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RESUMEN 

 
 En el desarrollo de esta investigación doctoral se realizó la síntesis de 

nanopartículas metálicas, de oro y plata, siguiendo dos métodos de síntesis: la 

síntesis verde, utilizando como agente reductor un extracto de Mimosa tenuiflora y 

la síntesis química donde el agente reductor es la molécula orgánica de 

resveratrol.  

 

 Los productos obtenidos se caracterizaron mediante distintas técnicas: 

Espectroscopía UV-Vis, infrarroja (FTIR), raman, resonancia magnética nuclear 

de protón (RMN), se determinó la estabilidad mediante de electroforesis, 

obteniendo el potencial Z (𝜁) y mediante dispersión dinámica de duz (DLS) se 

obtuvo el radio hidrodinámico de los nanomateriales.  

 

 La caracterización microestructural se realizó mediante microscopía 

electrónica de transmisión (TEM), difracción de área selecta (SAED) y energía 

dispersiva de rayos X (EDS). Se hicieron evaluaciones de toxicidad celular en 

células HUVEC.  

 

 Dentro de los resultados obtenidos se pudo comprobar que con ambas 

rutas de síntesis se obtuvieron nanopartículas metálicas, pudiendo controlar su 

tamaño, únicamente al variar la relación precursor reductor en la síntesis. Es 

posible realizar una síntesis química de bajo impacto ecológico, controlando esta 

relación y utilizando una menor cantidad de solventes.  

 

 Se realizó una síntesis verde de nanopartículas de oro utilizando la Mimosa 

tenuiflora como agente reductor, obteniendo materiales con una baja 

polidispersidad que son propicios a utilizarse en aplicaciones biológicas. La 

síntesis es de bajo impacto ecológico y de bajo costo.   
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ABSTRACT 

 
 In this doctoral research, the synthesis of metallic nanoparticles, gold and 

silver was carried out, following two synthesis methods: the green synthesis, using 

an extract of Mimosa tenuiflora as a reducing agent and the chemical synthesis 

where the reducing agent is the Resveratrol, a organic molecule. 

 

The products obtained were characterized by different techniques: UV-Vis 

Spectroscopy, infrared (FTIR), raman, proton nuclear magnetic resonance (NMR). 

The stability was determined by (ζ) Z potential and the size were obtained by 

dynamic light scattering (DLS). 

 

The microstructural characterization was performed by transmission 

electron microscopy (TEM), select area diffraction (SAED) and energy dispersive 

X-rays (EDS). Cellular citotoxicity assessments were made on HUVEC cells. 

 

Among the results obtained, they highlight that with both synthesis routes, 

metallic nanoparticles are needed, controlling their size, only making variations in 

the precursor-reducer ratio of the synthesis. It is possible to carry out a chemical 

synthesis with a low ecological impact, controlling this relationship and using a 

smaller amount of solvents. 

 

A green synthesis of gold nanoparticles was carried out using Mimosa 

tenuiflora as a reducing agent, obtaining materials with a low polydispersity that 

are suitable for use in biological applications. The synthesis is of low ecological 

impact and low cost.  
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INTRODUCCIÓN 
 

 El desarrollo de la nanotecnología es un tema que ha ocupado a la 

comunidad científica desde algunas décadas atrás. En la década de los setenta 

Norio Taniguachi lo utilizó para referirse a la ingeniería de materiales 

nanométricos, que va desde la síntesis, diseño y aplicación de estos [1]. 

  

 El gran interés en su desarrollo recae en la capacidad que tienen los 

materiales nanométricos de diferenciarse de los materiales a escala normal. La 

diferencia, en estas propiedades, se asocia al tamaño, al área superficial y a la 

posibilidad de funcionalizarlos con otras moléculas o compuestos que los 

proveen de características únicas.  

 

 La posibilidad de llevar estos materiales hasta aplicaciones que resuelvan 

problemáticas actuales, tales como la contaminación de aguas, el bajo efecto de 

algunos medicamentos, la mejora de imágenes de diagnóstico es lo que 

mantiene el interés de la comunidad científica en su diseño y funcionalización.  

En ese sentido, se buscan rutas de síntesis que den como resultados productos 

estables.   

 

 En particular las nanopartículas (NPs) de metales nobles, como el oro y la 

plata, son de gran importancia en diferentes áreas de aplicación como catálisis 

[2], sensores [3], electrónica [4] y medicina [5]. 

 

 La síntesis de NPs metálicas utilizando extractos de plantas naturales, 

conocida también como síntesis verde, es un método ecológicamente amigable, 

que permite la obtención de las NPs en un solo paso, ya que el extracto natural, 

actúa como agente reductor y al mismo tiempo estabilizante [6].  

  

 Por lo que, en este trabajo, se desarrollan, tanto la síntesis verde como la 
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síntesis química de bajo impacto. Al utilizar estos métodos de síntesis, se 

obtienen materiales que resultan con un atractivo mayor para las aplicaciones 

biológicas, lo que permite recubrir las nanopartículas con estos materiales y 

proveerlas de características adicionales, que resultan más atractivas.  

 

 Derivado del trabajo de investigación durante el doctorado se publicaron 

dos artículos, por lo que según los lineamientos establecidos en el programa se 

accede a una opción de titulación distinta, donde la tesis desarrollada es 

modificada con una versión donde se agregan los artículos publicados. Ese es el 

formato que sigue el presente documento de tesis.  
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OBJETIVOS 

 
 

Objetivo General 
 

Sintetizar y caracterizar NPs metálicas de oro y plata con síntesis verde y síntesis 

química, así como evaluar su citotoxicidad. 

 

 

Objetivos Específicos 

 

• Obtener el extracto de la corteza de Mimosa tenuiflora. 

• Caracterizar el extracto de la corteza de Mimosa tenuiflora. 

• Realizar la síntesis verde de NPs de oro utilizando el extracto de de Mimosa 

tenuiflora. 

• Caracterizar NPs de oro. 

• Caracterizar la molécula de resveratrol. 

• Sintetizar NPs de plata utilizando la molécula de resveratrol. 

• Caracterizar NPs de plata. 

• Determinar citotoxicidad de los nanomateriales obtenidos. 
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JUSTIFICACIÓN 
 

 

Las NPs metálicas, de oro y plata, tienen un gran potencial de uso en distintas 

aplicaciones médicas, especialmente cuando se funcionalizan con fármacos o se utilizan 

para el mejoramiento de imágenes de diagnóstico. Especialmente las NPs de plata se 

han reportado como antibacterianas. Considerando, las posibles aplicaciones biomédicas 

que se les da, es de gran importancia realizar una síntesis con la menor cantidad de 

productos químicos que representan un problema para la salud, como los estabilizadores 

típicamente utilizados, o bien realizar síntesis químicas con una menor cantidad de 

productos tóxicos.  

 

Los agentes reductores en la realización de la síntesis de las nanopartículas son: 

el extracto de Mimosa tenuiflora es un compuesto que ha sido ampliamente utilizado en 

la medicina tradicional de distintos países como tratamiento a algunos tipos de lesiones 

como quemaduras, ya que ayuda a la cicatrización y se le asocian propiedades 

antibacteriales y el resveratrol es una molécula de alto interés biológico por su alta 

capacidad antioxidante, es antibacterial, cardioprotector, entre otras. 

  

En este trabajo se estudiaron dos rutas de síntesis de NPs metálicas y se 

caracterizaron los productos obtenidos por distintas técnicas. También se llevaron a cabo 

pruebas de citotoxicidad e internalización celular.  
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HIPÓTESIS 
 

 

La síntesis verde de NPs metálicas permite un proceso más limpio, sin el uso de 

agentes estabilizadores o reductores tóxicos. El control de tamaño de las NPs puede 

darse a través de variaciones en la relación precursor:reductor. 

La síntesis química de NPs puede ser mejorada, reduciendo la cantidad de 

solventes utilizados y agentes estabilizadores externos, haciendo uso de moléculas con 

alta capacidad antioxidante.   
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CAPÍTULO 1 

 

ANTECEDENTES 

 
 
1.1 Nanopartículas Metálicas 
 

Hoy en día, es bastante común escuchar sobre avances en el campo de los 

nanomateriales. La novedad de estos materiales es que, a escala nanométrica, es 

decir, 10−9 m, presentan propiedades distintas a las conocidas en bulto. Aunque 

existen diversas definiciones para el término nanotecnología, la más ampliamente 

aceptada, sitúa el tamaño de los nanomateriales entre 1 – 100 nm [7].  

  

En ese sentido, las NPs son materiales que tienen un tamaño situado en ese 

rango. Los principales metales utilizados para su fabricación son: oro [8-9], plata 

[10], paladio [11], cobre [12], hierro [13], entre otros.  

 

Actualmente, las NPs metálicas son ampliamente utilizadas en distintas áreas 

como biomedicina [14], ingeniería [15] y electrónica [16]. La principal ventaja de 

estos materiales es que pueden sintetizarse y modificarse con varios grupos 

funcionales químicos que les permiten adquirir propiedades adicionales [17] y por 

tanto conjugarse con anticuerpos, ligandos y fármacos de interés y, por lo tanto, 

abren una amplia gama de aplicaciones potenciales en biotecnología, separación 

magnética y preconcentración de analitos objetivo, dirigidos administración de 

fármacos y vehículos para la administración de genes y fármacos, así como poder 

ser utilizados en  imágenes de diagnóstico.  

 

En ese sentido, es importante utilizar métodos de síntesis de NPs metálicas 

que permitan, en el mismo proceso de síntesis, la funcionalización de las NPs. 
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1.2 Métodos De Síntesis De Nanopartículas 
 

La síntesis de NPs metálicas se realiza básicamente por dos 

aproximaciones top-down y bottom-up, las generalidades de ambas aproximaciones 

pueden observarse en la Figura 1 [18-19], mientras que el primero busca la 

obtención         de  NPs a partir de la división de un compuesto madre, por métodos físicos 

como la molienda, el segundo lo hace mediante el crecimiento de las NPs  a través de 

un átomo. 

 

 

 

Figura 1: Esquema de formación de las NPs siguiendo la aproximación top-

Síntesis de  
Nanopartículas  

Nucleación  
Polvo  

Átomos/Moléculas  

Material en 
bulto  

Síntesis de  
Nanopartículas  

Nucleación  
Polvo  

Átomos/Moléculas  

Material en 
bulto  

NPs 

NPs 

Bo
tto
m 
Up 

To
p 
Do
w
n  
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down o bottom-up. Adaptación de [19]. 

 
Es este último método el más utilizado para la producción de NPs, siendo la 

síntesis química la más popular, en donde se involucran productos que funcionan 

como agentes reductores y que generalmente resultan nocivos o no deseados en el 

producto final [20], pero que permiten un mejor control de parámetros determinados 

como el tamaño, la funcialización, la carga superficial, entre otros.  

 

Dentro de los métodos físicos para la formación de NPs, correspondiente a la 

aproximación top-down, podemos encontrar diversas técnicas como son: ablación 

por láser pulsado, plasma, irradiación por microondas, deposición química de 

vapor, fluidos supercríticos, entre otras, mientras que para la síntesis química, 

correspondiente a la aproximación bottom-up podemos encontrar  diversas 

vertientes como: reducción química de sales metálicas, síntesis electroquímica, 

descomposición térmica de sales metálicas y formación de micro emulsiones [21]. 

La importancia de las NPs recae en el poder de funcionalización que tienen, se 

pueden utilizar para múltiples aplicaciones que van desde fotónica, electrónica, 

magnetismo, censado químico y biológico, su aplicación en medicina y catálisis por 

mencionar algunos de ellos [6]. 

 
Las principales propiedades de las NPs metálicas se asocian al metal, su 

forma, el tamaño y funcionalización, por lo que es de gran importancia el control de 

su forma y tamaño, control que provee la síntesis química. Sin embargo y a pesar 

de los procesos de limpieza por el que pasan antes de llegar al producto final, las 

NPs tienen residuos de los agentes reductores que se utilizaron en su formación, 

que no son deseables en algunas de las aplicaciones antes mencionadas, sobre 

todo si nos referimos a las aplicaciones en áreas médicas; es por ello, que se 

buscan alternativas a este método, que ofrezcan al mismo tiempo, control de 

morfología, tamaño y NPs biocompatibles. 

 
Debido a esta preocupación de la comunidad científica y en la búsqueda por 
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encontrar productos biológicamente compatibles, surgen modificaciones a la 

síntesis química convencional, que si bien, funciona exactamente igual que el 

proceso de reducción química común, este se realiza a través del uso de agentes 

reductores no nocivos, de menor costo y fácil obtención, utilizando principalmente 

moléculas bioactivas con alta capacidad reductora o extractos de plantas. [22]. 

 

1.2.1 Síntesis verde  
 
 La síntesis verde, es una corriente de la química verde, que promueve la 

utilización de agentes reductores no tóxicos en la producción de nanomateriales [23]. 

Es un enfoque, de abajo hacia arriba, similar a la síntesis por reducción química, con 

la diferencia de que el agente químico reductor es reemplazado por extractos de 

plantas naturales [24], enzimas [25] o polisacáridos [26], que tienen propiedades 

inherentes de estabilización. Además, las NPs quedan recubiertas por el material. La 

relación entre los precursores metálicos y las entidades biológicas en diferentes 

concentraciones influye en el tamaño y la forma de las NPs. 

 

 Una de las principales razones por las que se prefiere la síntesis verde en la 

producción de NPs metálicas es que es un método más económico y limpio [27]. Los 

métodos químicos convencionales generalmente están compuestos por más de una 

especie o molécula química que podría aumentar la reactividad y toxicidad de las 

partículas y podría dañar la salud humana [28].  

 

 Algunos de los inconvenientes que se presentan en este método es la gran 

diversidad de aproximaciones, es decir, antes de encontrar la síntesis adecuada, hay 

que probar con distintas proporciones y no siempre un material, por ejemplo, un 

extracto de una planta se comporta igual a otro, a pesar de que sean de la misma 

especie. Los extractos, varían de acuerdo con el tiempo de extracción, la zona de la 

planta que se utilizó, si es fresca o se sometió a un proceso de secado, incluso 

varían de acuerdo con la zona geográfica de donde se recolecto.  

 

Las principales ventajas que presenta este método de síntesis son el uso de 



10  

productos naturales, baja nocividad y ecológicamente amigables por el bajo uso de 

solventes y productos químicos. El factor común en los artículos publicados donde 

se utilizan extractos de plantas como: Camellia sinensis [29], Curcuma longa [30], 

Aloe vera [31] o Rumex hymenosepalus [32] es la presencia de moléculas 

antioxidantes, que funcionan como el agente reductor en la síntesis de las NPs 

metálicas. Uno de los principales problemas a los que se enfrenta este método es 

que no solamente se utiliza la molécula que está funcionando como reductor, si no 

una mezcla de productos que si bien, son naturales, presentan la dificultad de tener 

un exceso de material orgánico en las NPs. 

 

1.2.2 Síntesis química 
 
 Las NPs pueden sintetizarse siguiendo distintos métodos fisicoquímicos [33]. 

Sin embargo, estos métodos generalmente requieren mucho capital debido al alto 

costo de los reactivos y presentan algunos inconvenientes, incluidos el uso de 

solventes tóxicos y la generación de subproductos peligrosos superficie [28]. 

 

 En general la síntesis de NPs por reducción química consiste en dos pasos 

[34]:  

1. El uso de agentes reductores como borohidruros, cítricos y ácidos oxálicos, 

polioles, peróxido de hidrógeno, sulfitos, entre muchos otros. Su función es 

proporcionar electrones para reducir los iones del metal, llevándolo así a su 

estado de oxidación 0. 

2. Se utilizan agentes estabilizadores como ligandos de azufre, ligandos de 

fósforo, polímeros, tensioactivos (en particular bromuro de cetiltrimetil amonio, 

CTAB) y otros [35]. Estabilizan NPs contra la agregación imputando una 

fuerza repulsiva que controla crecimiento de las NPs en términos de 

velocidad, tamaño final o forma geométrica. Es posible que el agente 

estabilizador sea la misma molécula que actúa como agente reductor [36]. 

 

La síntesis de nanomateriales es altamente sensible a cualquier variación en 

el proceso, lo que influye en factores como la agregación, el pH de la solución puede 



11  

cambiar el diámetro promedio y por tanto la distribución de tamaño. Otra cuestión 

importante es que el tamaño y la forma pueden influir en su función. Se ha reportado 

que el tamaño y la carga superficial de las NPs de oro determina la absorción a 

través barreras intestinales y acumulación en órganos diana secundarios después 

de la administración oral [37]. 

 

 Es por ello, sobre todo para aplicaciones biológicas, que se prefieren utilizar 

métodos de síntesis que estén libres de agentes tóxicos.  

 
 
1.3 Mimosa tenuiflora 

 
 La Mimosa tenuiflora, conocida también como tepezcohuite o jurema prieta, 

forma parte de la familia los Fabaceae [38], es un árbol espinoso grande nativo de 

Brasil, pero que crece en algunos países de Latinoamérica como México, donde 

crece en los estados de Oaxaca y Chiapas, principalmente.  La Figura 2 es una 

imagen de este árbol en su estado natural.  

 

 

Figura 2: Árbol de tepezcohuite en su hábitat natural [39].  

 

 Se utiliza tradicionalmente, pulverizando la corteza y colocando este polvo 

sobre heridas superficiales de la piel, ya que se le han asociado históricamente, 

propiedades cicatrizantes [40]. En Brasil, es común utilizarla para preparar una 
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bebida psicoactiva y embriagante, que forma parte de una ceremonia tradicional de 

los nativos, conocida como Yurema [41].  

 

 En la medicina tradicional se emplea como antiinflamatorio, antioxidante, 

cicatrizante y agente antimicrobiano [42]. También presenta propiedades 

alucinógenas debido a la presencia del alcaloide N,N-dimetiltriptamina (DMT) [43], el 

cual es una sustancia tóxica.  

 

 Recientemente, se ha probado su capacidad como antinociceptivo1 orofacial, 

asociando su eficacia con la presencia de compuestos antioxidantes. Estos 

compuestos pueden eliminar los radicales libres que se producen en los procesos 

nociceptivos y que son los encargados de modular el dolor [44]. 

  
1.4 Resveratrol 

 

El 3, 5, 4'-trihidroxi-trans-estilbeno, popularmente conocido como resveratrol 

es un estilbeno, un tipo de fenol, que se encuentra de manera natural en diversas 

plantas y en algunos frutos como: arándanos, frambuesas, moras y la piel de las 

uvas. En general, las plantas lo producen como respuesta al estrés del ambiente o 

ante la presencia de plagas [45]. 

 

Algunas propiedades asociadas al resveratrol son: cardioprotector [46], 

antiinflamatorio [47], anticancerígeno [48], anticoagulante [49], antialérgico [50], 

entre otras. 

 

Está formado por la unión de dos anillos fenólicos a través de un doble 

enlace estireno que da lugar a las formas isoméricas cis y trans del resveratrol, 

como se muestra en la Figura 3. El isómero trans es la forma más estable desde el 

punto de vista estérico [51]. 

 

 
1 Se refiere a la acción o proceso de bloquear la detección de un estímulo doloroso o dañino 
por las neuronas. 
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Algunas de las características fisicoquímicas del resveratrol son: 

• Insoluble en agua. 

• Fotosensible. 

• Temperatura de almacenaje: - 20 °C. 

• Peso molecular: 228.24 g/mol 

• Se encuentra en estado sólido. 
 

 

Figura 3: Estructuras químicas de los isómeros del resveratrol [51]. 

 
 

 
1.5 Aplicaciones de las nanopartículas metálicas  

 
Algunos investigadores predijeron que las NPs en un rango de tamaños de 

entre 1-10 nm, las NPs presentarían propiedades, que no son las que presenta el 

material en bulto ni el de las moléculas individuales [52], teniendo una fuerte 

dependencia en el tamaño de las NPs, su forma, la distancia entre ellas y la capa 

orgánica que las cubre, lo que va a repercutir directamente en las posibles 

aplicaciones de estas. 

 

Las NPs tienen un gran número de aplicaciones en áreas como 

electrónica, medicina, química, catálisis, óptica entre otras. Sus aplicaciones son 

tan variadas debido a las propiedades del material utilizado (oro, plata, zinc, titanio, 

carbono, polímeros) que a su vez se potencializan por sus tamaños nanométricos. 

Para la utilización como transportadores de fármacos, se buscan principalmente, 
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NPs que presenten propiedades magnéticas para casos en los que se 

pretende controlar a largo alcance, con tamaños que puedan introducirse en 

las estructuras celulares de interés y manipularse fácilmente, asegurando la 

entrega del fármaco en la zona afectada [53]. 

 
También se han utilizado NPs de diversos materiales como agentes 

catalizadores tales como el cobre, las aplicaciones de este tipo de partículas en 

nano catálisis son ciclo adición ácido-alcalina, reacciones de Ullman, 

electrocatálisis, fotocatálisis entre otras [54]. 

 
En particular las NPs de oro se han utilizado en procesos de reconocimiento 

molecular, sensores y catálisis, entre otros [55]. La síntesis de NPs de oro, desde 

una aproximación supramolecular, es decir, con enlaces no covalentes, ha resultado 

una buena estrategia en la producción de ellas, ya que las NPs generadas son 

mayormente estables, se han reportado síntesis que utilizan puentes de hidrógeno, 

enlaces π-π o interacciones de van der Waals [56]. 
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CAPÍTULO 2 

 

MATERIALES Y MÉTODOS 

 

 
2.1 “Spectroscopic analysis and nuclear magnetic resonance for silver 
nanoparticles synthesized with trans-resveratrol and cis-resveratrol” 

 

En este capítulo se detallan los materiales y métodos utilizados en el 

desarrollo del trabajo de investigación que dio origen al artículo titulado 

“Spectroscopic analysis and nuclear magnetic resonance for silver nanoparticles 

synthesized with trans-resveratrol and cis-resveratrol” donde se realiza la síntesis 

química de NPs de plata (AgResvNPs), utilizando como agente reductor la molécula 

del resveratrol, dicha síntesis es de gran importancia debido a las posibles 

aplicaciones como nanoportadores de resveratrol.  

 
2.1.1 Materiales 

 
Los materiales que se utilizaron en la     síntesis de las NPs metálicas de 

oro se enlistan a continuación. Todos fueron adquiridos comercialmente a 

menos que se indique lo contrario. 

• Resveratrol (C14H12O3, 99% de pureza, de Sigma-Aldrich, St. Louis, 

Missouri, Estados Unidos). 

• Nitrato de Plata (AgNO3, 99% de pureza, de Sigma-Aldrich, St. Louis, 

Missouri, Estados Unidos). 

• Etanol (C2H6O, 99% de pureza, Fermot). 

• Agua ultrapura (Resistividad de 18.2 MΩ). 

• DPPH (2,2-Difenil-1-Picrilhidrazilo, 99% de pureza, de Sigma-Aldrich, 

St. Louis, Missouri, Estados Unidos). 

• Óxido de deuterio (D2O, 99.9%, Sigma-Aldrich, St. Louis, Missouri, 

Estados Unidos).  
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• DMEM (Medio Eagle modificado por Dulbecco). 

 

2.1.2 Métodos 

 
En esta sección se describen a detalle los métodos utilizados en la 

preparación de los materiales estudiados. 

 

 

2.1.2.4 Síntesis de nanopartículas de plata 
 

Se prepararon soluciones a 0.01 M de AgNO3, bajo agitación y en ausencia 

de luz durante 1 h., a 0.01 M de resveratrol en una mezcla de solventes EtOH:H2O, 

70:30, v/v. 

 

Se mezclaron los reactivos de los puntos anteriores, siguiendo las 

proporciones descritas en la Tabla 1. Todos los reactivos se coloraron siguiendo el 

orden: precursor metálico, reductor, mezcla de solventes.  

 

La mezcla de reactivos se colocó durante 24 h bajo la exposición de una 

lámpara UV de 20 W de potencia con una longitud de onda de 380 nm en oscuridad 

y a temperatura ambiente, permitiendo que la síntesis se llevara a cabo.  

Posteriormente, se retiró de la exposición de la lámpara y se colocó a exposición de 

luz solar durante 4 h. 

 

Se obtuvieron las NPs, que se sometieron a un proceso de limpieza mediante 

centrifugación a 13,0000 rpm durante 1 h. Las NPs se resuspendieron en 70:30 

EtOH:H2O, v/v. 
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Tabla 1: Relación reductor:precursor en la síntesis de NPs de plata con resveratrol.  
 

Muestra AgNO3 

(0.001 M) 
µL 

Resveratrol 
(0.01 M) µL 

Mezcla de 
solventes 
mL  

AgResv1NPs 150 150 2.7 

AgResv2NPs 150 300 2.55 

AgResv3NPs 1500 1500 ---- 

AgResv4NPs 1000 2000 ---- 

AgResv5NPs 500 150 2.35 

 
 

2.1.3 Caracterización 

 
2.1.3.1 Espectroscopía UV-Vis 
 
 La caracterización se realizó en un espectrofotómetro PerkinElmer Lambda 

45, utilizando celdas de cuarzo, en un rango de 200 a 900 nm, a temperatura 

ambiente con una velocidad de barrido de 480 nm/min.   

  

De cada una de las muestras se prepararon diluciones 1:10 en la mezcla de 

solventes 70:30 EtOH:H2O, v/v.  

 

2.1.3.2 Actividad antioxidante. Método DPPH 
 

 La actividad antioxidante se determinó siguiendo el ensayo de DPPH, el 

fundamento de dicho ensayo consiste en que el radical DPPH tiene un electrón 

desapareado y es de color azul-violeta, decolorándose hacia un amarillo debido a la 

reacción que se da con la presencia de una sustancia antioxidante. Se sigue la 

absorbancia del radical libre DPPH, alrededor de 520 nm [57]. Todos los ensayos se 

realizaron por triplicado.  

 

 Las concentraciones de NPs utilizadas fueron 400, 200, 100, 50, 25, 12.5 y 

6.25 µg/mL. Se agregarón 100 µL de cada concentración a 100 µL de una solución a 

300 µM de DPPH y se dejaron incubando durante 1 h en ausencia de luz, para 

posteriormente medir la absorbancia a 520 nm en una lectora de placas Multiskan 
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FC, Thermo Scientific. Los resultados se compararon con Trolox (70 µM/L). La 

actividad antioxidante se determinó con la Ecuación 1:  

 

 
% 𝐼𝑛ℎ𝑖𝑏𝑖𝑐𝑖𝑜𝑛 𝐷𝑃𝑃𝐻 = 100 (

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑚𝑢𝑒𝑠𝑡𝑟𝑎

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
) (1) 

 

 
2.1.3.3 Fenoles totales  
 
 La cantidad de fenoles totales se determinó siguiendo el método de Folin-

Cicocalteu [58], comparados con equivalentes de ácido gálico.  El método se basa 

en que los compuestos fenólicos reaccionan con el reactivo de Folin-Ciocalteu, a pH 

básico, dando lugar a una coloración azul cuto máximo de emisión se ubica en 765 

nm. Este reactivo contiene una mezcla de wolframato sódico y molibdato sódico en 

ácido fosfórico y reacciona con los compuestos fenólicos presentes en la muestra. El 

ácido fosfomolibdotúngstico (formado por las dos sales en el medio ácido), de color 

amarillo, al ser reducido por los grupos fenólicos da lugar a un complejo de color azul 

intenso, cuya intensidad es la que medimos para evaluar el contenido en polifenoles 

[59]. Las mediciones se realizaron en una lectora de placas Multiskan FC, Thermo 

Scientific, siguiendo la absorbancia en 749 nm.  

 

 Se colocaron 10 µL de las muestras en cada pozo de la placa, en la mezcla 

de reactivos para el ensayo de fenoles totales. Se realizó el ensayo por triplicado.  

 
2.1.3.4 Dispersión dinámica de luz 

 
 Se determinó el diámetro hidrodinámico (𝑑𝐻)de las muestras utilizando el 

equipo Zetasizer Nano de Malvern, siguiendo la ecuación de Stokes-Einsten, 

Ecuación 2. Lla viscosidad del solvente depende de la mezcla EtOH:H2O.  

 

 
𝑑𝐻 =  

𝑘𝑇

3𝜋𝜂𝐷
 (2) 
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 Donde 𝑘 es la constante de Boltzman, T temperatura, 𝜂 es la viscosidad, y D,  

el coeficiente de difusión. 

 

 De cada una de las muestras se prepararon diluciones 1:10 en la mezcla de 

solventes 70:30 EtOH:H2O, v/v. Las mediciones se realizaron a temperatura 

ambiente por triplicado.  

 
2.1.3.5 Potencial Z 
 
 El potencial z (𝜁) se determinó a partir de la movilidad electroforética de las 

muestras utilizando el equipo Zetasizer Nano de Malvern. La movilidad 

electroforética se determinó siguiendo la Ecuación 3. 

 

 𝜇𝑒 =  
𝜈

𝐸
 (3) 

 

  Donde 𝜇𝑒 es la movilidad electroforética, E el campo eléctrico y 𝜈 la 

velocidad de la nanopartícula en el campo eléctrico. Para obtener el potencial 𝜁 se 

utilizó el modelo de Smoluschowski, que depende de la conductividad y polaridad del 

solvente. Como se muestra en la Ecuación 4.  

 

 
𝜁 =  

4𝜋𝜂

𝜀
𝜇𝑒 (4) 

 

 Donde 𝜀 es la constante dieléctrica definida como la relación entre la 

permitividad del solvente y la permitividad del medio. Debido a que el solvente es 

una mezcla de solventes, se utilizaron los valores de 𝜀= 40.52 [60]  y 𝜂= 2.2249𝑥103 

Pa s a 25 °C.  

 

De cada una de las muestras se prepararon diluciones 1:10 en la mezcla de 

solventes 70:30 EtOH:H2O, v/v. Las mediciones se realizaron a temperatura 

ambiente por triplicado. 
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2.1.3.6 Espectroscopía infrarroja (FTIR) 
 

Los espectros de infrarrojo se obtuvieron en un equipo Perkin Elmer de 

transformada de Fourier, usando la técnica de ATR con 16 scans. Las mediciones se 

realizaron a temperatura ambiente, haciendo un barrido de 4000 a 800 cm-1 en modo 

transmitancia.  

 

El resveratrol se utilizó en polvo, mientras que las NPs se secaron en horno a 40 

°C durante 24 h.  

 

2.1.3.7 Espectroscopía raman 
 
 Las mediciones se realizaron en un espectrofotómetro iHR320 Horiba Jobin 

Yvon, excitando con un láser de 785 nm con una potencia de 100 mW, con un 

tiempo de exposición de 100 s y un objetivo de 10x.  

 

 Se colocaron 30 µL de cada muestra en un portaobjetos de vidrio y se dejaron 

secar durante 24 h a temperatura ambiente.  

 

2.1.3.8 Espectroscopía de resonancia magnética nuclear de protón (RMN 1H) 
 
 Se utilizó un equipo Avance III de Bruker con una frecuencia de 400 MHz. 

Para llevar a cabo las mediciones se colocaron 500 µL de la muestra en un tubo de 

resonancia. Las muestras se prepararon en una mezcla de solventes deuterados 

70:30 EtOH-d6:D2O, v/v. 

 

2.1.3.9 Microscopía electrónica de transmisión (TEM) 
 
 La caracterización por TEM se realizó en un Microscopio de Transmisión Jeol-

ARM 200F, se obtuvieron micrografías, energía dispersiva de rayos X (EDS) y 

difracción de electrones de área selecta (SAED). 

 

 30 µL de la muestra se colocaron en una rejilla comercial de oro con soporte 

de carbón.  Se dejó secar a temperatura ambiente durante 24 h. 
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2.1.3.10 Estabilidad y agregación cinética 
 
 Las pruebas de estabilidad y agregación se realizaron monitoreando el 

potencial 𝜁 y el cambio en el tamaño en función del tiempo.  

 

Las muestras sintetizadas en viales de vidrio fueron centrifugadas a 14.000 

rpm por 1 h en tubos Eppendorf de 2 mL. El sobrenadante se retiró para su posterior 

análisis. El sedimento de cada tubo se resuspendió mediante sonicación (15 min) en 

0,5 ml de agua ultrapura. De las muestras, AgResv1NPs y AgResv3NPs se 

obtuvieron alrededor de 2 mL en cada caso. Las muestras se dejaron reposar toda la 

noche para los ensayos de estabilidad. Para la estimación del diámetro 

hidrodinámico por DLS, se diluyó el stock original de AgResvNPs en agua ultrapura 

en proporción 1:10, y se empleó un mL de esta dilución en las mediciones. De estas 

mismas muestras, se midió el potencial 𝜁 en condiciones ordinarias. La estabilidad 

se verificó a las 0, 24 y 48 h.  

 

Se analizó la estabilidad de AgResv1NPs y AgResv3NPs con DMEM suplementado 

(10% suero fetal bovino SFB): en un tubo Eppendorf de 2 mL se agregaron 600 μL 

de NPs y 200 μL de DMEM suplementado. Para el potencial 𝜁, se usaron 50 μL de 

muestra colocada en el fondo de la celda U con puntas de pipeta Gel-Well. El resto 

del solvente puesto por ambas aberturas de la celda es agua ultrapura (400 μL de 

cada lado). Para la medida del tamaño se tomaron 100 μL de la muestra preparada y 

se dispersaron en 900 μL de agua ultrapura. 

 
2.2 “Synthesis of Gold Nanoparticles Using Mimosa tenuiflora Extract, 
Assessments of Cytotoxicity, Cellular Uptake, and Catalysis” 

 
En este capítulo se detallan los materiales y métodos utilizados en el 

desarrollo del trabajo de investigación que se reportó en el artículo del mismo 

nombre, donde se desarrolla la síntesis verde de nanopartículas de oro (AuNPs) con 

extractos de plantas, dicha síntesis ha ganado gran interés en el campo de la 

biomedicina debido a la gran variedad de aplicaciones para la salud. En el presente 
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trabajo se sintetizaron AuNPs con Mimosa tenuiflora (Mt) extracto de corteza a 

diferentes concentraciones de precursores metálicos. El extracto de Mt se obtuvo 

mezclando la corteza del árbol en etanol-agua.  

 

2.2.1 Materiales 

 
Los materiales que se utilizaron en la     síntesis de las NPs metálicas de 

oro se enlistan a continuación, todos fueron adquiridos comercialmente a 

menos que se indique lo contrario. 

 

• Corteza de Mimosa tenuiflora.  

• Ácido cloroaúrico (HAuCl4, 99% de pureza, de Sigma-Aldrich, St. Louis, 

Missouri, Estados Unidos). 

• Etanol (C2H6O, 99% de pureza, Fermot). 

• Agua ultrapura (Resistividad de 18.2 MΩ). 

• Vitamina C (Ácido ascórbico, C6H8O6). 

• DPPH (2,2-Difenil-1-Picrilhidrazilo, 99% de pureza, de Sigma-Aldrich, St. Louis, 

Missouri, Estados Unidos). 

• Catequinas (Sigma Aldrich). 

• DMEM (Medio Eagle modificado por Dulbecco). 

• Folin Cicolcaut (Sigma Aldrich). 

• Carbonato de Sodio (Sigma Aldrich). 

• Células sanas del cordón umblical (HUVEC). 

• MTT (Bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolio, C18H16BrN5S, 
Sigma Aldrich). 

• DAPI (4′,6-diamidino-2-fenilindol, C16H15N5). 

• FITC (Isotiocianato de fluoresceína). 

• Anti B actina. 

• Azul de Metileno (Cloruro de metiltionina, C16H18ClN3S, Sigma Aldrich).  
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2.2.2 Métodos 

 
En esta sección se describen a detalle los métodos utilizados en la 

preparación de los materiales estudiados. 

 
2.2.2.1 Preparación del extracto de Mimosa tenuiflora 

 
Primeramente se pesaron 15 g de la corteza comercial seca de Mimosa tenuiflora 

y se preparó la mezcla de solventes EtOH:H2O, 70:30, v/v. 

 

Posteriormente se colocaron los 15 g de Mimosa tenuiflora en 100 mL de la 

mezcla de solventes. Se dejó en extracción durante 15 días y en ausencia de luz.  

 

Finalmente, la solución resultante se filtró utilizando filtros Whatman de 8 µm en 

primera instancia y posteriormente utilizando un acrodisco de 0.20 µm. 

 
 
2.2.2.2     Síntesis de nanopartículas de oro 
 

Se preparó una solución a 0.01 M de ácido tetracloroaurico (HAuCl4), en 

ausencia de luz.  El extracto se utilizó como reductor.  En la Tabla 2 se muestran las 

proporciones utilizadas en cada síntesis.  

 

En un tubo de 50 mL se agrega el extracto, seguido de agua ultrapura y 

finalmente el precursor metálico, posteriormente se agita utilizando un vortex a 3000 

rpm durante 10 s. La síntesis se llevó a cabo bajo iluminación de laboratorio a 25 °C. 

 

Se obtuvieron las NPs y se limpiaron mediante centrifugación a 14,000 rpm 

durante 1 h. El sobrenadante se descartó y se añadió agua ultrapura. Se redisperso 

mediante sonicación durante 5 min. El proceso de limpieza se repitió dos veces.  

Finalmente, el precipitado se deja secar en horno a 40 °C.  
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Tabla 2: Relación de precursor:reductor en la síntesis de NPs de oro.  
 

Muestra HAuCl4 
0.01M 
V (mL) 

pH=2.02 

Extracto 
121.8 

mg/mL 
Vol (mL) 
pH=5.10 

Agua Ultrapura 
Vol (mL) 

 
pH=6.47 

AuMt1 3,2 1,6 1,20 

AuMt2 1,6 1,6 2,8 

 

 
2.2.3 Caracterización 
 
2.2.3.1 Espectroscopía UV-Vis 
 
 La caracterización se realizó en un espectrofotómetro de haz doble Perkin 

Elmer Lambda 45, utilizando celdas de cuarzo, a temperatura ambiente en un rango 

de 200 a 400 nm en el caso del extracto y en un rango de 250 a 875 nm en el caso 

de las NPs de oro, con una velocidad de barrido de 240 nm/min. 

   

 De cada una de las muestras se prepararon diluciones 1:10 en la mezcla de 

solventes 70:30 EtOH:H2O, v/v.  

 
2.2.3.2 Actividad antioxidante. Método DPPH 

 
La actividad antioxidante se determinó siguiendo el ensayo de DPPH, donde 

se sigue la absorbancia del radical libre DPPH. Todos los ensayos se realizaron por 

triplicado.  

 

Para este ensayo, el extracto fue liofilizado para posteriormente solubilizar y 

determinar las concentraciones. Se utilizaron las concentraciones de 25, 12.5, 6.25 y 

3.125 µg/mL. Se agregaron 100 µL de cada concentración a 100 µL de una solución 

a 300 µM de DPPH y se dejaron incubando durante 1 h en ausencia de luz para 

posteriormente medir la absorbancia a 517 nm. Los resultados se compararon con 

Vitamina C y Catequina (70 µM/L).  
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2.2.3.3 Fenoles totales  
 

 La cantidad de fenoles totales se determinó siguiendo el método de Folin-

Cicocalteu [58], comparados con equivalentes de ácido gálico. Se utilizaron las 

concentraciones 25, 12.5, 6.25 y 3.125 µg/mL.  

 

 Se colocaron 10 µL de las muestras y se realizó el ensayo por triplicado, 

monitoreando los cambios en la absorbancia a 750 nm.  

 
2.2.3.4 Dispersión dinámica de luz 

 
Se determinó el diámetro hidrodinámico de las muestras utilizando el equipo 

Zetasizer Nano de Malvern y siguiendo la ecuación de Stokes-Einsten, (Eq. 2).  

 

 Se realizaron diluciones 1:10 entre las muestras y la mezcla de solventes 

70:30 EtOH:H2O, v/v. Las mediciones se realizaron a temperatura ambiente por 

triplicado.  

 

2.2.3.5 Potencial Z 

 
Se determinó el potencial z (𝜁) a partir de la movilidad electroforética de las 

muestras utilizando el equipo Zetasizer Nano de Malvern. La movilidad 

electroforética se determinó siguiendo la ecuación 3. 

  

De cada una de las muestras se prepararon diluciones 1:10 en la mezcla de 

solventes 70:30 EtOH:H2O, v/v. Las mediciones se realizaron a temperatura 

ambiente por triplicado. 

 

2.2.3.6 Espectroscopía de infrarrojo (FTIR)  
 

Los espectros de infrarrojo se obtuvieron en un equipo Perkin Elmer de 

transformada de Fourier, usando la técnica de ATR con 16 scans. Las mediciones se 

realizaron a temperatura ambiente, haciendo un barrido de 4500 a 500 cm-1 en modo 
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transmitancia, con una resolución de 2 cm-1. 

 

Se utilizó el extracto liofilizado y las NPs de oro se secaron en horno a 40 °C 

durante 24 h, de donde se obtuvo un polvo que fue caracterizado.  

  

2.2.3.7 Espectroscopía fotoelectrónica de rayos X (XPS) 
 

 La caracterización se realizó en un espectrofotómetro Perkin-Elmer, modelo 

PHI 5100, con una resolución basada en el ancho medio de banda del pico Ag3d5/2 

a 0.80 eV, con una fuente de rayos X dual estándar (Mg/Al) que opera a 15 kV, 300 

W y 20 mA. El escaneo se realizó a una velocidad de 0.5 eV/s y para los análisis de 

mayor resolución se disminuyó la velocidad a 0.025 eV/s. 

 

Se depositaron cinco gotas de cada muestra en un cuarto de cubreobjeto 

cada cierto tiempo. Se depositaba hasta cubrir el área totalmente (cinco gotas) y se 

dejaba secar durante 4 h. Se repitió 3 veces.  

 
2.2.3.8 Microscopía electrónica de transmisión (TEM)   
 

La caracterización por TEM se realizó en un Microscopio de Transmisión de 

emisión de campo Jeol 2010 F, operado a 200 keV. Se obtuvieron micrografías en 

baja magnificación, micrografías de alta resolución y energía dispersiva de rayos X 

(EDS). El detector de EDS es un equipo Bruker Quantax 200, acoplado al 

microscopio. 

 

 10 µL de la muestra se colocaron en una rejilla comercial de cobre con 

soporte de carbón.  Se dejó secar a temperatura ambiente durante 1 h y 

posteriormente se introdujo en una cámara de vacío durante 12 h.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

2.2.3.9 Microscopía confocal 
 

 El análisis por microscopia confocal se realizó utilizando un equipo LSM 800 

de Carls Zeiss. Se utilizaron tres láseres de 405, 488 y 640 nm con un poder de 5, 
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10 y 5 mW respectivamente. La fluorescencia se colecto usando detectores de 

GaAsP de alta sensibilidad.  Las imágenes de campo claro se obtuvieron mediante 

una colección de luz láser transmitida en un tubo fotomultiplicador (PMT).   

  

La fluorescencia de las NPs en el ensayo vivo/muerto y la distribución de NPs 

en el estudio de células HUVEC, se utilizó un objetivo seco Plan-Apochromatic × 

40/0,95. Para las celdas de reconstrucción 3D con AuMt, se utilizó un objetivo de 

aceite Plan-Aprochromatic × 63/1.40. 

  

 La caracterización de la fluorescencia de NPs de oro se obtuvo, se 

depositando una gota de 20 μL de dispersión coloidal de NPs en un cubreobjetos y 

se secó a temperatura ambiente antes de un análisis por microscopia confocal. Se 

empleó un láser de 640 nm como fuente de excitación al 0,5 % de potencia y la 

fluorescencia se recogió entre 650 y 670 nm. Las imágenes AuMt de campo brillante 

se formaron utilizando un láser de 488 nm (0,2% de potencia) en modo de luz 

transmitida. La fluorescencia y el campo brillante se recogieron en canales 

separados.  

 

2.2.3.10 Difracción de rayos X 
 
 Los datos se recopilaron utilizando un difractómetro Bruker D8 QUEST, 

equipado con un monocromador de espejo multicapa y un tubo sellado CuKα 

Microfocus (λ = 1,54178 Å). Los difractogramas se recopilaron a T = 300 K. 

 

2.2.3.11 Estabilidad 
 

 La estabilidad de las NPs se evaluó en s-DMEM mediante DLS y potencial ζ. 

El diámetro hidrodinámico se midió a 37 °C en agua ultrapura y s-DMEM en 

concentraciones entre 25 y 200 μg/mL 

 

 Las NPs se agregaron a un tubo Eppendorf con s-DMEM previamente 

termalizado y se agitó en el vórtex a 3000 rpm durante 30 s. Se mantuvo la 
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incubación a 37 °C durante 15 min antes de realizar las mediciones a la misma 

temperatura. 

 

 

2.2.3.12 Citotoxicidad 
 

 El efecto citotóxico de las NPs se evaluó en células HUVEC utilizando el 

ensayo de bromuro de 3-(4,5-dimetiltiazolil-2)-2,5-difeniltetrazolio (MTT). Las células 

se cultivaron en medio Eagle modificado por Dulbecco (DMEM, Sigma-Aldrich), 

suplementado con suero fetal bovino al 10% (GibcoBRL) a 37 °C y 5% de CO2. Las 

células HUVEC se contaron en una cámara de Neubauer y la viabilidad se determinó 

mediante la prueba de exclusión con azul de tripano (Sigma-Aldrich). 

 

 Para el ensayo de MTT, las células se ajustaron a 100 000 células/mL y se 

colocaron 100 μL por pozo en placas de 96 pozos. Las NPs de oro se evaluaron en 

concentraciones de 200, 100, 50 y 25 μg/mL. Las células tratadas se incubaron 

durante 24 y 48 h a 37 °C, 5% de CO2. Transcurrido el tiempo de incubación, la placa 

se lavó con solución salina tamponada con fosfato (PBS) y se añadió solución de 

MTT y se incubó durante 4 h. Se añadió dimetil sulfóxido (DMSO) para disolver los 

cristales de MTT. La absorbancia se midió a 570 nm en un lector de placas 

multimodo (Synergy HTX, BioTek), utilizando el software Gen5. La viabilidad celular 

se calculó utilizando la ecuación siguiente: 

 

 
𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑑𝑎𝑑 𝐶𝑒𝑙𝑢𝑙𝑎𝑟 =  100 (

𝐴𝑚𝑢𝑒𝑠𝑡𝑟𝑎

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) (5) 

 

Donde 𝐴𝑚𝑢𝑒𝑠𝑡𝑟𝑎   es la absorbancia de la muestra y 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 es la absorbancia 

del blanco. 

 
2.2.3.13 Análisis estadístico 
 

 Los datos se expresan como medias ± desviaciones estándar (DE). 
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 Las diferencias significativas entre los grupos se analizaron mediante la 

prueba de Tukey o ANOVA de una vía según corresponda. Los valores de p 

inferiores a 0,05 se consideraron estadísticamente significativos. El software Origin 

Pro 9.1 se utiliza para la gestión de datos, el análisis estadístico y la generación de 

gráficos. El rendimiento con el tratamiento de las NPs y el grupo control se comparó 

durante 24 y 48 h. 

 

 Para el ensayo vivo/muerto, las células HUVEC se sembraron en portaobjetos 

de vidrio y se trataron con NPs. Después de 24 h de incubación, los portaobjetos se 

tiñeron con el kit de viabilidad/citotoxicidad vivo/muerto (ThermoFisher) según las 

recomendaciones del fabricante. Las muestras se observaron mediante microscopía 

de barrido láser confocal (CLSM800, Carl Zeiss). 

 

2.2.3.14 Internalización celular  
 

 Para la internalización de NPs de oro en células HUVEC, el núcleo se tiñó con 

4′,6-diamidino-2-fenilindol (DAPI) y las fibras de actina con anticuerpo anti-β actina 

acoplado a fluoresceína-5-isotiocianato (FITC) para delimitar el borde celular. DAPI 

se excitó con un láser de 405 nm al 1,0% de potencia y FITC con un láser de 488 nm 

al 0,20%. Las emisiones de DAPI y anticuerpos anti-β actina se recolectaron entre 

410 - 500 nm y 500 - 700 nm, respectivamente. Las NPs de oro se excitaron con un 

láser de 640 nm (0,50% de potencia) y la emisión se recogió entre 650 - 700 nm. 

 

 Se realizaron reconstrucciones tridimensionales de las emisiones de las NPs 

de oro y proyecciones ortogonales a partir de 30 imágenes en modo apilamiento en 

Z  (longitud Z total = 8 μm), recolectando fluorescencia de DAPI, FITC y NPs de oro 

como se describió anteriormente. Las señales fluorescentes se recolectaron en 

pistas separadas para cada posición Z. Para mayor claridad, se omitió la señal FITC 

en una reconstrucción 3D. 

 

 Se realizó una comparación relativa de la captación celular de NPs. Para esto, 

la intensidad de fluorescencia media de las NPs de oro en células HUVEC se 
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determinó a partir del análisis de imágenes confocales utilizando el software ImageJ. 

 
 
 
 
2.2.3.15 Catálisis  
 

 La actividad catalítica sobre azul de metileno, a una concentración de 

3,33𝑥10−5 M, se analizó mediante espectroscopia UV-Vis. En catálisis homogénea, 

se agregaron 90 μL de NPs de oro (2 mg/mL) directamente en la celda de cuarzo 

con azul de metileno y 200 μL de NaBH4 a una concentración de 100 mM. la muestra 

se homogenizó por agitación magnética dentro de la celda del espectrofotómetro. La 

reacción se llevó a cabo a 25 °C.
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CAPÍTULO 3 

 

 

RESULTADOS Y DISCUSIÓN 

 

 
3.1 “Spectroscopic analysis and nuclear magnetic resonance for silver 
nanoparticles synthesized with trans-resveratrol and cis-resveratrol” 

 

 
 En este capítulo se detallan los resultados que fueron obtenidos durante el 

trabajo de investigación.  

 

Se sintetizaron nanopartículas de plata con trans-3,5,4′-trihidroxiestilbeno 

(resveratrol) irradiado bajo luz ultravioleta. Las  AgResvNPs se caracterizaron por 

microscopía electrónica de transmisión (TEM), dispersión de energía, 

espectroscopia de rayos X (EDS), difracción de electrones de área selecta 

(SAED), espectroscopia UV-Vis, espectroscopia infrarroja (FTIR), espectroscopia 

raman, resonancia magnética nuclear  (RMN), potencial zeta, dispersión dinámica 

de la luz (DLS) y estudio de la cinética de agregación y la estabilidad coloidal de 

este sistema en agua y s-DMEM y se evaluo la capacidad antioxidante con ensayo 

de conteo de fenoles totales. La irradiación con luz ultravioleta promueve la 

síntesis de AgResvNPs y modifica la estructura conformacional del resveratrol. 

 

Los cambios en el resveratrol fueron confirmados por RMN. Las 

aplicaciones en SERS son una aplicación importante de este sistema. 

 

Los resultados fueron publicados en la revista Colloid and Polymer Science, 

donde aparezco como primer autor. Se presenta el artículo integro, así como el 

material suplementario correspondiente.  
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Abstract
The synthesis of silver nanoparticles with polyphenolic molecules (AgResvNPs) is important due to potential applications 
as nanocarriers of resveratrol. Silver nanoparticles were synthesized with trans-3,5,4′-trihydroxystilbene (resveratrol) and 
irradiated under UV light. Further AgResvNPs were characterized by transmission electron microscopy (TEM), energy-
dispersive X-ray spectroscopy (EDS), selected area electron diffraction (SAED), UV–Vis spectroscopy, Fourier transform 
infrared spectroscopy (FTIR), Raman spectroscopy with surface-enhanced Raman scattering (SERS), nuclear magnetic 
resonance (NMR), zeta potential, and dynamic light scattering (DLS) and study of aggregation kinetic and colloidal stability 
for this system in water and s-DMEM and evaluate the antioxidant capacity with total phenols count assay. Ultraviolet light 
irradiation promotes the synthesis of AgResvNPs and modifies the conformational structure of resveratrol. NMR confirmed 
these changes structurally in the molecule. Applications in SERS are an important application of this system.

Keywords Spectroscopy · Optical · Infrared · Raman scattering · Nanoparticles · Microscopy · Electron · Nuclear magnetic

Introduction

Noble metal nanoparticles, such as gold and silver, have had 
a great significance in different areas of application such as 
photochemical, catalysis [1, 2], sensor materials [3], elec-
tronics [4], and medicine, in that they awaken considerable 
interest into the scientific community that seek to synthesize 
them with the necessary properties for each application. In 
particular, silver is of great biological interest because it has 
historically been used to treat burns [5] for its antimicrobial 

properties. Then, it is natural to seek the synthesis of stable 
silver nanoparticles, which allow the development of nano-
medicine to be expanded.

There are numerous synthesis pathways in which differ-
ent compounds are used as polymer solutions [6] or con-
ventional synthesis with  NaBH4. In the search to improve 
the control and shape of nanoparticles, support systems 
have been incorporated, such as the case of kaolinite [7–9] 
and mineral surfaces [8], and green synthesis methods 
have emerged, using plant extracts with a high content of 
phenolic molecules that allow the reduction of ions. From 
silver to metallic silver [10]; however, because maintain-
ing control of the size and shape of the nanoparticles is 
complicated, several research groups have proposed to 
carry out the synthesis processes with the main compo-
nents of these extracts, such as EGCG [11] or resveratrol 
[12].

Regarding applications in nanomedicine, silver nanoparti-
cles have various areas of development, such as treatment in 
ovarian cancer, antibacterial agents [13], anti-inflammatory 
agents, and drug delivery systems [14], all thanks to the 
unique properties associated with the size, shape, or surface 
charge of the nanoparticles.
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The bioavailability of EGCG [15] and resveratrol [16] 
is very low in foods or teas, so it is necessary to imple-
ment systems that serve as carriers for use as a treatment, 
such as noble metal nanoparticles; silver nanoparticles are 
an excellent candidate for the antioxidant molecules to be 
transported; it is necessary to preserve them from high 
temperatures to prevent their particular conformation from 
being modified. When switching from trans-resveratrol to 
cis-resveratrol, properties of resveratrol change. Antioxi-
dant properties are more critical in trans-resveratrol than 
cis-resveratrol. The antioxidant properties, cardioprotec-
tive and anticancer, are associated with trans-resveratrol by 
this ratio is necessary to avoid its isomerization. Stability 
of silver nanoparticles has been investigated in lamellar 
liquid crystalline systems [17], which could be appropri-
ate to enhance bioavailability in biological systems for 
AgResvNPs.

The synthesis of silver nanoparticles uses resveratrol 
and irradiation with ultraviolet light generated by hydrogen 
ions release. Structural modification of the molecule is pro-
duced when irradiation is at small distances. Aggregation 
kinetic and colloidal stability for water and s-DMEM were 
performed for size and zeta potential. The spectroscopic 
characterization by SERS shows that signals associated 
with resveratrol are amplified when this molecule function-
alizes the silver nanoparticles (AgResvNPs). Additionally, 
the modification of the resveratrol conformation was also 
studied using NMR and UV–Vis spectroscopy.

Materials and methods

Materials

AgNO3 for nanoparticle synthesis was purchased 
from Sigma-Aldrich with a purity of 99%. Resveratrol 
(3,4′,5-Trihidroxi-trans-stilbene,5-[(1E)-2-(4-Hidroxifenil)
ethenil]-1,3-benzenediol,  C14H12O3, purity of 99% Sigma-
Aldrich). Ethanol (99% pure) used in the cleaning nano-
particles process was acquired from Fermont, and ultrapure 
water (milli-Q) was used in experiments.

Synthesis of AgResvNPs

For the silver nanoparticles, different amounts of silver 
nitrate were used, as shown in Table 1.  AgNO3 [0.001 M] 
was previously stirred for 1 h in the absence of light, and res-
veratrol [0.01 M] was added in a mixture of solvents 70:30 
EtOH:H2O (v:v). To each synthesis, the necessary quantity 
of the solvent mixture 70:30 EtOH: H2O (v: v) was added 
to finish with a final volume of 3 mL at room temperature.

The synthesis was carried out for 24 h under a UV lamp 
of 20 W of power with wavelength 380 nm in a dark room 

and room temperature, and subsequently, it was left under 
exposure to sunlight for 4 h. Each of the samples was sub-
jected to a cleaning process employing centrifugation at 
13,000 rpm for 1 h, and then the precipitate was resuspended 
in 70:30 EtOH:H2O (v:v).

The isomerization is position-dependent on vials (5 mL) 
containing trans-resveratrol and silver nitrate. If the distance 
is less than 5 cm, it produces isomerization of the molecule; 
whether the samples are localized to a higher distance keeps 
without changing structure. Figure 1 shows the change con-
formational of the structure by irradiation with UV light.

UV–Vis spectroscopy

The measurements were carried out in a PerkinElmer 
Lambda 45 spectrophotometer, in quartz cells, at room tem-
perature in a range of 200 to 900 nm with a speed of 480 nm/
min. Thirty microliters of the AgResvNP colloidal solution 
was added along with 2950 µL of the EtOH:H2O solvent 
mixture in a 70:30 ratio (v:v).

DPPH

The scavenging activity was determined to follow the DPPH 
assay, which monitors the absorbance for the free radical 
DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate). The method 
is based on an electron transfer that produces a violet solu-
tion in ethanol. All tests were done by triplicate with different 
AgResv1NPs, and AgResv3NP concentrations (400, 200, 100, 

Table 1  Reductor precursor ratio in the synthesis of AgResvNPs

Sample AgNO3 
[0.001 M]
µL

Resveratrol 
[0.01 M]
µL

Solvent
mL

AgResv1NPs 150 150 2.7
AgResv2NPs 150 300 2.55
AgResv3NPs 1500 1500 ---
AgResv4NPs 1000 2000 ---
AgResv5NPs 500 150 2.35

Fig. 1  Isomerization of trans-resveratrol for UV light irradiation
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50, 25, 12.5, and 6.25 μg/mL) were tested. A total of 100 μL of 
every concentration was added to 100 μL of DPPH solution in 
ethanol (300 μM). Samples were incubated for 1 h in the dark 
before measuring absorbance at 520 nm on a microplate reader 
Multiskan FC, Thermo Scientific. The obtained results were 
compared with Trolox (70 μmol/L). The scavenging activity 
percentage was calculated with Eq. (1).

FTIR

The equipment used for all samples was a Perkin Elmer Fou-
rier Frontier transform infrared (FT-IR) spectrophotometer, 
using the ATR technique with 16 scans. Measurements were 
made at room temperature. Polyphenolic molecules were used 
in powder, while the nanoparticles were dried in an oven at 
40 °C for 24 h. The recovered powder was what was measured.

1H NMR spectroscopy

Avance III equipment with a field frequency of 400 MHz 
Bruker was used. For the case of resveratrol and the silver 
nanoparticles generated with this molecule, a 70:30 mixture 
was used in EtOH-d6:  D2O, (v:v), using the signals of deuter-
ated water as a reference.

Raman spectroscopy

It was performed in an iHR320 Horiba Jobin Yvon spectropho-
tometer, exciting with a laser at a wavelength of 785 nm with a 
power of 100 mW. It had an exposure time of 100 s, objective 
of 10 ×. Samples of 30 µL were placed on a glass slide, dried 
for 24 h at room temperature. The nanoparticle sample was 
obtained with the mixture EtOH:  H2O (70:30, v/v), at a 5 mM 
of resveratrol concentration and 0.01 M of silver nitrate.

Zeta potential and DLS

Zeta potential was measured using a Zetasizer Nano of Mal-
vern. All measurements were made by triplicate, at room 
temperature.

Electrophoretic migration is determined by:

where �e is electrophoretic mobility, E is the electric field, 
and v is the velocity of nanoparticle in E. Zeta potential ζ is 
obtained using Smoluchowski model (f = 1), depending on 
size and conductivity and polar or non-polar solvent. Henry 
equation is

(1)% Scavening Activity = 100

(

Acontrol − Asample

Acontrol

)

(2)�e =
v

E

where � is the dielectric constant defined as the ratio between sol-
vent permittivity to vacuum permittivity, and � is the viscosity 
[18], Since the solvent is a mixture of EtOH:  H2O (70:30, v/v) 
then � is 40.52 [19] and � is 2.2249 × 10

3 Pa s at 25° C [20].
Size determination was computed using a Stokes– 

Einstein equation, where solvent viscosity is a parameter that  
depends on a mixture of EtOH:  H2O.

where k is Boltzmann constant, T temperature, �  solvent 
viscosity, D diffusion coefficient, and dH the hydrodynamic 
diameter of nanoparticles in solution.

Aggregation kinetic and colloidal stability in water 
and S‑DMEM

Samples synthesized in glass vials were centrifuged at 
14,000 rpm by 1 h on Eppendorf tubes of 2 mL. The super-
natant was retired for their posterior analysis. The pellet of 
each tube was resuspended by sonication (15 min) in 0.5 mL 
of ultrapure water. Of the samples, AgResv1NPs and AgRes-
v3NPs were obtained around 2 mL in each case. The samples 
were rested all night for stability assays. For the hydrodynamic 
diameter estimation by DLS, the original stock of AgResvNPs 
was dilute in ultrapure water in 1:10 proportion, and one mL 
of this dilution was employed in measurements. Of these same 
samples, the zeta potential was measured in ordinary condi-
tions. Stability was verified at 0, 24, and 48 h. Interaction of 
AgResv1NPs and AgResv3NPs with supplemented DMEM 
(10% serum fetal bovine SFB): in an Eppendorf tube of 2 mL, 
600 µL de NPs and 200 µL of supplemented DMEM were 
added. For zeta potential, only 50 µL of sample collocated in 
the bottom of U cell with Gel-Well pipette tips was used. The 
rest of the solvent put by both apertures of the cell is ultrapure 
water (400 µL of each side). For zeta potential, the voltage 
reduces and the number of cycles too. For size measurement, 
100 µL of the prepared sample was taken and dispersed in 900 
µL of ultrapure water.

TEM

The Jeol JEM-ARM200F transmission electron micros-
copy (TEM) equipment was used to obtain the micro-
graphs, EDS, and SAED analysis. Thirty microliters of 
the sample was deposited on commercial gold grids with 
carbon support. They were left to dry for 24 h at room 
temperature.

(3)� =
4��

�
�e

(4)dH =
kT

3��D
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Results and discussion

Synthesis process

The synthesis of nanoparticles was carried out using a UV 
lamp to irradiate the system composed of silver nitrate and 
trans-resveratrol in the first process. The exposure time was 
24 h. For the AgResv5NPs sample (see Table 1), the nano-
particles do not show a plasmon (Fig. S1). This indicates 
that nanoparticles sizes are of the order of 10 nm, as can 
be verified in the microstructural characterization process. 

The absorption peak position of resveratrol is the same, but 
intensity decreases after the nucleation process. This is the 
only case in Table 1 where the formation of nanostructures 
was performed using a lower concentration for silver nitrate.

UV–Vis spectroscopy

The UV–Vis spectra shown in Fig. 2 correspond to AgRes-
vNPs. UV–Vis spectroscopy shows a fundamental difference; 
the absorption peak of resveratrol is maintained for the case 
of samples placed at a greater distance from the ultraviolet 
lamp (such as shown in the diagram). While for the case of  
the samples at a shorter distance from the lamp, A.-L. 
Välimaa, et. al., using UV light irradiation of stilbenoids, to obtain  
isomerization compound [21]. During this process, there was 
no change in the maximum absorption of resveratrol position 
for the AgResv3-5NPs samples and if there is a modification 
for samples 1 and 2. After this process was carried out in the 
dark, the AgResv1-4NPs samples were exposed to light solar 
for a period of 4 h. When measuring the UV–Vis spectrum, 
we could observe that the surface plasmons are more evi-
dent for the AgResv1-2NPs samples than for the AgResv3-
4NPs samples. However, in the characterization process, we 
observed the formation of nanoparticles of sizes on the order 
of about 30–40 nm. Thus, we observe modifications to the 
structural conformation of resveratrol (using UV irradiation) 
and nucleation formation that forms stable nanoparticles when 
we use higher concentrations of resveratrol to silver nitrate. At 
the same time, nanoparticle nucleation is formed under sun-
light (visible and infrared light, which only contains a small 
percentage of UV light). The temperature of the sample was 
kept constant during solar irradiation to avoid effects due to 

Fig. 2  UV–Vis spectra of AgResv1-4NPs show the absorption max-
ima associated with polyphenols and surface plasmons associated 
with nanoparticles

Fig. 3  DPPH inhibition percentage for a Resv and b AgResv1NPs and AgResv3NPs
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temperature. The ultraviolet light generates changes in the 
structure of resveratrol. For sample AgResv3-4NPs, we have 
trans-resveratrol (t-resveratrol) at 303 nm, and for the case 
AgResv1-2NPs, cis-resveratrol at 262 nm; this refers to the 
spatial conformation of the molecule and match with UV–Vis 
spectra reported for this conformation [22]; on the other hand, 
we see that the plasmons associated with the nanoparticles 
around 425 nm, those obtained from cis-resveratrol, are more 
pronounced regarding trans-resveratrol [23].

DPPH and total phenols

The inhibition percentage for 400 µg/mL of resveratrol 
is around 70% with trans-resveratrol. For AgResv1NPs 
(Fig. 3a), conformation is cis-resveratrol with an inhibition 
percentage of 25%; for AgResv3NPs (Fig. 3b), conformation 
is trans-resveratrol and an inhibition percentage of 35% both 
results for a nanoparticles concentration of 400 µg/mL; this 
is in accordance with the data reported, trans-resveratrol (the 
para position) as the most active due to its lower O–H bond 
dissociation energy [24, 25].

By analyzing the total phenols, the amount of the phenol 
in the molecule was determined compared to those present in 
gallic acid, obtaining the results of Table 2. Although gallic 
acid equivalents are considerably reduced when nanoparticle 
synthesis is carried out, there is still the presence of phenolic 
molecules in the nanoparticles, indicating that even after the 
molecule acted as a reducing agent, the material remained 
to stabilize the nanoparticles. On the other hand, the data 
obtained in the AgResvNPs are approximately 42%, indi-
cating a more significant presence of phenols stabilizing the 
nanoparticle.

FTIR

While Fig. 4 shows the infrared spectra corresponding to res-
veratrol and AgResv5NPs, the bands associated with the func-
tional group OH of resveratrol are located at 3174  cm−1. In 
contrast, this band moves towards 3248  cm−1 with lower inten-
sity for the silver nanoparticles, suggesting that resveratrol OH 
groups are involved in the reduction reaction in the synthesis or 
complexed with silver nanoparticles, as reported by Park and 
collaborators [26]. A band at 1732  cm−1 associated with C = O 
is not present in resveratrol but gives us indications of how the 
reaction is taking place; the signal corresponding to C-O is 
found at 1215 and 843  cm−1, the one corresponding to C-H.

1H NMR spectroscopy

The NMR spectrum of the silver and resveratrol nanopar-
ticles was obtained, as can be seen in Fig. 5, where it is 
observed that the proton signals are shifted. The observed 
chemical displacements (δ) correspond to the protons 
assigned as H5 (δ = 0.009), H5´ (δ = 0.009), and H2 
(δ = 0.002); the rest did not present displacements. This 
indicates that the ring with two hydroxyl groups is an inac-
tive zone within resveratrol. The change in the protons of the 
double bond and only one pair of protons of the other ring 
would indicate a conformational change of the molecule. 
Based on this, the electrons that would be intervening in 
reducing the metal salt would be those corresponding to the 
double bond in the molecule.

In Fig. 6, a comparison is made between the NMR spec-
trum of resveratrol and the AgResv5NPs. Rodríguez et al. 
have reported conformational changes by irradiating resvera-
trol with ultraviolet light, observed by NMR [24]. Addition-
ally, our working group has used resveratrol as a reducing 
agent for silver nitrate and observed the displacements for 
trans-resveratrol.

Raman spectroscopy

In Fig. 7, we observe the characteristic curve of resvera-
trol that coincides with the graph reported by Vongsvivut 
et al. [27]. The slightly displaced points are due to the dif-
ference in the solvent. Raman spectroscopy with surface-
enhanced Raman scattering (SERS) was also obtained using 
silver nanoparticles where we again obtain the characteristic 
curve for resveratrol; small displacements are observed for 
pure resveratrol. This figure is obtained from a sample con-
taining AgResv5NPs, which are stabilized and complexed 
with resveratrol; the concentration of resveratrol is 350 
times lower in the pink graph than the gray curve. What is 
observed is a proportional increase in the intensity of the 
curve and increases in the area of some peaks. The two high-
est peaks in the 1640–1600  cm−1 for resveratrol reported 
by Pompeu D.R., Larondelle Y., and Rogez H. et al. match 
with our results, intense and resolved bands, presented in 
1400–1000  cm−1 region [28].

Tiwari et al., Michael and Jiang, and Wang et al. [29–31] 
point out that nanoparticles act by amplifying the electromag-
netic field that generates the vibration of the molecule, which 
allows improving the resolution of the peaks; this amplifica-
tion is found in the function of the size of the nanoparticles 
and their shape, being then that the more significant and with 
irregular shapes the nanoparticles will exponentially increase 
the vibration signal. This differs from our results in the sense 
that silver nanoparticles have a hemispherical shape and sizes 
of the order of 4 nm, and they are the ones that present the best 
increase and resolution in the signals.

Table 2  Total phenol count 
concerning gallic acid

Sample Gallic acid
mg/g sample

Resveratrol 657 ± 7
AgResv5NPs 274 ± 25
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While other authors point out that the amplification of 
the signals presents two phenomena, the chemo-adsorption 
on the nanostructures and the intensification of the elec-
tric field, the molecules of interest are adsorbed on the 
surface nanomaterials, forming bio-nanocomplexes. The 
new chemical bond generates a charge transfer mechanism 
between the molecule and the metal of the nanostructure; 

this is the chemical contribution to the increase of the 
signal, which generates changes in the intensities of the 
order of 102. The electromagnetic contribution gener-
ates more significant increases on the signal through laser 
light’s effect on plasmonic excitations through localized 
surface plasmon resonance (LSPR); this generates drastic 
increases in the electric field. The electromagnetic factor, 

Fig. 4  Infrared spectroscopy of 
resveratrol and AgResv5NPs, 
where a decrease in the intensity 
of the functional group OH is 
appreciated, as well as the emer-
gence of C = O in 1752  cm−1

Fig. 5  1H NMR of resveratrol. The upper image shows the resveratrol molecule with the assigned protons
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the ratio between the electric field of LSPR and the elec-
tric field without nanostructures, is of the order of power 
four [32, 33].

From the results obtained by the different characteriza-
tion techniques, the mechanism of formation of the metal-
lic nanoparticles is proposed, the evidence shown by the 
Raman and IR spectroscopic techniques, which show the 
formation of the carbonyl group once the synthesis has been 
carried out, thus as the displacements observed by NMR, 

indicate that the oxidation is carried out by the hydroxyl 
group present in the aromatic ring corresponding to the pro-
ton H1. This preference has already been reported previously 
by Truong et al. [34], where it is observed that the oxida-
tion of resveratrol occurs by the same proton. Resveratrol 
loses hydrogen, remaining in its radical form, which will 
reduce the metal ions to give rise to the nanoparticle forma-
tion, leaving these functionalized with oxidized resveratrol 
molecules.

Fig. 6  1H NMR of resveratrol and AgResv5NPs, in a 70:30 ratio in EtOH-d6:  D2O, v: v

Fig. 7  Raman spectroscopy of 
resveratrol and AgResvNPs. 
Nanoparticles are observed to 
amplify resveratrol signals
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Zeta potential and DLS

Figure 8a shows the size distribution for AgResv1NPs, the 
Gaussian fit denotes xc = 48 ± 0.8nm . Figure 8b correspons 
to size distribution for AgResv3NPs, where the Gaussian fit 
denote xc = 37 ± 0.7nm . The conformational structure of  
Resv is cis-Resveratrol for AgResv1NPs and trans-resveratrol  
by AgResv3NPs. Table 3 shows a similar zeta potential  
for AgResv1NPs and AgResv3NPs, indicative of stabilized 
nanoparticles, using as solvent a mixture of EtOH:  H2O 
(70:30, v/v). Viscosity and dielectric constant are modified 
when using ethanol and water in different proportions, the 
zeta potential changes. This demonstrated the importance of 
the chemical environment for nanomaterials.

Aggregation kinetic and colloidal stability in water 
and S‑DMEM

Studies of aggregation kinetic and colloidal stability were 
performed in water, and s-DMEM, variations in the size 
were nonsignificant in the time for both samples, which indi-
cate agglomeration non-effects  (Fig. 9a). The zeta poten-
tial (Fig. 9b) was kept in stability margin for the AgResv1NPs 
and non-stability by AgResv3NPs, these results suggest that 
cis-resveratrol generates more stability (-30 mV at mean) that 
the sample with trans-resveratrol (with zeta potential around 
-20 mV). We observe aggregation in relation to the sample in 
ethanol: water, the samples in water increase their size around 
2 times, this can explain observing that chemical environ-
ment of the sample determines the interaction's type. When 
the solvent is water the effects of hydration and interactions 
Van der Waals over molecule promote attractive interaction 

between nanoparticles [35]. When AgResv1NPs and AgRes-
v3NPs are dispersed in sDMEM, the sizes of the nanoparti-
cles non-increase (Fig. 9c) however zeta potential for AgRes-
v1NPs (Fig. 9d) is around -30 mV while for AgResv3NPs is 
almost zero. These results suggest different interaction types 
of sDMEM with cis and trans-resveratrol and coincide with 
the results obtained by Jarosova et. al. when it was observed 
that the metabolism of trans-resveratrol (AgResv3NPs) is much 
lower than for cis-resveratrol (AgResv1NPs). In this sense, 
trans-resveratrol is a non-polar molecule that is unstable, not 
soluble in polar media; on the other hand, cis-resveratrol, due 
to its structural conformation, has a greater affinity with polar 
media  [36].  sDMEM is a polar medium, which implies a 
poor interaction with AgResv3NPs, and the salts contained in 
it serve as an electrostatic screen that takes it to the isoelectric 
point; however, it should be noted that there are no significant 
increases in size as a consequence of the potential drop, but 
this can be explained in the sense that the system is shown 
isolation from the polar medium in which it is immersed; low 
solubility and low bioavailability of resveratrol has been widely 
reported [37].

TEM

The size distribution was carried out for the nanoparticles 
synthesized with resveratrol, with the previous obtaining 

Fig. 8  Size distribution: a AgResv1NPs and b AgResv3NPs

Table 3  Zeta potential Sample
300 µg/mL

Zeta potential
mV

AgResv1NPs −32 ± 0.7
AgResv3NPs −31 ± 0.3
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of the corresponding micrographs by TEM. The results 
obtained are shown in Fig. 8, which includes the respective 
micrograph of their morphology and size distribution. The 
data referring to the average size and the PDI are reported in 
Table 4. The results indicate that both populations of nano-
particles have a low polydispersity index, which indicates 
that we have monodisperse populations.

The high-resolution micrographs presented in Fig. S2 
correspond to the AgResvNPs syntheses, and the pres-
ence of metallic silver is confirmed through the analysis 
to determine the interplane distances using the Digital 
Micrograph software; employing the Fourier transform, 
an interplanar distance of d = 2.38Ǻ was obtained, which 
is consistent with the crystallographic record for a metallic 
silver system, with a face-centered cubic structure (fcc), in 
the (111) plane. JCPDS file: 65–2871.

SAED

Diffraction rings obtained by the SAED technique show 
an fcc phase crystal structure. Fig. S3a, c show the SAED 
zone and Fig. S3b, d the diffraction with the Miller index 
associated [38, 39].

Conclusions

The synthesis of silver nanoparticles was performed 
using resveratrol and irradiation with UV light using 
ethanol:water as solvent. This synthesis process gave rise 
to metallic nanoparticles functionalized with polyphe-
nolic molecules. The synthesis mechanism implies that 
the reducer, in this case, resveratrol, will donate electrons 

Fig. 9  Aggregation kinetic and colloidal stability of AgResv1NPs and AgResv3NPs after clean process at 0, 24, and 48 h for a size and b zeta 
potential in water and c size and d zeta potential in s-DMEM



 Colloid and Polymer Science

1 3

so that the silver ions reach their zero-valent oxidation 
state, which one promotes nucleation. The oxidized mol-
ecules cover the surface of the nanoparticles, and isomeri-
zation of resveratrol by UV light produces modifications 
to the structure of resveratrol, but the synthesis of silver 
nanoparticles is modified in size measurement by DLS. 
An essential result of this work is the use of silver nano-
particles that have a size of around 3 nm that intensify 
the Raman spectroscopy signals by the SERS mechanism, 
which allows determining the characteristic signals of a 
molecule at very low concentrations of the order of mM. 
By infrared spectroscopy, the formation of the carbonyl 
group is found once the synthesis has been carried out, 
which is consistent with the oxidation process that gives 
rise to the metallic nanoparticles. Study of aggregation 
kinetic and colloidal stability in water and S-DMEM show 
the instability of AgResv3NPs for these solvents which 
implies that before use in biological systems must be 
encapsulated in liposomes or lamellar liquid crystalline 
systems. NMR determined that the electrons that would be 
intervening in reducing the salt functionally correspond to 
the molecule's double bond.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00396- 022- 04957-3.

Acknowledgements BERV would like to thank Conacyt for Doctoral 
Fellowship number 722868.

Funding TEM analysis was supported by LUME, Laboratorio Univer-
sitario de Microscopía Electrónica del Instituto de Investigaciones en 
Materiales, Universidad Nacional Autónoma de México.

Declarations 

Conflict of interest The authors declare no competing interests.

References

 1. Jiang Z-J, Liu C-Y, Sun L-W (2005) Catalytic properties of 
silver nanoparticles supported on silica spheres. J Phys Chem 
B 109:1730–1735. https:// doi. org/ 10. 1021/ jp046 032g

 2. Vidhu VK, Philip D (2014) Catalytic degradation of organic 
dyes using biosynthesized silver nanoparticles. Micron 56:54–
62. https:// doi. org/ 10. 1016/j. micron. 2013. 10. 006

 3. Anker JN, Hall WP, Lyandres O et al (2009) Biosensing with plas-
monic nanosensors. Nanoscience and Technology. Co-Published 
with Macmillan Publishers Ltd, UK, pp 308–319

 4. Desireddy A, Conn BE, Guo J et al (2013) Ultrastable silver nano-
particles. Nature 501:399–402. https:// doi. org/ 10. 1038/ natur e12523

 5. Klasen HJ (2000) A historical review of the use of silver in the 
treatment of burns. II. Renewed interest for silver. Burns 26:131–
138. https:// doi. org/ 10. 1016/ s0305- 4179(99) 00116-3

 6. Patakfalvi R, Viranyi Z, Dekany I (2004) Kinetics of silver nano-
particle growth in aqueous polymer solutions. Colloid Polym Sci 
283:299–305. https:// doi. org/ 10. 1007/ s00396- 004- 1138-8

 7. Patakfalvi R, Oszkó A, Dékány I (2003) Synthesis and characteri-
zation of silver nanoparticle/kaolinite composites. Colloids Surf A 
Physicochem Eng Asp 220:45–54. https:// doi. org/ 10. 1016/ s0927- 
7757(03) 00056-6

 8. Németh J, Rodríguez-Gattorno G, Díaz D et al (2004) Synthesis of 
ZnO nanoparticles on a clay mineral surface in dimethyl sulfoxide 
medium. Langmuir 20:2855–2860. https:// doi. org/ 10. 1021/ la035 097s

 9. Patakfalvi R, Dékány I (2004) Synthesis and intercalation of sil-
ver nanoparticles in kaolinite/DMSO complexes. Appl Clay Sci 
25:149–159. https:// doi. org/ 10. 1016/j. clay. 2003. 08. 007

 10. Ahmad S, Munir S, Zeb N et al (2019) Green nanotechnology: a 
review on green synthesis of silver nanoparticles - an ecofriendly 
approach. Int J Nanomedicine 14:5087–5107. https:// doi. org/ 10. 
2147/ IJN. S2002 54

 11. Saadh MJ, Aldalaen SM (2021) Inhibitory effects of epigallo-
catechin gallate (EGCG) combined with zinc sulfate and silver 
nanoparticles on avian influenza A virus subtype H5N1. Eur Rev 
Med Pharmacol Sci 25:2630–2636. https:// doi. org/ 10. 26355/ eur-
rev_ 202103_ 25427

 12. Yuan Y-G, Peng Q-L, Gurunathan S (2017) Silver nanoparticles 
enhance the apoptotic potential of gemcitabine in human ovarian 
cancer cells: combination therapy for effective cancer treatment. Int 
J Nanomedicine 12:6487–6502. https:// doi. org/ 10. 2147/ ijn. s1354 82

 13. Mohammed AE, Al-Qahtani A, Al-Mutairi A et al (2018) Anti-
bacterial and cytotoxic potential of biosynthesized silver nanopar-
ticles by some plant extracts. Nanomaterials (Basel). https:// doi. 
org/ 10. 3390/ nano8 060382

 14. Burdușel A-C, Gherasim O, Grumezescu AM et al (2018) Bio-
medical applications of silver nanoparticles: An up-to-date 
overview. Nanomaterials (Basel) 8:681. https:// doi. org/ 10. 3390/ 
nano8 090681

 15. Almatroodi SA, Almatroudi A, Khan AA et al (2020) Potential 
therapeutic targets of epigallocatechin gallate (EGCG), the most 
abundant catechin in green tea, and its role in the therapy of vari-
ous types of cancer. Molecules 25:3146. https:// doi. org/ 10. 3390/ 
molec ules2 51431 46

 16. Nguyen C, Savouret J-F, Widerak M et al (2017) Resveratrol, 
potential therapeutic interest in joint disorders: A critical narrative 
review. Nutrients 9:45. https:// doi. org/ 10. 3390/ nu901 0045

 17. Patakfalvi R, Dékány I (2002) Preparation of silver nanoparticles 
in liquid crystalline systems. Colloid Polym Sci 280:461–470. 
https:// doi. org/ 10. 1007/ s00396- 001- 0629-0

 18. Danaei M, Kalantari M, Raji M et al (2018) Probing nanoli-
posomes using single particle analytical techniques: effect of 
excipients, solvents, phase transition and zeta potential. Heliyon 
4:e01088. https:// doi. org/ 10. 1016/j. heliy on. 2018. e01088

 19. Babu PRS, Subrahmanyam CVS, Thimmasetty J et al (1970) Solu-
bility enhancement of cox-II inhibitors by Cosolvency approach. 
Dhaka Univ J Pharm Sci 7:119–126. https:// doi. org/ 10. 3329/ 
dujps. v7i2. 2166

 20. Khattab IS, Bandarkar F, Fakhree MAA, Jouyban A (2012) Den-
sity, viscosity, and surface tension of water+ethanol mixtures 
from 293 to 323K. Korean J Chem Eng 29:812–817. https:// doi. 
org/ 10. 1007/ s11814- 011- 0239-6

 21. Välimaa A-L, Raitanen J-E, Tienaho J et al (2020) Enhancement 
of Norway spruce bark side-streams: Modification of bioactive 
and protective properties of stilbenoid-rich extracts by UVA-
irradiation. Ind Crops Prod 145:112150. https:// doi. org/ 10. 1016/j. 
indcr op. 2020. 112150

 22. Vovk I, Glavnik V (2015) Analysis of dietary supplements. In: 
Instrumental thin-layer chromatography. Elsevier, pp 589–635

 23. López-Hernández J, Paseiro-Losada P, Sanches-Silva AT, Lage-
Yusty MA (2007) Study of the changes of trans-resveratrol caused 
by ultraviolet light and determination of trans- and cis-resveratrol 
in Spanish white wines. Eur Food Res Technol 225:789–796. 
https:// doi. org/ 10. 1007/ s00217- 006- 0483-x



Colloid and Polymer Science 

1 3

 24. Rodríguez RÁ, Lahoz IR, Faza ON et al (2012) Theoretical and 
experimental exploration of the photochemistry of resveratrol: 
beyond the simple double bond isomerization. Org Biomol Chem 
10:9175–9182. https:// doi. org/ 10. 1039/ c2ob2 6241j

 25. Mao Q (2015) The synthesis and antioxidant capacities of a range 
of resveratrol and related phenolic glucosides. https:// digit al. libra ry. 
adela ide. edu. au

 26. Park S, Cha S-H, Cho I et al (2016) Antibacterial nanocarriers of 
resveratrol with gold and silver nanoparticles. Mater Sci Eng C 
Mater Biol Appl 58:1160–1169. https:// doi. org/ 10. 1016/j. msec. 
2015. 09. 068

 27. Vongsvivut J, Robertson EG, McNaughton D (2008) Surface-
enhanced Raman scattering spectroscopy of resveratrol. Aust J 
Chem 61:921. https:// doi. org/ 10. 1071/ ch082 04

 28. Pompeu DR, Larondelle Y, Rogez H et al (2018) Characterization 
and discrimination of phenolic compounds using Fourier trans-
form Raman spectroscopy and chemometric tools. Baseline

 29. Tiwari VS, Oleg T, Darbha GK et al (2007) Non-resonance SERS 
effects of silver colloids with different shapes. Chem Phys Lett 
446:77–82. https:// doi. org/ 10. 1016/j. cplett. 2007. 07. 106

 30. Michaels AM, Jiang BL (2000) Ag nanocrystal junctions as the 
site for surface-enhanced Raman scattering of single rhodamine 
6G molecules. J Phys Chem B 104:11965–11971. https:// doi. org/ 
10. 1021/ jp002 5476

 31. Wang R, Yao Y, Shen M, Wang X (2016) Green synthesis of 
Au@Ag nanostructures through a seed-mediated method and 
their application in SERS. Colloids Surf A Physicochem Eng Asp 
492:263–272. https:// doi. org/ 10. 1016/j. colsu rfa. 2015. 11. 076

 32. Xu D, Yang W, Zhang S, Chen J (2018) High surface roughness 
gold nanoparticle/centimeter level silver nanowire heterostructure 

detectors for SERS application. Sens Actuators A Phys 279:457–
461. https:// doi. org/ 10. 1016/j. sna. 2018. 06. 053

 33. Starowicz Z, Wojnarowska-Nowak R, Ozga P, Sheregii EM (2018) 
The tuning of the plasmon resonance of the metal nanoparticles 
in terms of the SERS effect. Colloid Polym Sci 296:1029–1037. 
https:// doi. org/ 10. 1007/ s00396- 018- 4308-9

 34. Truong V-L, Jun M, Jeong W-S (2018) Role of resveratrol in 
regulation of cellular defense systems against oxidative stress. 
BioFactors 44:36–49. https:// doi. org/ 10. 1002/ biof. 1399

 35. Gambinossi F, Mylon SE, Ferri JK (2015) Aggregation kinetics 
and colloidal stability of functionalized nanoparticles. Adv Colloid 
Interf Sci 222:332–349. https:// doi. org/ 10. 1016/j. cis. 2014. 07. 015

 36. Jarosova V, Vesely O, Doskocil I et al (2020) Metabolism of cis- and 
trans-Resveratrol and Dihydroresveratrol in an Intestinal Epithelial 
Model. Nutrients 12:595. https:// doi. org/ 10. 3390/ nu120 30595

 37. Chang Y-J, Chang Y-C, Liu RH et al (2018) Resveratrol can be 
stable in a medium containing fetal bovine serum with pyruvate but 
shortens the lifespan of human fibroblastic Hs68 cells. Oxid Med 
Cell Longev 2018:1–15. https:// doi. org/ 10. 1155/ 2018/ 23717 34

 38. Dhand V, Soumya L, Bharadwaj S et al (2016) Green synthesis 
of silver nanoparticles using Coffea arabica seed extract and its 
antibacterial activity. Mater Sci Eng C Mater Biol Appl 58:36–43. 
https:// doi. org/ 10. 1016/j. msec. 2015. 08. 018

 39. Singh P, Kim YJ, Yang DC (2016) A strategic approach for rapid 
synthesis of gold and silver nanoparticles by Panax ginseng 
leaves. Artif Cells Nanomed Biotechnol 44:1949–1957. https:// 
doi. org/ 10. 3109/ 21691 401. 2015. 11154 10

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.



42 

 

Additional Information 

Spectroscopic analysis and Nuclear Magnetic Resonance for silver nanoparticles 

synthesized with trans-Resveratrol and cis-Resveratrol 
Blanca E. Rodríguez Vázquez1, Cesar Rodríguez-Beas2, Ramón Alfonso Iñiguez-Palomares2, Hisila 

Santacruz-Ortega1, Rubén Mendoza-Cruz3, Lourdes Soledad Bazán-Díaz 3 Yedith Soberanes 1, Ericka 

Rodríguez-León2*, Rosa Elena Navarro1*, 
1 Departamento de Investigación en Polímeros y Materiales, Universidad de Sonora, Rosales and 

Transversal, 83000, Hermosillo, Sonora, Mexico 
2 Departamento de Física, Universidad de Sonora, Rosales and Transversal, 83000, Hermosillo, 

Sonora, Mexico 
3 Instituto de Investigaciones en Materiales, Universidad Nacional Autónoma de México, 04510, 

Ciudad de Mexico, Mexico 

Corresponding authors: ericka.rodriguezleon@gmail.com  and rosaelena.navarro@unison.mx 

 

 
Figure S1. UV-Vis spectrum for ArResv5NPs. Silver nanoparticles with size less of 5 nm. 
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Figure S2. A,B and C) are the micrography of  TEM, HRTEM and EDS by AgResv1NPs, 

D,E and F) by AgResv2NPs, G,H and I) by AgResv3NPs and J,K and L) by AgResv4NPs. 
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Figure S3. SAED A) and B) Diffraction of AgResv1NPs and C) and D) AgResv3NPs. 
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3.2 “Synthesis of Gold Nanoparticles Using Mimosa tenuiflora Extract, 
Assessments of Cytotoxicity, Cellular Uptake, and Catalysis” 

 

En esta sección se anexa el trabajo derivado de la investigación que fue 

publicado en un artículo del mismo nombre en la revista Nano Research Letters.  

 

En este trabajo se realizó la síntesis y caracterización de nanopartículas de 

oro, utilizando la ruta de síntesis verde, utilizando extracto de Mimosa tenuiflora 

como agente reductor. Se determinó la capacidad antioxidante del extracto se 

evaluó utilizando 2,2-difenil-1-picrilhidrazil (ensayo de DPPH) y conteo de fenoles 

totales. Las AuNPs se caracterizaron por microscopía electrónica de transmisión, 

difracción de rayos X, UV-Vis, espectroscopia infrarroja por transformada de Fourier 

y espectrometría fotoelectrónica de rayos X para la determinación de grupos 

funcionales sobre su superficie. Los AuMt (coloides formados por AuNP y moléculas 

de Mt) exhiben múltiples formas con tamaños entre 20 y 200 nm.  Las AuMt se 

probaron en la degradación de azul de metileno en catálisis homogénea añadiendo 

borohidruro de sodio. Las NPs más pequeñas (AuMt1) tienen un coeficiente de 

degradación de 0,008/s y alcanzan el 50% degradación en 190s.   

 

Se evaluó la viabilidad celular y la citotoxicidad en células endoteliales de 

vena umbilical humana (HUVEC), y se encontró un efecto citotóxico moderado a las 

24 y 48 h. Sin embargo, la toxicidad no se comporta de forma dosis-dependiente. 

La internalización celular de AuMt en células HUVEC se analizó mediante escaneo 

por microscopia láser confocal. Para AuMt1, se puede observar que el material se 

encuentra disperso en el citoplasma, mientras que en AuMt2, el material se 

concentra en la periferia nuclear. 

 

Actualmente, el artículo cuenta con más de 60 citas y derivado de esta 

investigación se obtuvó una patente. A continuación se anexa el artículo así como 

el material suplementario.  
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Abstract

Synthesis of gold nanoparticles (AuNPs) with plant extracts has gained great interest in the field of biomedicine
due to its wide variety of health applications. In the present work, AuNPs were synthesized with Mimosa tenuiflora
(Mt) bark extract at different metallic precursor concentrations. Mt extract was obtained by mixing the tree bark in
ethanol-water. The antioxidant capacity of extract was evaluated using 2,2-diphenyl-1-picrylhydrazyl and total
polyphenol assay. AuNPs were characterized by transmission electron microscopy, X-ray diffraction, UV-Vis and
Fourier transform infrared spectroscopy, and X-ray photoelectron spectrometry for functional group determination
onto their surface. AuMt (colloids formed by AuNPs and molecules of Mt) exhibit multiple shapes with sizes
between 20 and 200 nm. AuMt were tested on methylene blue degradation in homogeneous catalysis adding
sodium borohydride. The smallest NPs (AuMt1) have a degradation coefficient of 0.008/s and reach 50%
degradation in 190s. Cell viability and cytotoxicity were evaluated in human umbilical vein endothelial cells
(HUVEC), and a moderate cytotoxic effect at 24 and 48 h was found. However, toxicity does not behave in a dose-
dependent manner. Cellular internalization of AuMt on HUVEC cells was analyzed by confocal laser scanning
microscopy. For AuMt1, it can be observed that the material is dispersed into the cytoplasm, while in AuMt2, the
material is concentrated in the nuclear periphery.

Keywords: Gold, Nanoparticles, Catalysis, Cellular uptake

Introduction
Plant-mediated biosynthesis of nanomaterials is an ecologic-
ally friendly method that allows NP synthesis in one-pot
process. That is because the same bio-reducing agents of
plant extracts act as stabilizing agents for the formed parti-
cles with a low rate of toxic compounds [1–3]. In this sense,
Mimosa tenuiflora (Mt) bark has a high content of con-
densed tannins that have a structure of four flavonoid units
[4], saponins, glucose, alkaloids (N,N-dimethyltryptamine),
and starch [5–8]. These compounds (condensed tannins)
can act as metal ion-reducing agents, but particularly, the
flavonoid has been associated with metal complexation [4].
Mt ethanolic extract has been used as an antibacterial

agent for gram negatives, gram positives, and yeast [9].

Also, as antiprotozoal (using flavonoids of leaves and
flowers of Mt) [10] and on skin regeneration [6]. In
addition, it has the potential to heal severe skin ulcers,
whose properties were attributed to molecules and poly-
phenols of Mt bark [11]. Plant extracts show properties
like antioxidants and particularly contain polyphenols that
are used in green synthesis of metallic NPs such as Au,
Ag, Fe, Pt, Pd, Cu, their alloys, and oxides [12, 13]. Optical
properties of NP systems, as resonance frequency of sur-
face plasmon resonance (SPR), are dependent of not only
nanomaterials’ intrinsic characteristics (size, shape, dielec-
tric constant), but also environment properties that sur-
round to NPs, as the solvent where they are dispersed or
nature of stabilizing molecules, that cover to NPs. These
parameters are decisive to define the peak position of SPR
in NP systems [14–16].
On the one hand, AuNPs catalytic properties have been

reported in several works, related to organic compounds
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degradation such as pesticides, phenolic compounds, and
dyes [17–19] and are used in catalytic processes related to
environment remediation, for example, as cleaning con-
taminated water [20]. Several reports have emerged in re-
cent years about AuNPs synthesized with plant extracts as
black cardamom [21] and catalytic activity evaluations in
dye degradation used in the industry, such as methylene
blue (MB) [22], methyl orange [19], or Rhodamine B [23].
However, in the opposite direction, some papers have re-
ported that NPs coated with stabilizing molecules showed
poor catalytic activity due to sites available for catalysis on
NP surface that was occupied by organic molecules [24,
25]. Also, AuNPs have been used as molecular sensors,
such as colorimetric detection of toxic metal ions [7] and
theragnostic (therapeutic and diagnostic) applications
[26].
Functionalized AuNPs with molecules onto the surface

show optical and biological properties associated with
composition, thickness, organization, and conformation that
define their features [27]. Nanotechnology has various chal-
lenges, such as aggregation of AuNPs on bloodstream [28].
AuNPs at concentration less of 20 μg/mL and with a size
around 20 nm do not show cytotoxic effects in healthy and
cancerous cell lines, and their use has allowed to analyze the
interaction between NPs and cells [13, 29, 30]. Then, nano-
technology offers a possibility to interact at the same scale
of cellular receptors [31] that allow to learn about cellular
processes [32, 33] and antimicrobial properties [34], for
example, in oxidative stress which generate a cascade of sig-
naling for different effects, such as cytotoxicity or antioxi-
dant defense response [35]. Further, functionalized AuNPs
act as transporter vehicle of drugs, gene, or protein [36] and
biomedical applications [37, 38]. Even more, AuNPs ligands
as proteins and polymers generate a chemical environment
that favors NPs internalization to reach the cytoplasm, nu-
cleus, or keep out over the membrane [39].
In this work, AuNPs were synthesized using a rich poly-

phenolic Mt bark extract. AuMt cytotoxicity was evalu-
ated in HUVEC cells, and cellular internalization was
monitored by confocal microscopy at 24 h. AuMt catalytic
activity on MB degradation, in the presence of sodium bo-
rohydride (NaBH4) at room temperature, was evaluated.
Our results were compared with respect to similar works
of catalysis with AuNPs synthesized by “green” methods.

Materials and Methods
Materials and Chemicals
For AuMt synthesis, 15 g of Mt tree bark was cut into
pieces and placed in a 100-mL flask. Seventy milliliters of
ethanol (Fermont, 99% pure) and 30mL of ultrapure
water (18MΩ, Millipore) were added, then it was covered
with aluminum and left at room temperature for 15 days.
The solution was filtered using Whatman filter paper
(8 μm) and later with an acrodisc (0.20 μm). The obtained

solution was used as a reducing agent (Mt extract) for
AuMt synthesis. A portion of the filtrate was rotoevapo-
rated and then lyophilized for DPPH and total polyphenol
assay and to construct a calibration curve of Mt extract.
The concentration of Mt extract was 32.5mg/mL, deter-
mined from a calibration curve. Tetrachloroauric acid
(HAuCl4, Sigma-Aldrich 99% pure) was used as a metallic
precursor. Concentrations of precursors used in synthesis
were 5.3 mM for AuMt1 and 2.6mM for AuMt2. The re-
ducing agent volume was kept constant (1.6mL), and the
total volume sample was completed to 6mL with ultra-
pure water. Additional file 1: Table S1 shows formulations
used in AuMt1 and AuMt2 synthesis as well as the pH
values for each reactant. The synthesis was performed at
25 °C under laboratory lighting conditions. The protocol
used was as follows. In a 50-mL tube, the Mt extract
solution is added followed by the ultrapure water, and
finally, the gold precursor solution, stirring immediately in
the vortex at 3000 rpm for 10 s. The synthesis of the
AuMtNPs was visually confirmed within a few minutes by
the change in coloration of the mixture. NPs clean process
consists of centrifuging of suspension at 14,000 rpm for 1
h, discarding supernatant, adding water, and dispersing by
sonication, repeating the process twice. After adding etha-
nol, AuMt are dispersed again by sonication and centri-
fuged at 14,000 rpm for 1 h. The supernatant is discarded
and precipitated and is dried in an oven at a temperature
of 40 °C. Then, the nanocomposite obtained is composed
of AuNPs with Mt extract molecules on the surface.

Time-Dependent pH Change of AuMtNP Synthesis
The pH of AuMtNP synthesis was measured as the reac-
tion was carried out. For this, a multi-parameter pH/
Conductivity Benchtop Meter (Orion™ VERSA STAR™)
was used. The instrument was calibrated at 25 °C using a
buffer reference standard solution for calibration at pH =
4.01. A recirculation bath was used to control the
temperature of the samples at 25 °C (± 0.1 °C) in all mea-
surements. pH was measured as the reaction was carried
out for 180 s immediately after mixing the reagents. The
same device was used in pH measurement of reactants.

UV-Vis Spectra, 2,2-Diphenyl-1-Picrylhydrazyl (DPPH), and
Total Polyphenol Assay
A double-beam Perkin-Elmer Lambda 40 UV/Vis spec-
trometer was used to obtain the extract’s UV-Vis
spectrum, in a measurement range of 200–400 nm, with
a scan rate of 240 nm/min. AuMt SPR was monitored
between 250 and 875 nm.
AuMt formation kinetics was determined by measuring

the absorbance at 550 nm every second while NP synthesis
reaction was developed inside the quartz cell under mag-
neto stirring.
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For DPPH assays, all the tests were done by triplicate.
Different Mt extract concentrations (25, 12.5, 6.25, and
3.125 μg/mL) were tested. One hundredmicroliters of
ethanol was added to 100 μL of each concentration, in
addition to the DPPH solution (300 μM). Subsequently,
the samples were incubated for 2 h in the dark before
measuring the absorbance at 517 nm. The results were
compared with vitamin C and catechins (70 μmol/L),
and both molecules were used as controls. For scaven-
ging activity, DPPH radical dissolved on ethanol was
used as a blank [40, 41]. The percentage of scavenging
activity was computed with Eq. (1).

%Scavenging activity ¼ 1−A sampleð Þ=A control½ � � 100

ð1Þ

where A sample is the sample absorbance and A control
is the blank absorbance. Data were analyzed using ana-
lysis of variance (ANOVA) with Tukey multiple com-
parison tests.
For total polyphenol assay, the same concentrations

were used by adding Folin-Ciocalteu at 0.25 N and so-
dium carbonate at 5% with a 1-h incubation in the ab-
sence of light. Absorbance was measured at 750 nm. The
results are expressed as gallic acid equivalents [42, 43].

Zeta Potential and DLS Size Determination
Zeta potential (ζ) of NPs was measured with Zetasizer
NS (Malvern, PA), and sizes were measured by dynamic
light scattering (DLS) of Zetasizer NS (resolution of 0.5
nm). The instrument calculates the ζ by determining the
electrophoretic mobility (μe) using Henry Eq. (2) [44]:

μe ¼
2εζf kað Þ

3η
ð2Þ

where ε, η, and f(ka) denote the dielectric constant of
the media, viscosity of media, and Henry’s function, re-
spectively. Two values are generally used as approxima-
tions for the f(ka) determination, either 1.5 or 1.0. The
electrophoretic determinations of ζ are the most com-
monly made in an aqueous solvent and moderate elec-
trolyte concentration. f(ka), in this case, takes the value
of 1.5 and is referred to as the classical Smoluchowski
approximation, Eq. (3) [45].

μe ¼ ε
ζ
η

ð3Þ

The samples were placed into a U-shaped folded capil-
lary cell for ζ measurements. Each sample was measured
at room temperature (25 °C) in triplicate.

Evaluation of NP Stability in Supplemented Culture
Medium (s-DMEM)
AuMtNP stability was evaluated in s-DMEM by DLS
and ζ. The hydrodynamic diameter (2RH) of AuMt1 and
AuMt2 was measured at 37 °C in ultrapure water and s-
DMEM at concentrations between 25 and 200 μg/mL.
For AuMt1 and AuMt2 in s-DMEM, ζ was measured at
37 °C to establish if the culture media modifies the NP
surface charge. Nanoparticles were added to an Eppen-
dorf tube with s-DMEM previously thermalized and
stirred in the vortex at 3000 rpm for 30 s. Incubation at
37 °C is kept for 15 min before taking the measurements
at the same temperature.

Fourier Transform Infrared Spectroscopy (FTIR)
Mt extract and the AuMt FTIR were obtained by a
Perkin-Elmer Frontier FTIR using a solid sample. The
spectrum was obtained on transmittance mode at a reso-
lution of 2 cm− 1, from 4500 to 500 cm−1.

X-ray Photoelectron Spectroscopy (XPS)
XPS experiment was carried out using a Perkin-Elmer
(Model PHI 5100, resolution based on the FWHM of the
Ag3d5/2 peak 0.80 eV, XR source dual-standard anode
(Mg/Al), and 15 kV, 300W, 20mA). Survey scan analyses
were carried out with a scan rate of 0.5 eV/s. For high-
resolution analyses, a scan rate of 0.025 eV/s was used.

Transmission Electron Microscopy (TEM)
For TEM, 10 μL of the sample was deposited on copper
grids covered with a fomvar-carbon film (Electron Mi-
croscopy Sciences, 300 Mesh). Grids are left to dry for 1
h and placed in a vacuum chamber for 12 h. The elec-
tron microscopy equipment is a field emission Jeol 2010
F operated at 200 keV. Energy dispersive X-rays spec-
troscopy (EDS) is a detector Bruker Quantax 200, peltier
cooled, and coupled to TEM system. Interplanar spac-
ings of crystal planes revealed by high-resolution TEM
(HRTEM) were determined by micrograph digital ana-
lysis (3.0 Gatan Version).

X-ray Diffraction
Data were collected using a Bruker D8 QUEST diffract-
ometer system, equipped with a multilayer mirror mono-
chromator, and a CuKα Microfocus sealed tube (λ =
1.54178 Å). Frames were collected at T = 300 K via scans.

AuMt Cytotoxic Effect
AuMt cytotoxic effect was evaluated in HUVEC cells
using 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT) assay. Cells were grown on Dulbecco’s
modified Eagle medium (DMEM, Sigma-Aldrich), supple-
mented with 10% fetal bovine serum (GibcoBRL) at 37 °C
and 5% of CO2. HUVEC cells were counted in a Neubauer
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chamber, and viability was determined by trypan blue ex-
clusion test (Sigma-Aldrich).
For MTT assay, cells were adjusted to 100,000 cells/mL,

and 100 μL per well was placed in 96-well plates. AuMt1
and AuMt2 were evaluated at concentrations of 200, 100,
50, and 25 μg/mL. Treated cells were incubated for 24 and
48 h at 37 °C, 5% of CO2. After the incubation time, the
plate was washed with phosphate-buffered saline (PBS)
and MTT solution was added and incubated for 4 h. Di-
methyl sulfoxide (DMSO) was added to disolve MTT
crystals. Absorbance was measured at 570 nm on a multi-
mode plate reader (Synergy HTX, BioTek), using the
Gen5 software. Cell viability was computed using Eq. (4):

Cell viability ¼ A sample=A controlð Þ � 100% ð4Þ

where A sample is the absorbance of the sample and
A control is the absorbance of blank [46, 47].

Statistical Analysis
Data are expressed as means ± standard deviations (SD).
Significant differences between groups were analyzed by
Tukey test, one-way ANOVA as appropriate. P values
less than 0.05 were considered to be statistically signifi-
cant. Origin Pro 9.1 software is used for data manage-
ment, statistical analysis, and graph generation. The
signs used are *p < 0.05. The performance with the treat-
ment (AuMt1 and AuMt2) and the control group for 24
and 48 h was compared.
For live/dead assay, HUVEC cells were seeded on glass

slides and treated with AuMt1 and AuMt2. After 24 h of
incubation slides, these were stained using live/dead viabil-
ity/cytotoxicity kit (ThermoFisher) under the manufac-
turer’s recommendation. The samples were observed by
confocal laser scanning microscopy (CLSM800, Carl Zeiss).

Confocal Laser Scanning Microscopy: Fluorescence of
AuMt
Confocal microscopy analysis was carried out in a LSM
800 device (Carl Zeiss, Jena Germany) mounted on an
inverted microscope Axio Observer.Z1 (Carl Zeiss, Jena
Germany). Three lasers of 405, 488, and 640 nm, with a
respective maximum power of 5, 10, and 5mW, were
used for the study. The fluorescence was collected using
highly sensitive GaAsP detectors. Bright-field images
were obtained by a collection of transmitted laser light
on Photo Multiplier Tube (PMT). For AuMt fluores-
cence, live/dead assay, and NP distribution on HUVEC
cell study, a Plan-Apochromatic × 40/0.95 dry objective
was used. For 3D reconstruction cells with AuMt, a
Plan-Aprochromatic × 63/1.40 oil objective was used.
For AuMt fluorescence characterization, a drop of 20 μL

of NP colloidal dispersion was deposited in a cover glass
and dried at room temperature before an analysis by

CLSM. A 640-nm laser was employed as an excitation
source at 0.5% of power, and the fluorescence was col-
lected between 650 and 670 nm. Bright field AuMt images
were formed using a 488-nm laser (0.2% of power) on
transmitted light mode. The fluorescence and bright field
were collected on separate tracks.

Cellular Internalization
For AuMt internalization on HUVEC cells, the nucleus
was stained with 4′,6-diamidino-2-fenilindol (DAPI) and
the actin fibers with anti-β actin antibody coupled to
fluorescein-5-isothiocynate (FITC) to delimit the cell
border. DAPI was excited with a 405 nm laser at 1.0% of
power and FITC with a 488-nm laser at 0.20%. Emis-
sions of DAPI and anti-β actin antibody were collected
between 410 and 500 nm and 500–700 nm, respectively.
AuMt were excited with a 640 nm laser (0.50% power),
and emission was collected between 650 and 700 nm.
3D cell-AuMt reconstructions and orthogonal projec-

tions were made from 30 images on Z-stack mode (total Z
length = 8 μm), collecting fluorescence from DAPI, FITC,
and AuMt as described above. Fluorescent signals were
collected on separate tracks for each Z position. For clar-
ity, the FITC signal was omitted on a 3D reconstruction.
A relative comparison of nanoparticle cellular uptake

was realized. For this, the mean fluorescence intensity of
AuMt1 and AuMt2 in HUVEC cells was determined from
confocal images analysis using ImageJ software [48].

Catalysis
Catalytic activity on MB, at a concentration of 3.33 × 10−5

M, was analyzed by UV-Vis spectroscopy. In homoge-
neous catalysis, 90 μL of NPs (2mg/mL) was added dir-
ectly in the quartz cell that contains MB and 200 μL of
NaBH4 at a concentration of 100mM. The sample was
homogenized by magnet stirring inside of the spectropho-
tometer cell. The reaction was carried out at 25 °C.

Results and Discussions
Synthesis
By visual inspection, it was detected that NPs synthesis is
very fast in both systems. The most intense color of
AuMt1 system shown in the inset of Additional file 1: Fig-
ure S1 indicates a higher content of NPs from this synthe-
sis. This is because AuMt1 has a double concentration of
metallic precursor compared to AuMt2. In Additional
file 1: Table S1, reagents used in nanoparticle synthesis
have acidic pH. Additional file 1: Figure S1 shows the
changes in pH of the reactions as AuMtNPs syntheses are
carried out. Reactions start in an acidic environment
(pH < 2.65), and as NPs synthesis develops, acidity grows.
This is due to deprotonation of hydroxyl groups present
in polyphenolic molecules of Mt extract. In fact, this is the
first step of an oxide-reduction process that results in the
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transfer of electrons from deprotonated hydroxyl group to
Au3+ ions. As products of oxide-reduction reaction, Au3+

ions are reduced to metal atoms Au0 and polyphenolic
ring that contributes 2 electrons is oxidized. The process
is described in the inset of Additional file 1: Figure S1.

UV-Vis Spectra, DPPH, and Total Polyphenol Assays
Mt bark extract UV-Vis spectrum is shown in Fig. 1a,
where signal consists in a well-defined band with a max-
imum in 280 nm and broad of 50 nm. This spectrum is
very similar to reported for Rumex hymenosepalus root
extract, which has a high content of polyphenolic com-
pounds [49]. Determinating the polyphenolic content in
Mt bark extract is important because these molecules
can contribute significantly as reducing agents in AuNPs
synthesis, providing the necessary electrons for reduc-
tion of Au3+ ion to metallic gold (Au0). Once NPs are
formed, polyphenolic compounds are absorbed on their
surface providing stability to nanomaterials.
For DPPH assay, it was observed that for 12.5 mg/L of

Mt extract, we obtained a 50% inhibition (L50), alike the
values reported for Vitamin C and catechins (46 and
58%, respectively). This indicates that Mt extract pos-
sesses an antioxidant capacity very similar to pure com-
pounds used as controls, Fig. 1b where significant
differences (*p < 0.05) from control values are marked
with an asterisk. The value of 425 mg/g obtained from
total polyphenols assay indicates that almost half of the
extracted mass is equivalent to gallic acid. The high anti-
oxidant capacity and the high polyphenolic content in
Mt extract suggest that it can be used as a good redu-
cing and stabilizing agent nanomaterial synthesis within
the framework of sustainable chemistry [50, 51].

Characterization
Kinetic of Formation and UV-Vis Spectra AuMt
Figure 2a shows a temporal evolution of absorbance on
a SPR peak of AuNPs (550 and 560 nm for AuMt1 and
AuMt2, respectively) as nanomaterial synthesis reaction

takes place. Experimental data are fitting with Boltz-
mann’s sigmoidal function [52], where at least three
stages of growth are observed. In the first one, absorb-
ance grows slowly at the start of the synthesis reaction
when Au3+ ions are reduced to Au0 and form aggregates
of a few atoms that join to form small NPs. In the sec-
ond stage, the small NPs increase their size by autocata-
lytic growth and absorbance grows in a fast way. In the
last stage, in NP recrystallization, absorbance reaches its
stationary phase. As can be seen in Fig. 2, a maximum
absorbance is reached in 60 s for AuMt1 and 120 s for
AuMt2. Interestingly, the first stage of growth is 20 s for
AuMt1, while it is almost null (less of 1 s) for AuMt2,
which is explained due to the higher proportion of redu-
cing molecules (Mt extract) with respect to the metallic
precursor. This favors the fast formation of the nucleus
in NPs of AuMt2 respect to AuMt1; nevertheless, the
next stage of growth of the NPs is low for AuMt2, and
NPs with larger size are obtained. It has been reported
that AuNPs synthesis, using maltose and tween80 as sta-
bilizing, shows a growth kinetic with a reaction time very
similar for the reported in this work [53]. In another
green synthesis report [54], it is pointed out that the
lowest proportion of reducing/precursor agents gener-
ates smaller size NPs.
Figure 2b shows the characteristic absorption spectra

of AuMt in the region comprised of 250–875 nm. SPR
for AuMt1 shows a symmetric band with a maximum
absorption in 550 nm and broad of 200 nm. AuMt2 plas-
mon peak suffers a slight red shift localized now in 560
nm with an asymmetric band and a larger width than
300 nm, which is due to the difference in sizes between
the two nanomaterials (dAuMt1 < dAuMt2)1 2. A similar
behavior has been reported in AuNPs synthesis with so-
dium citratum as reducing agent, where the red shift
and plasmon broadening are attributed to higher oscilla-
tion modes that affect the extinction cross section by in-
creasing the NP size [55]. Additionally, both spectra
show the absorption band at 280 nm corresponding to

Fig. 1 Characterization of Mt Extract. a Mt extract UV-Vis spectrum and b DPPH inhibition with one-way ANOVA analysis (*p < 0.05)
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the polyphenolic molecules of the extract, which sug-
gests that Mt extract acts as a stabilizer of the
AuMtNPs.

Size, Zeta Potential, and Stability of AuMtNPs
AuMtNP sizes by DLS and Z-potential were tested at
different conditions for one concentration (50 μg/mL) as
shown in Table 1. AuMt1 and AuMt2 shown high nega-
tive values (≤ 30 mV) in water, which favor electrostatic
stability of both nanoparticle systems. According to Qu
et al. [56], ζ value gradually increases with NP size; in
our case, AuMt1 has a smaller size than AuMt2 in
water, a size which is controlled by NP synthesis. These
size values match with NP ζ values, where the higher ζ
corresponds to NP higher size. Zeta potentials (ζ) of
AuMtNPs dispersed in s-DMEM show less negative
values with respect to those obtained in ultrapure water
(Table 1). This reduction can be attributed to DMEM
present cations and FBS present proteins that cover
AuMtNP surfaces which cause a decrease in electrostatic
interactions. Despite this ζ reduction, the value remains
close to − 25 mV for both systems which indicate that
nanoparticles preserve their electrostatic stability after s-
DMEM incubation [57]. Additionally, Table 1 shows the
results obtained by DLS for AuMtNP hydrodynamic di-
ameters (2RH) measured at 37 °C in ultrapure water and
culture media. In s-DMEM, the size of both systems in-
creased due to protein adsorption on the nanoparticle
surface [58]. For AuMt1, the growth of 2RH due to

protein corona is 33.8 nm and for AuMt2 is 42.9 nm. It
is expected that the greater the nanoparticle size will be
greater than the surface for protein absorption [59]. This
could explain the slightly smaller value on ζ for AuMt2
compared to AuMt1 in s-DMEM. For AuMt1 and
AuMt2, the interaction with s-DMEM proteins is due to
the extract molecules that are attached to the nanoparti-
cle surface. These molecules differ slightly between
AuMt1 and AuMt2, as shown on XPS results. We also
measured the pH of solutions in the same concentration
range. It was found that there is not a change in pH and
whose mean value was around of 7.5 for both AuMt in
ultrapure water and 7.2 in s-DMEM (Table 1).
Additional file 1: Figure S2 shows AuMtNP hydro-

dynamic diameters when dispersed in ultrapure water
and s-DMEM at 37 °C, in a concentration range between
25 and 200 μg/mL. For each studied system, the hydro-
dynamic diameter does not change with nanoparticle
concentration, and only for, AuMt2 s-DMEM at 100 μg/
mL, the particle size increases with respect to the lowest
evaluated concentration, which may indicate NP aggre-
gation processes at these concentrations [32].

Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectrum, shown in Fig. 3, corresponds to Mt ex-
tract, AuMt1, and AuMt2. The characteristic broad
bands centered around 3250 cm−1 are associated with
phenolic OH from tannins and flavonoids mainly. Peaks
at 1594 cm−1 correspond to N-H bending vibration, at

Fig. 2 UV-Vis characterization of AuMt1 and AuMt2. a Kinetic formation and b UV-Vis spectra

Table 1 Size (PdI), zeta potential, and pH

Size (nm) PdI Zeta potential (mV) pH

AuMt1 in water (25 °C) 117.3 ± 1.07 0.195 − 35.3 ± 1.12 7.56 ± 0.16

AuMt1 in water (37 °C) 145.1 ± 8.67 0.389 – –

AuMt1 DMEM (37 °C) 178.9 ± 7.69 0.288 − 26.5 ± 2.19 7.2 ± 0.51

AuMt2 in water (25 °C) 314.13 ± 3.00 0.172 − 42.66 ± 1.08 7.51 ± 0.35

AuMt2 in water (37 °C) 330.7 ± 11.4 0.194 – –

AuMt2 DMEM (37 °C) 373.5 ± 9.85 0.258 − 24.8 ± 2.37 7.18 ± 0.43
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1705 cm−1 to ketone acyclic stretch and region between
1000 and 1300 cm−1 to C–O stretch. Peaks in the range
from 1600 to 500 cm−1 are identified with polyphenols, sig-
nals at 1235 and 1160 cm−1 are related with aromatic C–O
bond stretching, and at 1020 cm−1 to aliphatic C–O band
stretching and at 1235 cm−1 are specifically related with the
characteristic of the cyclic nature of ether. These signals
can be associated to the most abundant compounds in Mt
extract as Mimosa tannin, flavone sakuranetin, triterpe-
noids saponins, chalcones, and the N,N-dimethyltryptamine
alkaloid (Additional file 1: Figure S3). The samples AuMt1
and AuMt2 show the same characteristic peaks in the re-
gion of polyphenols confirming that NPs are stabilized by
Mt extract molecules [60]. We observe a change of 1331

cm−1 in the width band and a decrease in peak intensity for
the AuMt1 and AuMt2 corresponds with the bond between
AuNPs and C-H group of polyphenols; 1723 cm−1 is shifted
by oxidation of polyphenolic into carboxylic compounds
during the reduction of Au3+ to Au0 [51, 61, 62].

X-ray Photoelectron Spectroscopy (XPS)
In the XPS survey scan analysis for AuMt1 and AuMt2, the
samples have clearly shown the presence of oxygen (O 1s),
carbon (C 1s) and gold (Au 4f), whose peaks are centered
around of 532, 284, and 85 eV, respectively, as shown in
Fig. 4a, b. High-resolution XPS experiments were made to
establishing a relative abundance of different functional
groups of molecules that coat AuNP surfaces. Au4f high-

Fig. 3 FTIR spectra. Mt extract (green), AuMt1 (black) and AuMt2 (red)

Fig. 4 XPS spectra of AuMt1 and AuMt2. a, d Survey spectra, b, e Au4f high resolution, and c, f C1s high resolution
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resolution XPS spectra for AuMt1 and AuMt2 consist of
two symmetric peaks separated by 3.7 eV (Fig. 4b, e). Peaks
associated with 4f5/2 spin-orbital coupling are located on
binding energy (BE) of 88.6 and 87.7 eV for AuMt1 and
AuMt2, respectively. For 4f7/2, spin-orbital coupling peaks
are located on 84.9 and 84.0 eV. The link of intensities
(I4f7/2 > I4f5/2) and location and separation (ΔBE = 3.7 eV)
between peaks confirm that gold ions (Au3+) are reduced
completely to metallic gold Au0 [63]. Au4f signals, for
AuMt1, are slightly shifted (~ 0.9 eV) at higher energies
with respect to sample AuMt2. This can be explained in
terms of NP size differences between samples. AuMt1 has a
half population of NPs with size less to 40 nm, while
AuMt2 NPs have a mean diameter of 150 nm, determined
by TEM. Peak shift for Au4f signals, due to the presence of
small NPs, has been reported by other authors who relate
the Au4f BE increase with decreasing NP size [64, 65]. Also,
the shift effect could be due to the interaction of functional
groups capped on surfaces of AuNPs [66]. In Fig. 4c, f, the
high-resolution XPS spectra of C1s are shown for AuMt1
and AuMt2. Spectra were deconvoluted by 3 Gaussian
bands associated with C=O, C–O, and C–C or C=C. For
AuMt1, peaks are centered on 286.9, 286.1, and 284.5 eV,
for AuMt2 on 287.0, 286.3, and 284.7 eV, respectively.
Comparing the experimental XPS curves for C 1s, we see
appreciable differences between AuMt1 and AuMt2. The
main difference comes from a significant decrease in
AuMt1 of the signal associated with C–O group. Compar-
ing the percentage contributions of each group, obtained
from the deconvolutions (Additional file 1: Table S2), we
see that in AuMt2 contribution of C–O signal is 27.8%
while in AuMt1 is 16.6%. This difference can be explained
in terms of the oxide-reduction reaction that gives rise to

the process of AuNP formation. The synthesis of AuMt1 is
added twice the metal precursor (HAuCl4 is 0.01M) than
in synthesis of AuMt2. In both cases, the same amount of
extract is used as a reducing agent, so in AuMt1, more hy-
droxyl groups (−C–OH) are consumed to reduce a greater
number of Au3+ ions. Thus, a decrease of C–O signal in
AuMt1 confirms that hydroxyl groups participate in the
synthesis reaction. High-resolution XPS of O 1s revealed
that carbonyl C=O is the most abundant group (Additional
file 1: Figure S4 and Table S2). In addition, the content of
the C=O group is higher in the AuMt1 sample, which con-
firms what was previously discussed.
XPS and FTIR indicate that AuMtNPs interact mainly

with carbonyl groups (ketones) in addition to hydroxyl
groups of Mimosa tannins, saponins, and other molecules
that participate in the reduction of Au3+ to Au0 and
stabilization of AuMtNPs [63, 67, 68].

Transmission Electron Microscopy
AuMt1 TEM micrographs are shown in Fig. 5a, b and
AuMt2 in Fig. 5d, e showing products’ shape distribution.
AuMt1 has the biggest diversity in shapes. AuMt shape is
determined by the relationship between the variation of
metal precursor concentration and Mt extract at a fixed
concentration. In this case, NPs were observed without
cleaning the extract to observe the interaction that forms
around the AuMt. As observed in the micrographs, an ex-
tract is placed on the surface; however, NPs are kept dis-
persed and no aggregation is shown. Figure 5c, f show size
distribution for each sample, and AuMt1 have an average
size dispersion of 40 nm and AuMt2 of 150 nm.
In Fig. 6a, AuMt TEM micrographs were also analyzed

by EDS (Fig. 6b), which showed Au presence. Other

Fig. 5 Size distributions by TEM. a, b, c AuMt1 and d, e, f AuMt2
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chemical elements such as Cl, O, and Ca, on EDS
spectrum, come from the extract that surrounds NPs. Ac-
cording to the crystallographic tab (JCPDS file: 04-0784),
the obtained distances between 2.35 and 2.03 Å (Fig. 6c)
correspond to Au crystalline planes (111) and (200).

X-ray Diffraction (XRD)
Figure 6d shows the characteristic AuMt XRD diffraction
peak at 2 , which are in 38.17, 44.37, 64.81, and 77.66o

corresponding with the planes (111), (200), (220), and
(311), respectively; these planes correspond with the face-
centered cubic Au (space group Fm3m, JCPDS File No. 89-
3722). High Score Plus and Origin software were used for
the analysis [69].

Biological Tests
Cytotoxicity by MTT and Live/Dead Assay
To evaluate AuMt1 and AuMt2 toxicity, tests were per-
formed on HUVEC cells using MTT. Four concentrations
and two times for both materials were evaluated. In Fig. 7a,
it is observed that at 24 h for AuMt1, cell viability de-
creases between 10 and 20%, only in concentrations
higher than 25 μg/mL. For AuMt2, a similar effect is ob-
tained in cell viability; however, the concentration of
100 μg/mL seems to have no effect on these tests. In
Fig. 7b, MTT tests at 48 h for AuMt1 and AuMt2 are
shown. For AuMt1, it is easy to notice that concentration
with the greatest effect is 50 μg/mL, where the viability
drops almost 30% compared to the control. The concen-
tration of 50 μg/mL seems to be the concentration with

the highest toxic effect; however, when the obtained data
were analyzed, it is found that there is no significant dif-
ference between the obtained data on 24 and 48 h, a simi-
lar result obtained for 100 and 200 μg/mL, Fig. 7c. For
AuMt2, a toxic effect between 20 and 30% is observed
only on 100 and 200 μg/mL, while 25 and 50 μg/mL show
no significant difference, compared to the observed effect
at 24 h, Fig. 7d. This seems to correlate with AuMt2 size
growth in s-DMEM (Additional file 1: Figure S2) where at
a concentration of 100 μg/mL, they begin to aggregate. In
the work published by Chandran et al. [70], they used gold
nanoparticles coated with branched polyethyleneimine
(BPEI), lipoic acid (LA), and polyethylene glycol (PEG),
where they see an important toxicity in HUVEC cells by
nanoparticles coated with BPEI, which have sizes of 40
and 80 nm, where viability is between 20 and 30%. When
these particles are covered with human serum proteins, it
is found that toxicity decreases; this is due to the corona
effect. Recently, Zhaleh et al. [71] have reported the bio-
genic synthesis of 40-nm gold nanoparticles using leaf ex-
tracts from Gundelia tournefortii L. plant. Interestingly
and in contrast to our results, the authors indicate that
MTT cell viability tests for these particles in HUVEC, the
cell viability was 95% at 1000 μg/mL; however, they do not
establish if the low cytotoxicity is due to the fact that there
is no material internalization or if the particles are harm-
less due to protein corona. In this sense, bioreductive
compounds present in Gundelia tournefortii L extract are
different from those reported for Mimosa tenuiflora ex-
tract (Additional file 1: Figure S3). Thus, the interactions

Fig. 6 Nanostructural characterization of AuMt. a TEM, b EDS, c single HRTEM, and FFT and d XRD
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of these two nanoparticle systems with proteins present in
FBS are very different, which may explain the differences
in cytotoxic responses.
As mentioned above, AuMt1at a 50-μg/mL concentra-

tion shows the highest toxicity and cellular uptake. We be-
lieve that toxicity may be due to the fact that the
nanomaterial has a low affinity to s-DMEM proteins, since
it has only 16.6% of hydroxyl groups on the surface to pro-
mote hydrogen bonding with S-DMEM proteins. The fact
that the material toxicity decreases as AuMt1 concentra-
tion increases may be due to a cellular detoxification re-
sponse, like an exocytosis caused by high intracellular
content of gold [70]. For AuMt2, the toxicity effect at 100
and 200 μg/mL may be due to nanomaterial agglomer-
ation, which could be attaching to the membrane causing
adverse effects for the cells; however, more experiments
are required to confirm this hypothesis.
Only one concentration (50 μg/mL) was chosen to be

evaluated by live/dead fluorescent dye; this is due to the
purpose of confirming the MTT results and later analyzing

the metallic NP internalization in HUVEC cells, avoiding a
field saturation by NPs. When cells were stained with live/
dead fluorescent dye kit, it was found that a large part of
the cell population favorably marked for calcein and just a
few for ethidium homodimer, indicating that cell culture is
viable, as shown in Fig. 8.

Confocal Laser Scanning Microscopy: Fluorescence of AuMt
In Fig. 9a, d are shown micrographs of AuMt1 and
AuMt2 in bright field and in Fig. 9b, e, their correspond-
ing fluorescence, captured by confocal microscopy. Red
fluorescence of AuMt (collected emission 650–700 nm)
was excited employing 640 nm diode laser, and a mayor
size of NPs can be appreciated in AuMt2 sample than
AuMt1. In the merge images in Fig. 9c, f, it can be ob-
served how the luminescence comes exclusively from
the dark points associated with the NPs. This indicates
that the cleaning process effectively removed the extract
that is not complexed to the nanomaterial, so there is no
background emission. It is interesting to observe that an

Fig. 7 Viability assay using MTT in HUVEC cell. a For 24 h and b 48 h. 0ne-way ANOVA analysis with (*p < 0.05). Comparison between 24 and 48 h
for c AuMt1 and d AuMt2 with ANOVA analysis with Tukey tests (n.s. no significance and (*p < 0.05))
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intense fluorescence of the NPs captured by the confocal
system is achieved at a very low excitation power of the
laser (below 0.5 mW). So, this NPs system can be fluo-
rescently traced efficiently in cellular systems with little
risk of phototoxicity. Some authors have reported fluor-
escent emission about 610 nm, suggesting intrinsic Au
fluorescence [72, 73]. AuNPs emission is related to the
core size confinement effect that generates discreet

electronic states [74]. However, in our case, the metal
surface is covered with flavonoids, which show fluores-
cence, and when complexing with AuNPs, the fluores-
cence of both is enhanced. Different authors have
reported that fluorescence is largely enhanced by charge
transfer from the surface ligands to the metal core via S–
Au bonds [75]. It has also been reported that ligands (thiol
molecules, DNA oligonucleotides, dendrimers, polymers,

Fig. 8 Live/dead assay in HUVEC cells. a, d, and g with calcein; b, e, and h with ethidium homodimer; and c, f, and i merge by
confocal microscopy

Fig. 9 AuMt1 and AuMt2 fluorescence. a, d Bright field. b, e Confocal. c, f Merge
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peptides, and proteins) affect AuNPs optical and electronic
properties since its fluorescent properties can be signifi-
cantly affected by their surface chemistry [76].

Cellular Internalization
Cells were also analyzed, by confocal microscopy, after 24
h incubation, with AuMt1 and AuMt2 at a concentration
of 50 μg/mL. The nucleus is shown in blue color using
DAPI Fig. 10a, and the cytoskeleton structure was stained
with anti-beta actin in green color Fig. 10b and merge
Fig. 10c. The observed micrographs were obtained
through 3 different channels on separate tracks, where the
excitation wavelengths were 405, 488, and 640 nm for
DAPI, anti-beta actin, and AuMt, respectively.
As previously described, cells were also analyzed by con-

focal microscopy, for AuMt1 and AuMt2 internalization, at
a concentration of 50 μg/mL. Confocal micrographs show
that AuMt are internalized in HUVEC cells cytosolic space,
and many of these particles are surrounding the nucleus,
without being internalized in it. When not observing parti-
cles in the nucleus, a more meticulous analysis was carried
out, by cell orthogonal projection and a 3-D reconstruction.
Observing the micrographs of both reconstructions, it is
possible to notice that AuMt is distributed differentially. In
Fig. 11a, b for AuMt1, it can be observed that a material is
dispersed in the cytoplasm, while in AuMt2, the material is
concentrated in the nuclear periphery, as shown in Fig. 11c,
d. We were not able to find NPs in the nucleus, and this

suggests that the nanomaterial has little or no genotoxic po-
tential, since it has no way of interacting with nuclear DNA,
which is a quality for a nanocarrier. Efficient cellular uptake
depends on NP size, shape, charge, and coating, the parame-
ters that can affect their interactions with cell proteins. The
fact that polyphenolic compounds are found on AuMt sur-
face could facilitate the nanomaterial internalization, which
would make it a candidate as a possible pharmacological
nanocarrier [77–79].
The obtained results for an AuMtNP cellular uptake in

HUVEC by a confocal microscopy at 50 μg/mL suggests that
AuMt1 interacts with the cells in a greater quantity than
AuMt2 in a 3:1 ratio, as seen in Additional file 1: Figures S5–
S7. If we consider that protein corona in AuMt1 is 9.1 nm
smaller than in AuMt2, we can suggest that AuMt1-efficient
internalization by HUVEC cells is given by a combination of
factors such as AuMt1 smaller size, the highest absolute
value of z potential and the lower thickness of protein cor-
ona. This indicates a poor protein coverage that allows partial
exposure of the nanoparticle surface, which is rich in extract
molecules. Therefore, nanoparticles can interact by means of
extract molecules with surface-specific membrane receptors
that facilitate the internalization of AuMt1.

Catalytic Tests
Catalysis
Analysis of catalytic reaction was realized to calculate
the degradation percentage (%D) using the Eq. (5):

Fig. 10 AuMt1 and AuMt2 cellular internalization. a, d, and g with DAPI; b, e, and h with beta-actin; and c, f, and i merge by
confocal microscopy
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Fig. 11 Orthogonal projections and 3-D images. a, c AuMt1 and AuMt2 cellular internalization analysis through orthogonal projection and b, d 3-
D reconstruction by confocal microscopy

Fig. 12 AuMt1 and AuMt2 Catalysis. a, d UV-Vis spectra. b, e Percentage. c, f Ratio of MB degradation
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%D ¼ A0−Að Þ
A0

x100 ð5Þ

using the A0 absorbance at t = 0 and A is the absorbance
at time t. Langmuir-Hinshelwood equation was used to
calculate the slope of the regression plot lnð AA0

Þ versus
irradiation time [80], which is expressed in Eq. (6) and K
is the first-order rate constant of the degradation ratio:

ln
A
A0

� �
¼ Kt ð6Þ

For the analysis of catalytic activity on MB degrad-
ation, the absorbance at 660 nm was monitored. Fig-
ure 12 shows the AuMt1 and AuMt2 catalytic activity,
where a decrease on maximum absorption of MB is ob-
served as time progresses Fig. 12a, d. MB degradation
and its conversion to leucomethylene is confirmed by
progressive decreases of the absorbance at 292, 614, and
660 nm correspond to MB and by the increase in time of
the absorbance at 256 nm associated with leucomethy-
lene. Homogeneous catalysis reaches a 50% MB degrad-
ation at 190 s Fig. 12b, while the degradation ratio K for
the total process is 8.24 × 10−3s to AuMt1 Fig. 11c.
AuMt2 reaches a 50% of MB degradation in 400 s,
Fig. 12e, and K takes the value of 3.54 × 10−3/s, Fig. 12f.
On this way, AuMt1 have a more efficient response

than AuMt2. We observed a size-dependent effect
(AuMt) in degradation ratio [81], and a total surface area
of NPs is inversely proportional to the NP size [37].
Table 2 shows a comparison between different green
syntheses of AuNPs and their K obtained in size
function.

Conclusions
In this work, we show for the first time that the extracts
of bark of Mimosa tenuiflora allow the production at
room temperature of gold nanoparticles by means of
one-pot synthesis. AuNP sizes are easily controlled by
regulating a metal precursor/reducing an extract ratio. It
was observed that AuMt1 and AuMt2 cellular uptakes
generate a moderate cytotoxic effect at 24 and 48 h post

exposition. However, toxicity does not behave in a dose-
dependent manner, which suggests different action
mechanisms for AuMt1 and AuMt2. XPS and FTIR indi-
cate that AuMtNPs interact mainly with carbonyl groups
(ketones) in addition to hydroxyl groups of Mimosa tan-
nins, saponins, and other molecules that participate in
the reduction of Au3+ to Au0 and stabilization of nano-
materials. Polyphenols adsorbed on AuMtNPs facilitate
nanoparticle internalization. AuMt2 were located near
the nuclear periphery, but for AuMt1, it was observed
that nanoparticles distribute on the whole cell and
present a 3 fold uptake in comparison to AuMt2. Due to
the fluorescence property at low excitation power and a
high cellular uptake, AuMtNPs synthesized with Mt bark
extracts are candidates for its implementation as drug
nanocarriers and fluorescent probes in cells. However,
other strategies must be addressed, in order to reduce
the nanomaterial toxicity. Finally, it was observed that
AuMtNPs showed a relevant catalytic activity on MB
degradation using NaBH4 as a reducing agent.
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Table S1 Formulations used in  AuMt1 and AuMt2 synthesis 

 

Sample HAuCl4 

0.01M 

V (mL) 

pH=2.02 

Mt Extract 

121.8 mg/mL 

Vol (mL) 

pH=5.10 

Ultrapure Water 

Vol (mL) 

 

pH=6.47 

    

AuMt1 3,2 1,6 1,20 

    

AuMt2 1,6 1,6 2,8 
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Figure S1. Time-dependent pH change of AuMtNPs synthesis. The inset shows mechanism 

for the reduction of gold ions into Au0 in presence of polyphenolics groups 
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Figure S2.  DLS of AuMt1  and AuMt2 in water and sDMEM at 37 oC 
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Figure S3. Main reported compounds of Mimosa tenuiflora. 
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Figure S4. Deconvolution signal of XPS O 1s of AuMt1 and AuMt2. 

Table S2. XPS Peak fitting gaussian parameters 

    AuMt1 AuMt2 

    Xc (eV) FMWH A (%) Xc (eV) FMWH A (%) 

Au 4f 
4f5/2 88.63 1.46 46.26 87.79 1.48 45.81 

4f7/2 84.95 1.51 53.74 84.05 1.38 54.19 

C 1s 

C=O 286.97 4.51 28.61 287.09 1.95 25.45 

C-O 286.17 1.65 16.63 286.33 1.65 27.84 

C-C/C=C 284.53 1.95 54.74 284.78 4.51 46.68 

O 1s 

O=C-O 534.44 1.61 1.47 ----- ----- ----- 

C-O-C ----- ----- ----- 532.78 1.57 13.86 

C=O 532.48 2.32 71.85 532.38 2.45 12.4 

O=C 530.98 2.6 26.67 530.98 3.02 73.74 

where Xc is the Gaussian center, A is the area under curve and FMWH is Full Width at 

Half Maximum. 
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Figure S5. Region of Interest (ROI) of  AuMt1 in HUVEC for Uptake NPs in cells: 

a)Merge of Nucleus (DAPI-blue), Actin fibers (Phalloidin-green) and AuMt1NPs (red); 

b)Cells actin fluorescence in gray scale. ROI delimited frontiers of each cells; c)  

AuMt1NPs fluorescence in gray scale. Fluorescence intensity is measured for each ROI. 
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Figure S6. ROI of AuMt2 in HUVEC for Uptake NPs in cells: a) Merge of Nucleus (DAPI-

blue), Actin fibers (Phalloidin-green) and AuMt1NPs (red); b) Cells actin fluorescence in 

gray scale. ROI delimited frontiers of each cells; c) AuMt1NPs fluorescence in gray scale. 

Fluorescence intensity is measured for each ROI. 
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Figure S7.  Fluorescence Intensity for AuMt1 and AuMt2 in HUVEC cells obtained for 

confocal microscopy. 
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CAPÍTULO 4 

 

 

CONCLUSIONES 

 

 
 En este trabajo se realizó síntesis de NPs de plata utilizando resveratrol, 

como agente reductor e irradiación con luz ultravioleta. Las NPs de plata obtenidas 

mediante esta síntesis están funcionalizadas con moléculas polifenólicas.  El 

mecanismo de síntesis implica que el reductor, en este caso el resveratrol, dona 

electrones para que los iones de plata alcancen su estado de oxidación de valencia 

cero, lo que favorece la nucleación.  

 

Uno de los aspectos a destacar es el uso de NPs de plata, con tamaño 

promedio alrededor de 3 nm, que permiten la intensificación de las señales de 

espectroscopia Raman por el mecanismo SERS que permite determinar las señales 

características de una molécula a muy bajas concentraciones del orden de mM. El 

estudio de RMN determinó que los electrones que estarían interviniendo en la 

reducción de la sal corresponden funcionalmente al doble enlace de la molécula. 

 

También se sintetizaron NPs de oro utilizando el extracto etanólico de la 

corteza de Mimosa tenuiflora, la síntesis se llevó a cabo a temperatura ambiente, 

en un solo paso. Los tamaños de las NPs de oro se controlan fácilmente regulando 

la proporción de precursor metálico/reductor. 

 

Se observó que las captaciones celulares de AuMt1 y AuMt2 generan un 

efecto citotóxico moderado a las 24 y 48 h post exposición. Sin embargo, la toxicidad 

no se comporta de forma dosis-dependiente, lo que sugiere diferentes mecanismos 

de acción para AuMt1 y AuMt2. Los polifenoles adsorbidos en las NPs de oro 

facilitan la internalización de NPs. Las NPs AuMt2 se ubicaron cerca de la periferia 

nuclear, pero para AuMt1, se observó que las NPs se distribuyen en toda la célula 
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y presentan una absorción de tres veces en comparación con AuMt2. Debido a la 

propiedad de fluorescencia a baja potencia de excitación y una alta captación 

celular, las NPs de oro sintetizadas con extractos de corteza de Mimosa tenuiflora 

son candidatas para su implementación como nanoportadores de fármacos y 

sondas fluorescentes en células. Sin embargo, se deben abordar otras estrategias 

para reducir la toxicidad de los nanomateriales.  

 

Finalmente, se observó que las NPs de oro mostran una actividad catalítica 

relevante en la degradación de azul de metileno usando NaBH4 como agente 

reductor. 

 

Se realizó una síntesis química de bajo impacto, utilizando el resveratrol y 

volúmenes pequeños de solventes, al mismo tiempo se obtuvieron NPs de oro 

mediante una síntesis verde, controlando el tamaño de las mismas, con baja 

citotoxidad lo que abre la puerta a posibles aplicaciones biomédicas de las mismas.  
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PERSPECTIVAS Y RECOMENDACIONES 

 

 
 Para el caso de la síntesis realizada con el extracto de Mimosa tenuiflora, 

que tiene un buen comportamiento para ser utilizado como una sonda fluoresente, 

es importante realizar procesos de limpieza o variaciones en la síntesis que 

permitan reducir la toxicidad que presentan en células HUVEC.  

 

 Mientras que las NPs sintetizadas con resveratrol pueden ser utilizadas como 

amplificadores de señales debido al efecto SEARS que muestran, por lo que es 

importante continuar con esa línea, hasta darle una aplicación.  
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