibiopelicula.

Las AgNPs se sintetizaron mediante un método de reducciéon quimica, obteniendo
particulas con un diametro hidrodinamico de aproximadamente 5 nm y un plasmén de
superficie de 413 nm, caracteristico de la plata nanométrica. Diferentes
concentraciones de AgNPs y AMP se utilizaron para la preparacion de los hidrogeles.
Las caracteristicas morfolégicas superficiales de los hidrogeles y la distribucion de las
AgNPs en éstos, se estudio utilizando MEB. En general, las micrografias muestran que
los hidrogeles son transparentes y agrietados, y que los hidrogeles que contienen en
su estructura AgNPs se encuentran bien distribuidas en la red del polimero. El analisis
EDS se utilizé para definir la composicion elemental de las particulas observadas, para
ello se seleccionaron algunas porciones de la muestra que mostraban acumulacion
densa de particulas. Los espectros revelaron la presencia de picos elementales de

carbono (C), oxigeno (O) y plata (Ag). Los picos de C y O confirman la presencia del



guitosan como matriz, mientras que el pico de plata asegura la incorporacién de AQNPs
en la red del polimero. El andlisis reoldgico mostro que la viscosidad de los hidrogeles
disminuye con el aumento de la velocidad de corte, indicando un comportamiento
pseudoplastico no Newtoniano, el cual es caracteristico de soluciones de polisacéridos
con alto peso molecular. Este comportamiento podria ser de interés para su uso sobre
las superficies de dispositivos médicos, al facilitar su aplicacion y evitar que el hidrogel
fluya desde el sitio de aplicacion. Ademds, los reogramas mostraron que la
incorporacion de agentes antimicrobianos y el aumento de temperatura no influyen en
la viscosidad de los hidrogeles. Por otra parte, el analisis espectroscopico
(espectroscopia de FTIR y Raman) se realiz6 para estudiar las interacciones
intermoleculares entre los componentes de las formulaciones. Al comparar los
espectros, no se observo formacién de nuevas bandas ni ausencia de picos. Por lo
tanto, los resultados sugieren que no existen enlaces covalentes entre los agentes
antimicrobianos y la red del quitosan. Sin embargo, las AgNPs y la AMP podrian estar
interaccionando con los grupos funcionales hidroxilo (OH) y amino (NH2) del polimero
mediante puentes de hidrogeno, los cuales no alteran drasticamente la estructura del
quitosan. Nuestros resultados concuerdan con lo reportado en estudios previos, donde
el analisis espectroscopico revelé que las nanoparticulas metalicas (Au y Ag) no
forman enlaces covalentes con la red del polimero (quitosan-siloxano) ni afectan su
estructura.

La actividad antibiopelicula de los hidrogeles se estudié contra un panel de aislados
clinicos multirresistentes por el modelo de colonia. La SP se eligi6 como control
positivo de inhibicion al ser uno de los principales antisépticos utilizados en el
recubrimiento de CVCs. Los resultados mostraron que el CH posee mayor efecto
antimicrobiano que la SP sobre las biopeliculas de A. baumannii (p = 0.07), E. faecium
(p <0.05) y E. cloacae (p <0.05). Por otra parte, los hidrogeles formulados con AgNPs
y AMP fueron capaces de inhibir drasticamente la formacion de biopeliculas de A.
baumannii (Logio reduction de 10 £ 0.01), E. faecium (Logio reduction de 8.9 £ 0.02) y
S. epidermidis (Logio reduction de 7.8 £ 0.13). Sin embargo, para inhibir el desarrollo

de E. cloacae (Logio reduction de 9.9 + 0.11) fue crucial el aumento en la concentracion



de los agentes antimicrobianos. Estudios previos han reportado la sintesis de geles de
quitosan cargados con diferentes concentraciones de mononitrato de isosorbida
(precursor del 6xido nitrico) y con una concentracién constante de ciprofloxacino (CIP,
5 ppm). Su actividad antibiopelicula se estudié por el modelo de colonia contra S.
aureus ATCC 25923. Los resultados de este estudio mostraron que los geles cargados
Gnicamente con mononitrato de isosorbida (10 o 60 ppm) tenian mejores efectos
antimicrobianos que el gel de quitosan sin farmacos (Logio reduction ~ 2.0). Ademas,
un efecto sinérgico fue encontrado con el gel de quitosan que contenia mononitrato de
isosorbida (60 ppm) y CIP contra la biopelicula de S. aureus ATCC 25923 (Log1o
reduction ~ 4.0). Otros estudios han descrito la sintesis de geles de quitosan cargados
con deferiprona (Def, 20 mM) y galio protoporfirina IX (GaPP, 100 o 500 ppm), solos y
en combinacion con CIP (5 ppm). La actividad antibiopelicula se estudio por el modelo
de colonia contra un panel de bacterias Gram positivas (S. aureus ATCC 25923, un
aislado clinico de S. aureus resistente a meticilina y S. epidermidis ATCC 12228) y
Gram negativas (Pseudomonas aeruginosa PAO1, un aislado clinico de P. aeruginosa
y A. johnsonii ATCC 17946). En general, los resultados mostraron que el gel que
contenia Unicamente Def tenia baja actividad antibiopelicula contra todos los
microorganismos, mientras que el gel que contenia Unicamente GaPP fue
concentracion y muestra dependiente. Por otro lado, la combinacién Def-GaPP fue
necesaria para inhibir el crecimiento de manera significativa de P. aeruginosa (Log1o
reduction de 3.3). La triple combinacién (Def-GaPP-CIP) supero la actividad
antibiopelicula de los compuestos individuales.

Las diferencias en la actividad antibiopelicula podrian estar relacionadas con el tipo de
microorganismo, el volumen del in6culo, los agentes embebidos en la matriz del
polimero, asi como, el volumen de gel utilizado para el tratamiento de la biopelicula.
Sin embargo, los resultados sugieren que nuestras formulaciones poseen mejor
actividad antibiopelicula y son biocompatibles con FDH.

El uso de otras nanoparticulas metéalicas para inhibir el desarrollo de biopeliculas
también ha sido investigado. Bermudez-Jiménez y cols. embebieron nanobarras de

oro (AuNRs) en un hidrogel de quitosan y probaron su actividad antimicrobiana contra
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una biopelicula multiespecie de Enterococcus faecalis ATCC 29212 y Streptococcus
oralis ATCC 25175. Los resultados mostraron que su formulacion es capaz de inhibir
drasticamente la biopelicula multiespecie (Logio reduction de 10) cuando el consorcio
microbiano en presencia del hidrogel es irradiado con un laser ajustado en el espectro
infrarrojo cercano. En este caso, las diferencias en la actividad antibiopelicula podrian
estar asociadas con el tipo de metal, la forma de las nanoparticulas y el uso de
fototermia.

En este estudio, la biocompatibilidad de las formulaciones se evalio mediante el
ensayo de calceina — homodimero de etidio sobre FDH. Los resultados a las 24 h
mostraron que todos los hidrogeles exhibian valores de viabilidad celular mayores al
95%, mientras que con la SP menos del 1 % de las células se encontraron viables.
Estudios previos han reportado el efecto citotoxico de la SP sobre células eucariotas.
Alvarado-Gémez y cols. compararon la biocompatibilidad de geles elaborados a base
de pluronic F-127 cargados con diferentes concentraciones de AgNPs (62.5, 125y 250
ppm) contra la SP. A las 4 h de cultivo, la viabilidad de los FDH con los geles fue mayor
al 95 %, en contraste con la SP la cual mostr6 un alto efecto citotoxico (18%). Pérez-
Diaz y cols. también compararon el efecto citotoxico de sus geles de quitosan cargados
con diferentes concentraciones de AgNPs (100, 250, 500 y 1000 ppm) contra la SP.
Los resultados mostraron que la citotoxicidad de los geles sobre los FDH fue
dependiente de la concentracion de AgNPs. Sin embargo, todos los geles
proporcionaron menores efectos citotoxicos que la SP. En nuestro estudio, el
incremento en las concentraciones de los agentes antimicrobianos (AgNPs y AMP) no
afecto la viabilidad de los fibroblastos. Sin embargo, la morfologia celular se vio
alterada con el incremento de la concentracién de AgNPs. Lo anterior ha sido descrito
en otros estudios, por ejemplo, Hernandez-Rangel y cols. evaluaron la
biocompatibilidad de peliculas de quitosan con diferentes concentraciones de AgNPs
sobre FDH durante 2 y 8 dias. Los autores concluyen que altas concentraciones de
AgNPs (0.136 y 0.573 % pl/v) afectan la forma fusiforme de los fibroblastos y sus

propiedades de adhesion.
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5. CONCLUSIONES

Los hidrogeles formulados fueron biocompatibles con FDH y capaces de inhibir la

formacion de biopeliculas de microorganismos multirresistentes. Los resultados

sugieren que el hidrogel con menores concentraciones de agentes antimicrobianos (H

25/50) podria ser utilizado como profilactico en pacientes con CVC, debido a su

actividad antimicrobiana de amplio espectro y biocompatibilidad con células

eucariotas. Sin embargo, mas estudios son necesarios para evaluar si el cambio en la

morfologia de los fibroblastos no afecta su proliferacion celular.
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Abstract

The treatment of infections in patients with central venous catheter (CVC) has become
a challenge for the healthcare services due to its association with biofilm-forming
bacteria. In order to avoid the biofilm formation in their early stages, strategies such as
antimicrobial coating and surface modifications of medical devices have been
proposed. The combination of silver nanoparticles (AgNPs) with natural polymers, such
as chitosan, are of great interest for their antimicrobial activity and biocompatibility,
respectively. The purpose of this study was to generate chitosan hydrogels loaded with
different concentrations of AgNPs and ampicillin (AMP) to prevent the early formation
of biofilms. Chitosan hydrogels were characterized using different analytical techniques
such as rheological test, fourier transform infrared (FTIR) spectroscopy, Raman
spectroscopy and scanning electron microscopy (SEM). The antibiofilm effect of the
different formulations was investigated against four representative multi-resistant
clinical isolates using the colony biofilm model. Furthermore, their cytotoxic effect was
evaluated on human dermal fibroblasts (HDF). The chitosan hydrogels proposed in this
work were able to inhibit the formation of biofilms of Acinetobacter baumannii (Log10
reduction of 10 + 0.01), Enterococcus faecium (Logl10 reduction of 8.9 + 0.02) and
Staphylococcus epidermidis (Log10 reduction of 7.8 + 0.13), while that of the increased
concentration of antimicrobial agents (250 ppm AgNPs and 500 ppm AMP) was crucial
to inhibit the biofilm of Enterobacter cloacae dramatically: Log10 reduction of 9.9 + 0.11.
On the other hand, the cell viability assay showed that all formulations were
biocompatible with HDF. The results suggest that chitosan hydrogels loaded with
AgNPs and AMP could be used as a prophylactic treatment in patients with CVC by
inhibiting the formation of biofilms in the early stages of treatment.

Keywords: Biofilm; Central venous catheter; Chitosan; Cytotoxicity; Silver

nanoparticles.
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1. Introduction

Microorganisms can adapt to adverse conditions, an example are the bacteria which
are characterized by developing antimicrobial resistance mechanisms in both ways, an
intrinsic (i.e., enzymatic inactivation or modification, increased efflux of the antibiotic
and target modification)® and an extrinsic one, such as biofilms formation. These
structures are defined as a consortium of microorganisms that grow in a matrix of
extracellular polymers®, which give them the ability to resist the host immune response
and antibiotic therapies®. The formation of biofiims has been detected on the human
body tissue surfaces and medical devices, such as ventilators, pacemakers, prosthesis,
urinary catheters and central venous catheters (CVC)* 9. The CVC are medical
devices used to inject nutritional solutions, blood products and medications® ), as well
as for hemodynamic monitoring of patients®. However, their use is associated with
complications, mainly thrombosis and sepsis® due to microbial colonization of the
device. Each year, approximately 80000 CVC-related bloodstream infections occur in
the intensive care units of the USA®), which has the consequence of an unfavorable
evolution of the patient, as well as an economic impact. The contamination of the CVC
can be intraluminal, associated with the administration of solutions and medications
contaminated, or extraluminal, due mainly to the colonization by skin microorganisms:
7). Depending on the origin of contamination of the device, the most frequently isolated
pathogens are Gram-positive cocci (GPC), such as coagulase-negative
Staphylococcus (CNS), S. aureus and Enterococcus spp, and less commonly, Gram-
negative bacilli (GNB) and Candida spp®®. The treatment of biofilm-associated
infections is a challenge for the healthcare services worldwide because high antibiotic
doses are required for a prolonged time. In order to avoid the formation of biofilms
in their early stages (bacterial adhesion), strategies such as antimicrobial coating and
surface modifications of medical devices have been proposed®. In this context,
hydrogels are materials synthesized from natural and biocompatible polymers (e.qg.
chitosan, gelatin and alginate) or synthetic polymers (e.g. polyethylene glycol,
polyacrylamide and polyvinyl alcohol)®?, whose main feature is its hydrophilic

nature*®, which allows the development of novel materials with antimicrobial properties
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by loading into its structure molecules, such as antibiotics, antifungals and metal
nanoparticles®®. One of the most used polymers for preparing hydrogels is chitosan
because of its biocompatibility and biodegradability properties®® 16). Recent studies
have incorporated metal nanoparticles (gold and silver) in chitosan hydrogels to
develop materials with antibacterial®” 18 and antibiofiim® properties. Silver
nanoparticles (AgNPs) are well known for their broad-spectrum antimicrobial activity,
however, their mechanism of action is not completely understood. Different studies
suggest that AgNPs can interact with the microbial cell wall and destabilize it,
generating reactive oxygen species (ROS) and binding to sulfhydryl groups of
biomolecules such as proteins and nucleic acids® 21, The incorporation of AgNPs in
hydrogels have benefits such as the increase of their biocompatibility and the decrease
of their toxicity®®. Furthermore, several studies have proposed the synergistic
combination of AgNPs and conventional antibiotics to combat multi-resistant
bacteria®®*?4), Some advantages of using synergistic combinations include the
potentiation of the antibacterial activity of old antibiotics, the reduction of toxic effects
by using low doses of antimicrobial agents and the prevention of the emergence of
multi-resistant strainsV. The recently studied synergistic effect between AgNPs and
two conventional antibiotics, ampicillin (AMP) and amikacin, showed interesting results.
The results showed that both combinations provide synergistic and partially synergistic
effects against multi-resistant uropathogens. However, AMP contributes to the
distribution of the AgNPs, generating more stable nanoparticles®).

In this study, we formulated chitosan hydrogels loaded with AgNPs and AMP to
evaluate the antimicrobial effect to prevent the early formation of biofilms of multi-
resistant pathogens. Firstly, the chitosan hydrogels were characterized by different
analytical techniques: rheological test, fourier transform infrared (FTIR) spectroscopy,
Raman spectroscopy and scanning electron microscopy (SEM). Then, the antibiofilm
effect of the chitosan hydrogels against four multi-resistant clinical isolates was studied,
and finally, the cytotoxic effects of these formulations on human dermal fibroblasts
(HDF) were evaluated.
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2. Material and methods
2.1 Synthesis of AgNPs
AgNPs were synthesized by dissolving 0.169 g of AQNO3 (Sigma-Aldrich) in 90 mL of

deionized water and this solution was placed in a 250 mL reaction vessel. Under
magnetic stirring, 10 mL of deionized water containing 0.1g of gallic acid (Sigma-
Aldrich) was added to the silver nitrate solution. After the addition of gallic acid, the pH
value of the solution was adjusted to 11 with NaOH 3 M (Baker). In order to purify the
AgNPs, the obtained dispersion was dialyzed using a dialysis membrane (12 kDa

molecular weight cut-off) during 24 h.

2.2 Characterization of AQNPs

AgNPs were characterized by ultraviolet-visible (UV-vis) spectroscopy using a S2000
UV-Vis spectrometer from Ocean Optics Inc. (Dunedin, FL, USA). In order to determine
the hydrodynamic diameter of the AgNPs, dynamic light scattering (DLS) was
performed in a Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern,
Worcestershire, United Kingdom) operating with a He-Ne laser at a wavelength of 633

nm, and a detection angle of 90°, all samples were analyzed for 60 s at 25 °C.

2.3 Formulation of the chitosan hydrogels

Seven chitosan hydrogels were prepared: a chitosan hydrogel without antimicrobial
agents (CH), one chitosan hydrogel loaded only with AgNPs (H 250) and another
loaded only with AMP (H 500), and four chitosan hydrogels loaded with different
concentrations of AgNPs and AMP. The formulations H 250 and H 500 were used for
the characterization of the chitosan hydrogels. All formulations were stored at 4 °C and
protected from light. AMP was chosen due to its broad-spectrum of action.
Furthermore, its combination with AgNPs provided a synergistic antibacterial activity

and inhibited the formation of biofilms.
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2.3.1 Chitosan hydrogel
1.75 g of chitosan (high molecular weight, 85% DD, Sigma-Aldrich) and 0.2 mL of
glycerol (Sigma-Aldrich) were added to 49.8 mL of 4% acetic acid (J. T. Baker) solution

in deionized water.

2.3.2 Chitosan hydrogels loaded with AgNPs and AMP
For the preparation of the chitosan hydrogels with AgNPs and AMP, the amount of

chitosan (1.75 g) and the volumes of glycerol (0.2 mL) and acetic acid (2 mL) were the
same, while the volumes (mL) of the AgNPs (1070 ppm) and AMP (1000 ppm),
represented by AgNPs/AMP, were the following: 1.2/2.5, 2.3/5, 4.7/10, 11.7/25, 11.7/0
and 0/25 mL in the formulation, replacing the volume of deionized water for the
formulations: H 25/50, H 50/100, H 100/200, H 250/500, H 250, and H 500, respectively
(Table 1).

Table 1. Concentrations of the different reagents used to prepare the chitosan

hydrogels.
Sample Chitosan AgNPs AMP
(% wiv) (ppm) (ppm)
CH 3.5 0 0
H 25/50 3.5 25 50
H 50/100 3.5 50 100
H 100/200 3.5 100 200
H 250/500 3.5 250 500
H 250 3.5 250 0
H500 3.5 0 500

2.4 Characterization of the chitosan hydrogels

In order to evaluate the effect of temperature and the presence of antimicrobial agents
(AgNPs and AMP) on the viscosity of the chitosan hydrogels, rheological
measurements were conducted at two temperatures (25 and 37 °C) in an Anton Paar
Physica MCR 501 rheometer (Anton Paar, Austria). The determination was carried out

using a CP50-2 (50 mm diameter, 2° cone) geometry and the shear rate increased from
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0.001 to 1000 s-1. Data was obtained through the RheoPlus Rheometer Software. The
chitosan hydrogels were freeze-dried for the spectroscopic and microscopy analysis.
The FTIR spectroscopy was carried out by using a Nicolet iS50 FT-IR spectrometer
(Thermo Scientific, USA) for investigating the intermolecular interactions between the
components of the formulations. A thin film sample was placed in the equipment and
the spectrum was recorded in the range of 400 to 4000 cm-1 with a resolution of 4 cm-
1 and 25 scans using the attenuated total reflection method which utilizes a diamond
crystal. Raman spectroscopy was used for studying the structural differences between
the CH and the formulations loaded with AgNPs and AMP. The analysis was carried
out by using a Thermo Scientific TruScan RM Handheld Raman Analyzer (Thermo
Fisher Scientific, USA) in the range of 3000 to 250 cm-1 with a 785 nm excitation
wavelength and a laser output of 350 mW. The surface morphological characteristics
of the chitosan hydrogels and the distribution of the AQNPs on these were investigated
using a scanning electron microscope JSM-6610LV (Jeol Ltd., Tokyo, Japan) coupled
to an energy dispersive X-ray spectrometer (EDS) OXFORD X-Max (Oxford
Instruments Ltd., UK) with the following detectors: an upper detector (secondary
electron imaging; SEI) and a backscattering electron detector (BEC). The accelerating
voltage was 8 - 12 kV. The samples (thin films of the chitosan hydrogels) were sputter-
coated with gold. The micrographs were taken at magnification levels of 1500, 6000
and 10000X.

2.5 Prevalence of clinical strains in bloodstream infections associated with CVC

The research protocol was approved by the Hospital Central “Dr. Ignacio Morones
Prieto” through the Hospital's Ethics and Science Committee (approval number 29-18).
A retrospective study was conducted to determine the microorganisms related to
infections in hospitalized patients with CVC at the Hospital Central “Dr. Ignacio
Morones Prieto” in the period from January 2017 to June 2018. The clinical strains used
in this study were the four most prevalent isolated from the patients. The sample
collection was performed following the guidelines of the American Society for

Microbiology standards and according to the ethics guidelines. The strains were
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isolated in solid medium conventional cultures and the identification and antimicrobial
susceptibility test of the planktonic form were realized using a VITEK®2 system. All
strains were cultured in Mueller Hinton Broth (BD Difco), and conserved at -20°C with
glycerol.

2.6 Antibiofilm evaluation

The antibiofilm activity of the chitosan hydrogels was evaluated against multi-resistant
clinical isolates (Acinetobacter baumannii, Enterobacter cloacae, Enterococcus
faecium and Staphylococcus epidermidis) by the colony biofilm model. A commercial
silver sulfadiazine 1 % cream (SSD; Argentafil®, Valeant®) was included in this study
as an inhibition positive control. Briefly, nylon membranes (47 mm diameter, 0.22 pm
pore size; Thermo Scientific) were sterilized by UV irradiation (15 min per side) and
then placed on agar trypticase soy medium (BD Difco). The membranes were
inoculated with 10 pL of a diluted 1:1000 stationary-phase planktonic culture
suspension (microorganism suspension at an ODeoo of 0.08). In order to determine the
antibiofilm effect of the chitosan hydrogels and the SSD, 60 pL of the treatments were
inoculated with the microorganism for 24 h at 37 °C. All experiments were performed
by triplicate, independently for each microorganism. After 24 h incubation, each
membrane-supported biofilm was placed in 9 mL of NaCl 0.85 % sterile solution and
vortexed (Thermolyne Maxi-Mix Il; Marshall Scientific) for 90 s. Suspension of bacteria
obtained from biofilms disaggregation were serially diluted in NaCl 0.85 % sterile
solution in ten consecutive dilutions from 1X10-3 to 1X10-10 v/v. Dilutions were plated
by triplicate on agar trypticase soy plates and incubated under conditions mentioned
above. The number of Colony Forming Units (CFU) were counted after 24 h of

incubation.

2.7 Viability evaluation

In order to know the cytotoxic behavior of the chitosan hydrogels, a cell viability assay
was performed on human dermal fibroblast (HDF). The consent and experimental
protocols for the cells isolation were reviewed and approved by the ethics committee
of the Instituto Nacional de Rehabilitacién Luis Guillermo Ibarra Ibarra in the project
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number 26/13. HDF were obtained from aesthetic surgeries with the previous signature
of an informed consent. Briefly, the epidermis was separated from the dermis using
dispase (SIGMA) during 8 h; the dermis was treated during 4 h with collagenase |
(Worthington Biochemical) to obtain the HDF. Finally, the cells were cultured with
DMEM-F12 (Dulbecco’s Modified Eagle Medium; GIBCO) supplemented with 10 %
FBS (fetal bovine serum; GIBCO) and 1 % penicillin/streptomycin (GIBCO) and
maintained in an incubator at 37 °C and 5 % CO2. Passage 10 was used for this assay.
Viability of HDF were evaluated by detection of calcein and ethidium homodimer (EthD-
1) using a LIVE/DEAD® Viability/Cytotoxicity for mammalian cells kit (Thermo)
following manufacturer’s protocol. 48 well culture dishes were pretreated by triplicate
with a homogeneous layer of the different treatments (30 pL of CH, H 25/50, H 50/100,
H 100/200, H 250/500, H 250, H 500 or SSD) and dried inside a security cabinet type
Il for 12 h. After the pretreatment of the culture dishes, 20000 cells were seeded onto
the plates for 24 h at 37 °C and 5 % CO2. HDF treated with 100 uL of ethanol were
used as a negative control (calcein negative cells), and untreated cells were used as
positive control (calcein positive cells). After 24 h, cells were incubated for 30 min at 37
°C with 2 uM calcein AM and 2 uM EthD-1. Calcein fluorescent signal was observed
with a fluorescein band pass filter and EthD-1 with a Texas red filter. Images were
captured and analyzed using an Axio-Observer.Al1 microscope (Carl Zeiss, USA) and
the software AxioVision Release 4.8.2. Calcein/EthD-1 (alive/dead) positive cells and
total number of cells were counted using ImageJ software.

2.8 Statistical analysis

All experiments were repeated at least three times. The CFU recorded for each
treatment was Logio-transformed. Results are expressed as the mean + standard
deviation (SD). All data was analyzed by one-way ANOVA followed by Dunnett’s T3
post-hoc, using SPSS 23.0 (IBM, New York, NY, USA). A value of p < 0.05 was
considered statistically significant.
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3. Results
3.1 Characterization of AQNPs

The UV-vis spectrum revealed a peak at a wavelength of 413 nm corresponding to
surface plasmon resonance (SPR) of AgNPs (Fig. 1a). DLS showed AgNPs with an
average hydrodynamic diameter of (+ SD) 5.21 + 0.65 nm (Fig. 1b).
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Fig. 1 Characterization of silver nanoparticles (AgNPs).

a) Surface Plasmon Resonance (SPR), b) Dynamic Light Scattering graphic.

3.2 Characterization of the chitosan hydrogels

3.2.1 Rheological test

The chitosan hydrogels were characterized by their rheological behavior as a function
of temperature and concentration of antimicrobial agents. Fig. 2 shows that the
viscosity decreased when the shear rate was increased, which indicates that the
hydrogels formulated were typical non-Newtonian fluids with pseudoplastic or shear-
thinning behavior. The results revealed that the increase of temperature (Fig. 2b) and
the increase of the concentration of antimicrobial agents (AgNPs and AMP) did not
change the viscosity of the chitosan hydrogels sharply.
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Fig. 2 Rheological behavior of the unloaded and loaded with silver nanoparticles (AgNPs) and

ampicillin (AMP) chitosan hydrogels determined at two temperatures. a) 25 °C and b) 37 °C.

3.2.2 FTIR spectroscopy

Fig. 3 shows the FTIR spectra of the reagents (chitosan and AMP) as well as that of
the formulated chitosan hydrogels. The spectrum of chitosan showed a broad band
around 3355-3285 cm corresponding to O-H and N-H stretching vibrations. The bands
at 2897 and 2870 cm* were attributed to C-H stretching. The peaks at 1648 and 1561
cm® were due to C=0 stretching of the amide |, and N-H in-plane bending vibration of
the amide I, respectively. Moreover, the bands at 1420 and 1374 cm were assigned
to in-plane bending vibrations of the groups -CH2 and -CHs. The peak at 1149 cm™ was
attributed to the combination of N-H deformation and C-N stretching of the amide IlI.
Furthermore, the bands at 1059, 1025 and 894 cm™ were assigned to asymmetric
stretching of C-O-C bridge, C-O stretching vibration and vibration associated to
saccharine structure, respectively. On the other hand, the spectrum of AMP exhibited
a band at 3294 cm corresponding to N-H asymmetric stretching. The peak at 3061
cm* was attributed to =C-H. The bands at 2965 and 2930 cm™* were due to -CHs. The
peak at 1758 cm™ corresponded to carbonyl group (C=0) stretching. Moreover, the
bands at 1592 and 1454 cmt were attributed to C=C stretching. The spectra of the
formulated chitosan hydrogels showed bands with similar frequencies and shapes to
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the spectrum of the chitosan. However, all formulations revealed a shift of the band
corresponding to stretching vibrations of the functional groups OH and NH2, from 3355-
3285 cm to lower wavenumbers (around 3250-3200 cm). This suggests that the
AgNPs and AMP interact with the chitosan through these functional groups.
Furthermore, the intensity of the peaks rose with the increasing concentration of
AgNPs.
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Fig. 3 Fourier transform infrared (FTIR) spectra of chitosan, ampicillin (AMP) and chitosan
hydrogels loaded with silver nanoparticles (AgNPs) and AMP.

3.2.3 Raman spectroscopy

The Raman signals were assigned as follows (Fig. 4): the peak at 2850 cm™ was
attributed to -CHz2 stretching vibration; the band at 1461 cm™ was assigned to in-plane

and out-of plane bending combined vibrations of several functional groups: C-H, O-H
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and -CH, respectively; the peak at 1327 cm* was due to C-N stretching vibration and
C-H in-plane bending vibration; the band at 1156 cm™ was due to alicyclic chain
stretches, the peak at 899 cm™ was attributed to stretching vibration of pyranoid ring;
and the band at 458 cm! was assigned to out-of plane bending vibrations of pyranoid
ring and O-H. Again, the Raman spectra of the chitosan hydrogels loaded with
antimicrobial agents showed similar signals to the spectrum of the CH, and no new
peaks were observed. The results of the spectroscopic analysis suggest that non-
covalent linkages were formed between the chitosan network and the antimicrobial
agents (AgNPs and AMP).
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Fig. 4 Raman spectra of the unloaded and loaded with silver nanoparticles (AgNPs) and ampicillin
(AMP) chitosan hydrogels.
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3.2.4 SEM

SEM micrographs are shown in Fig. 5. The analysis revealed that the surfaces of the
CH and H 500 were clear and cracked (Fig. 5a, g). On the other hand, the results
showed that the AgNPs (brighter points) were well distributed into the chitosan network
(Fig. 5b-f), however, the chitosan hydrogel with the highest AMP concentration showed
a dense accumulation of AgNPs (Fig. 6b). EDS analysis was used for confirming that

the observed particles consisted of silver (Fig. 6¢,d).

a) CH b)H25/50 ¢)H50/100 d)H 100/200 e) H250/500  f) H 250 g) H 500

1500X

,a\
.

6000X

10000X

K- ﬂw){

Fig. 5 Characterization of the chitosan hydrogels by Scanning Electron Microscopy (SEM). Figure

shows representative micrographs taken in secondary electron imaging (SEI) of a) CH, b) H 25/50, c) H
50/100, d) H 100/200, e) H 250/500, f) H 250 and g) H 500 at magnification level of 1500, 6000 and
10000X.
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Fig. 6 Analysis by energy dispersive X-ray spectrometry (EDS). Figure shows representative
micrographs taken in backscattering electron detector (BEC) of a) H 250 and b) H 250/500. Graphs show
EDS analysis of ¢c) H 250 and d) H 250/500.

3.3 Prevalence of CVC-related bloodstream infections

The results are shown in Table 2. Briefly, a total of 494 samples of CVC tips were
processed, of which 163 (33 %) were positive for microbial growth, from which 131 (80
%) were mono-species microbial cultures. The most prevalent pathogens were
coagulase-negative Staphylococcus (42 %), followed by Candida spp (12 %),
Pseudomonas spp (11 %) and Staphylococcus aureus (11 %). On the other hand, only
20 % of the positive samples were multi-species microbial cultures, and the most
frequent microbial consortia was Gram-positive cocci (GPC) with Gram-negative
bacillus (GNB).
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Table 2. Prevalence of isolated microorganisms from central venous catheter (CVC).

Processed samples 494
Samples with positive growth 163 (33%)
Mono-species 131 (80%)
GPC

Enterococcus spp 4 (3%)
Staphylococcus aureus 15 (11%)
CNS 55 (42%)
GNB

Acinetobacter baumannii 7 (5%)
Enterobacter cloacae 2 (2%)
Klebsiella pneumoniae 4 (3%)
Pseudomonas spp 14 (11%)
Yeasts

Candida spp 16 (12%)
Other bacteria 14 (11%)
Multi-species 32 (20%)
GPC/GPC 6 (19%)
GNB / GNB 3 (9%)
GPC/GNB 12 (38%)
GPC/ Yeast 5 (16%)
GNB / Yeast 4 (13%)
GPC/GNB / Yeast 2 (6%)

CNS: coagulase-negative Staphylococcus; GPC: Gram-positive cocci; GNB: Gram-negative bacillus.

3.4 Clinical strains

All bacteria strains used in this study were multi-resistant and extensively drug-resistant
microorganisms: carbapenem-resistant A. baumannii, E. cloacae resistant to beta-
lactam antibiotics, vancomycin-resistant E. faecium and oxacillin-resistant S.
epidermidis (Table S1).

3.5 Antibiofilm evaluation

The property of the chitosan hydrogels to inhibit biofilm formation was evaluated by the
growth of multi-resistant clinical isolates. The results showed that the formulations have
a different antibiofilm activity, depending on the concentration of antimicrobial agents
(AgNPs and AMP), as well as bacteria strains tested (Fig. 7). In general, all chitosan
hydrogels loaded with AgNPs and AMP were able to inhibit biofilm formation, however,
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dramatically eradication of E. cloacae was only possible with the chitosan hydrogel that
contained the highest concentrations of antimicrobial agents (H 250/500). Moreover,
the CH showed a better antibiofilm activity that SSD.
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Fig. 7 Antibiofilm effect of different treatments. a: p <0.0001, b: p<0.01 and c: p < 0.05 vs control;
AVOVA, Dunnett’s T3 post-hoc.

3.6 Viability evaluation

The cytotoxic effect of the chitosan hydrogels was evaluated on HDF, using the calcein-
EthD-1 assay (Fig. 8). The results revealed that the effect of the formulations on cell
viability was independent of the concentration of antimicrobial agents (AgNPs and
AMP). However, by increasing the concentration of AgNPs it is possible to see
morphological changes in the cells (Fig. 8a). In general, all formulations at the

concentration tested showed good biocompatibility with the HDF. At 24 h of culture, all
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the formulations showed viability percentages higher than 95 %, while with the SSD,
less than 1 % of the cells were viable (Fig. 8b). On the other hand, Fig. 8c shows that
there were a higher number of dead cells with the CH than with the chitosan hydrogels
containing AgNPs and AMP in their structure.
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Fig. 8 Cell viability of human dermal fibroblasts (HDF) exposed to different treatments.

a) Representative micrographs of cell viability assays at 24 h of culture; live cells (calcein positive cells)
are marked in green and dead cells (EthD-1 positive cells) are marked in red. b) Cell viability percentage
for each experimental condition. ¢) Total number of cells (live and dead). * p < 0.01, *** p < 0.0001 vs
control (CTL); AVOVA, Dunnett’s T3 post-hoc.

4. Discussion

The treatment of infections related to medical devices represents a worldwide
challenge due to its association with multidrug-resistant and biofilm producing bacteria.
In order to prevent the microbial colonization of medical devices, several studies have
proposed the development of materials with antimicrobial and antiadhesive

properties®. In this context, hydrogels could be used as carrying systems of
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antimicrobial agents™ and coating materials due to their biocompatibility
characteristics*®),

In the present study, the use of chitosan hydrogels loaded with AQNPs and AMP to
prevent the formation of biofilms in their early stages was proposed. Both antimicrobial
agents have been previously studied independently®® 26) and in combination®4 25 27),
however, this is the first study that incorporates AgNPs and AMP in a chitosan hydrogel
with potential antibiofilm activity.

The AgNPs were synthesized by a chemical reduction method, obtaining particles with
a hydrodynamic diameter of approximately 5 nm and a SPR of 413 nm (Fig. 1),
characteristic of nanometric silver®®). Different concentrations of AgNPs and AMP were
used for the preparation of the chitosan hydrogels (Table 1). The surface morphological
characteristics of the chitosan hydrogels and the distribution of the AgNPs in these
were studied using SEM. In general, the micrographs showed that the formulations
were clear and cracked, and that the AgNPs were well distributed in the chitosan
network (Fig. 5). EDS analysis was used to define the surface elemental composition
of the observed particles, where portions of the sample that showed dense
accumulation of particles were selected and magnified. The spectra revealed the
presence of elemental peaks for carbon (C), oxygen (O) and silver (Ag) at ~0.2 keV,
~0.5 keV and ~3.0 keV, respectively. The peaks of C and O correspond to the chitosan
matrix, whereas the Ag peak ensured the incorporation of AgNPs into the polymer
network (Fig. 6). The rheological analysis showed that the viscosity of the chitosan
hydrogels decreases with the increase of shear rate (Fig. 2), indicating a non-
Newtonian pseudoplastic behavior, which is characteristic of polysaccharide solutions
with high molecular weight®®. This behavior could be advantageous for its use on the
surfaces of medical devices, by facilitating its application and avoiding the hydrogel to
flow from the application site@” 30. 31 Fyrthermore, the rheograms showed that the
incorporation of antimicrobial agents and the increase in temperature do not influence
the viscosity of the chitosan hydrogels (Fig. 2b). On the other hand, the spectroscopic
analysis (FTIR and Raman spectroscopy) was carried out to study the intermolecular

interactions between the components of the formulations. When comparing the spectra,
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no formation of new bands or absence of peaks were observed. Therefore, the results
suggest that there are no covalent bonds between the antimicrobial agents and the
chitosan network (Fig. 3 and 4). However, the AgNPs and the AMP could be interacting
with the hydroxyl (OH) and amino (NH2) functional groups of the polymer through
hydrogen bonds®®, which do not drastically alter the structure of the chitosan. Our
results agree with that reported in previous studies, where the spectroscopic analysis
revealed that metal nanoparticles (Au and Ag) do not form covalent bonds with the
polymer network (chitosan-siloxane) or affect its structure®2.

The antibiofilm activity of chitosan hydrogels was studied against a panel of multi-
resistant and extensively drug-resistant clinical isolates by the colony biofilm model.
The SSD was chosen as a positive inhibition control, because it is one of the main
antiseptics used in the coating of CVC® ° 10 The results showed that the CH had a
greater antibiofilm effect than the SSD on the biofilms of A. baumannii (p = 0.07), E.
faecium (p < 0.05) and E. cloacae (p < 0.05). On the other hand, the chitosan hydrogels
formulated with AQNPs and AMP were able to dramatically inhibit the biofilm formation
of A. baumannii (Logio reduction of 10 = 0.01), E. faecium (Logio reduction of 8.9 +
0.02) and S. epidermidis (Logio reduction of 7.8 £ 0.13). However, to inhibit the biofilm
of E. cloacae (Logio reduction of 9.9 + 0.11), the increase in the concentrations of
antimicrobial agents was crucial (Fig. 7). Previous studies have reported the synthesis
of chitosan gels loaded with different concentrations of isosorbide mononitrate (ISMN)
and with a constant concentration of ciprofloxacin (CIP, 5 ppm). Their antibiofilm activity
was studied by the colony biofilm model against S. aureus ATCC 25923. Results of this
study showed that gels loaded only with ISMN (10 or 60 ppm) had better antimicrobial
effects than chitosan gel without drugs (Logio reduction ~ 2.0). Moreover, a synergistic
effect was found with the chitosan gel loaded with ISMN (60 ppm) and CIP against the
biofilm of S. aureus ATCC 25923 (Logio reduction ~ 4.0)@Y. Other studies have
described the synthesis of chitosan gels loaded with deferiprone (Def, 20 mM) and
gallium-protoporphyrin IX (GaPP, 100 or 500 ppm), alone and in combination with CIP
(5 ppm). Antibiofilm activity was studied by the colony biofilm model against a panel of

Gram-positive bacteria (S. aureus ATCC 25923, a clinical isolate of S. aureus resistant
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to methicillin and S. epidermidis ATCC 12228) and Gram-negative bacteria
(Pseudomonas aeruginosa PAO1, a clinical isolate of P. aeruginosa and A. johnsonii
ATCC 17946). In general, the results showed that the gel loaded only with Def had low
activity against all biofilms, while the gel loaded only with GaPP was concentration and
sample dependent. On the other hand, the Def-GaPP combination was necessary to
inhibit the growth of P. aeruginosa significantly (Logio reduction of 3.3). The triple
combination (Def-GaPP-CIP) exceeded the antibiofilm effect of the individual
compounds®. The differences in antibiofilm effect could be related to the type of
microorganism, the volume of the inoculum, the agents embedded in the polymer
matrix, as well as the volume of gel used to treat the biofilm. However, the results
suggest that our formulations possess better antibiofilm effect and are biocompatible
with HDF.

The use of other metal nanoparticles to inhibit the development of biofilms has also
been investigated. Bermudez-Jiménez et al. embedded gold nanorods (AuNRS) in a
chitosan hydrogel and tested their antimicrobial activity against a multi-species biofilm
of Enterococcus faecalis ATCC 29212 and Streptococcus oralis ATCC 25175. The
results showed that the formulation was able to completely inhibit the multi-species
biofilm (Logio reduction of 10) when the microbial consortium in the presence of the
hydrogel was irradiated with a laser adjusted at the near infrared spectrum®4. In this
case, the differences in antibiofilm effect could be related to the type of metal, the shape
of the nanoparticles and the use of photothermia.

In this study, the biocompatibility of the formulations was evaluated by calcein-EthD-1
assay on HDF. The results at 24 h showed that all chitosan hydrogels exhibited cell
viability values higher than 95 %, while with SSD less than 1 % of the cells were viable.
Previous studies have reported the cytotoxic effect of SSD on eukaryotic cells.
Alvarado-Gomez et al. compared the biocompatibility of pluronic F-127-based gels
loaded with different concentrations of AgNPs (62.5, 125 and 250 ppm) against the
SSD. At 4 h of culture, the viability of the HDF with the gels was greater than 95 %, in
contrast to the SSD which showed a high cytotoxic effect (18 %)®). Perez-Diaz et al.

also compared the cytotoxic effect of their chitosan gels loaded with different
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concentrations of AgNPs (100, 250, 500 and 1000 ppm) against the SSD. Results of
this study showed that the cytotoxicity of the gels on the HDF was dependent on the
concentration of AgQNPs. However, all the gels provided less cytotoxic effects than the
SSD®9), In our study, the increase in the concentrations of antimicrobial agents (AgNPs
and AMP) did not affect the viability of the HDF. However, the cell morphology was
altered with the increase of the concentration of AQNPs. The above results have been
described in other studies, for example, Hernandez-Rangel et al. evaluated the
biocompatibility of chitosan films with different concentrations of AQNPs on HDF during
2 and 8 days. The authors concluded that high concentrations of AgNPs (0.136 and
0.573 wt %) affect the fusiform shape of the HDF and their adhesion properties),

5. Conclusion

The formulated chitosan hydrogels were biocompatible with HDF and able to inhibit the
formation of biofilms of multi-resistant microorganisms. Results suggest that the
chitosan hydrogel with lower concentrations of antimicrobial agents (H 25/50) could be
used as a prophylactic in patients with CVC, due to its broad-spectrum antimicrobial
activity and biocompatibility with eukaryotic cells. However, more studies are needed
to evaluate whether the change in the morphology of the HDF does not affect their cell

proliferation.
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Supplementary materials

Table S1. Resistance profile of the set of clinical strains.

MIC Breakpoints (ug/mL)

Antibiotic : GNB GPC
Acinetobacter Enterobacter Enterococcus Staphylococcus
baumannii cloacae faecium epidermidis
Amikacin 264 (R) <2(8) - -
Ampicillin - 232 (R) 232 (R) -
Ampicillin/Sulbactam 232 (R) 232 (R) - -
Aztreonam 264 (R) =64 (R) - -
Cefazolin - 264 (R) - -
Cefepime 264 (R) <1(8) - -
Ceftriaxone 264 (R) 264 (R) - -
Ciprofloxacin 24 (R) <0.25(S) 28 (R) 28 (R)
Clindamycin - - - 24 (R)
Daptomycin - - - 0.5 (S)
Doxycycline - - 1() 2(S)
Ertapenem - <0.5(S) - -
Erythromycin - - 28 (R) 28 (R)
Gentamicin =216 (R) <1(S) - 216 (R)
Levofloxacin - - 28 (R) 28 (R)
Linezolid - - 2(S) 1(S)
Meropenem 216 (R) £0.25(S) - -
Moxifloxacin - - - 4 (R)
Oxacillin - - - 24 (R)
Piperacillin/Tazobactam =128 (R) =128 (R) - -
Rifampicin - - - £05(S)
Tetracycline - - 216 (R) 4(S)
Tigecycline 2(S) 2(S) £0.12(S) £0.12(S)
Trimethoprim/Sulfamethoxazole 160 (R) <20 (S) - 80 (R)
Vancomycin - - 232 (R) 1(S)

GNB: Gram-negative bacillus; GPC: Gram-positive cocci

MIC: Minimal Inhibitory Concentration; S: Susceptible; I: Intermediate; R: Resistant
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