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1. Objetivo del Entregable E1

El objetivo global del entregable fue colectar informacion valida y fiable sobre la transformacion en
agua de mar de las nanoparticulas seleccionadas para estudiar en este proyecto:

- Nanoparticulas de plata (AgNPs) de un didmetro de 100 nm vy recubiertas con
polivinilpirrolidona (PVP) en un ratio Ag:PVP de 25:75 wt%. Estas nanoparticulas tendran la
etiqueta de PVP-100nmAgNPs en el resto del informe.

- Nanoparticulas de 6xido de titanio (TiOz) de un didmetro de 45 nm y recuebiertas con citrato
en un ratio TiO,:citrato de 1:1.5 wt. %. Estas nanoparticulas tendran la etiqueta de citrato-
45nmTiO2NPs en el resto del informe.

2. Metodologia

a. Muestras

Las PVP-100nmAgNPs fueron preparados a partir de una tinta conductora que contenia 30% wt AgNPs
de 100 nm dispersados en glicol de etileno (Sigma-Aldrich, cédigo de producto 798738). Para remover
el glicol de etileno debido a su toxicidad?, 4 g de la tinta conductora fueron diluidas en agua ultrapura
para alcanzar una concentracién de glicol de etileno de 0.15 —0.3 M (sobre 30 — 15 mL volumen final).
La tinta diluida fue entonces dializada usando una membrana de celulosa 12 kDa (Sigma-Aldrich,
cddido de producto: D6191) frente agua ultrapura por 6 h. Después de la didlisis, las AgNPs fue
mezclada con 24 mL de 150 g/L de una disolucién de PVP, obteniendo un ratio de Ag:PVP de 25:75
%wt. La dispersién de PVP-Ag100nm se guardd a 4 C hasta su uso. Los procesos de purificaciéon y el
recubrimiento con PVP de estas AgNPs fueron caracterizadas por dispersion de luz dindmica (DLS; SZ-
100 device, Horiba) y espectroscopia UV-Vis (Perkin-Elmer LAMBDA 950). Los resultados se muestran
en la Figura 1.

1 Moore, M.M.; Kanekar, S.G.; Dhamija, R. Ethylene Glycol Toxicity: Chemistry, Pathogenesis, and Imaging. Radiol. Case Rep. 2008, 3, 122,
doi:10.2484/rcr.v3i1.122.
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Figura 1. Caracterizacién de las propiedades fisicoquimicas de las AgNPs con un didmetro de 100 nm en function
de cada paso de purificacion y functionalizacidn. Las AgNPs permanecieron colloidalmente estables después de
la purificacién y la functionalizacién con PVP (PVP-100nmAgNPS).

Las citrato-45nmTiO,NPs fueron preparadas a partir de nanoparticulas comerciales de TiO, de un
diametro de 45 nm en polvo (Sigma-Aldrich, cddido de product: 634662). Previo a su uso, las TiO;NPs
se estabilizaron con citrate trisddico dehidratado (Sigma-Aldrich) en un ratio TiO2:citrate de 1:1.5 wt
y dispersado usando un punta de ultrasonidos (40 min con ciclos de 30 s de pulso y 5 s sin pulso con
una amplitude de 70%). La concentracion final de la stock fue de 1 g/L. El tamafio primario de las
particulas fue caracterizado por microscopia electronica de transmission (TEM), obteniendo 96 + 25
nm for PVP-100nmAgNPs y 46 + 11 nm for citrate-45nmTiO,NPs (Figura 2).

Figura 2. Images de TEM representativas de las particulas seleccionadas: (A) Citrato-45nmTiO2NPs y (B) PVP-
100nmAgNPs.

Para el anadlisis de la transformacién de las NPs, dispersiones de las NPs se prepararon en agua de mar
artificial y agua ultrapura (control) con una concentracién de 50 mg/L. Las condiciones se resumen en
la Tabla 1.
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Table 1. Samples prepared for the study

Media Volumen (L) PVP-100nmAgNPs citrato-45nmTiO,;NPs
(mg/L) (mg/L)
Agua ultrapura 0.5 50
Agua de mar artificial 0.5 50
Agua ultrapura 0.5 50
Agua de mar artificial 0.5 50

b. DLSy el zeta potencial

El tamafo hidrodinamico fue medido por DLS (SZ-100 device, Horiba) con un angulo de dispersién de
173 2y a una temperatura de 19 2C. Cinco funciones de correlacidon independientes fueron adquiridas
por 60 s. La carga superficial fue medida a 19 °C usando un analizador de zeta potencial. La
aproximacion de Smoluchowski se ajusté a cinco medidas de la movilidad electroforética, estimando
la mediay la desviacién estandar.

c. Espectroscopia UV-Vis

Los espectros de extincién fue adquirido a 19 C en un espectrofotémetro Shimadzu UV-2550 (rango
de longitud de ondas: 200 — 800 nm) usando cubetas de cuarzo con un paso dptico de 10 mm. La
evolucidn de la transformacién de las particulas fue seguida por 7 dias.

3. Resultados

Las AgNPs tienen propiedades dpticas Unicas, lo cual resulta en un espectro UV-Vis muy particulas en
el rango del visible, por eso presenta ese color amarillo caracteristico de las dispersiones de AgNPs.
Este espectro es dependiente del tamanio, la forma y la agregacion. La Figura 3 muestra los espectros
UV-vis de las PVP-100nmAgNPs dispersadas en agua ultrapura y agua de mar artificial. En ambos casos
las particulas muestran una Unica banda centrada a 425 nm, lo cual demuestra que estas particulas
son estables coloidalmente en medios con alta fuerza idnica por lo menos 28 dias (Figura 42). Esta
estabilidad es debida a la presencia del PVP ya que este polimero estabiliza las particulas por
repulsiones electroestéricas.?

Absorbance

0.0

300 400 500 600 700
Wavelength (nm)

2 Moore, T.L.; Rodriguez-Lorenzo, L.; Hirsch, V.; Balog, S.; Urban, D.; Jud, C.; Rothen-Rutishauser, B.; Lattuada, M.; Pe-tri-Fink, A. Nanoparticle
colloidal stability in cell culture media and impact on cellular interactions. Chem. Soc. Rev. 2015, 44, 6287-6305, doi:10.1039/c4cs00487f.
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Figure 3. Espectros de extincidon de las AgNPs dispersadas en agua ultrapure (linea continua) y agua de mar
artificial (limea discontinua).
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Figure 4. (a) Evolucién spectral de la extincién dptica (longitude de onda a 410 nm) y del tamafio hidrodinamico
las PVP-100nmAgNPs dispersadas in agua ultrapura (b) y agua de mar artificial (c) seguida por 30 dias a 20 °C.
Las particulas fueron estable a la agregacion, sin embargo un ligero decaimiento de la extincién lo cual se debid

a la sedimentacion por el tamafio de las particulas.

Debido a que el polimero alrededor de las particulas puede actuar como un espaciador dieléctrico y
puede ser un aislador efectivo pudiendo evitar la interaccidn directa del nucleo de las particulas y por
tanto no ver efecto en el espectro UV-Vis de las particulas de plata.> Las medidas de DLS permite
superar este obstaculo y por ello la evolucidn del tamafio hidrodinamico de la AgNPs fue analizada.
PVP-100nmAgNPs presentaron un tamafio hidrodindmico medio de 139 + 2 nm en agua ultrapure y 97
1+ 1 nm en agua de mar artificial durante al menos 28 dias (Figura 4), demonstrando que las particulas
no sufren agregacion y confirmando los resultados obtenidos por UV-Vis.

En el caso de las particulas de TiO;NPs, éstas presetaron un tamafio de 173.6 + 55.8 nm en agua
ultrapura y conservaron su estabilidad en este medio por 7 dias. Sin embargo, cuando estas particulas
se dispersaron en agua de mar artificial se agregaron inmediatamente alcanzadoun tamafio de 5707.7
11012 nm (Tabla 2). Debido a dicha agregacién, las particulas sedimentaron casi por completo después
de 1 dia (Figura 5).

Tabla 2. Caracterizacion fisicoquimica de las particulas

Ultrapure water Artificial seawater
PVP- Citrato PVP- Citrato
100nmAg 45nmTiO,NPs 100nmAg 45nmTiO,NPs
NPs z NPs z
Hydrod i
yerodyhamic 139+2  173.6£55.8 9741  5707.7 +1012
diameter' (nm)
PDI? (%) 20+2 0.5+0.2 27+4 3+0.8
Z potential® (mV) -21+12 -49+1 -6+10 -3+4

! La media del diametro hidrodinamico y el indice de polidispersidad? obtenidaos por DLS a un angulo de dispersion de 173
2, Las medidas de DLS se realizaron por quintoplicado (media * desviacion estandar (SD).
3 El potential Zeta se midié por quitoplicado (media + SD).

3 Vanderkooy, A.; Chen, Y.; Gonzaga, F.; Brook, M.A. Silica Shell/Gold Core Nanoparticles: Correlating Shell Thickness with the Plasmonic
Red Shift upon Aggregation. ACS Appl. Mater. Interfaces 2011, 3, 3942—3947, doi:10.1021/am200825f.
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Las medidas del potencial zeta revelaron una carga superficial negative cuando las particulas tanto de
AgNPs como de TiO;NPs dispersadas en agua ultrapure, confirmando la repulsion entre particulas
cargadas similares en la dispersion y evitando la agregacién (Tabla 2). Sin embargo, ambas particulas
dispersadas en agua de mar artificial mostré una disminucién en la carga superficial neta. Esta
disminucién probablemente es debida a la compression de la doble capa eléctrica (EDL) promovida
por la presencia de una alta fuerza idnica en el agua de mar. Esta compression de la EDL induce
agregacion cuando solo hay fuerza de repulsion electrostatica como es en el caso de las particulas de
TiO2. Sin embargo, en el caso de las particulas AgNPs las repulsions estéricas se mantienen debido a
la presencia del PVP propocando que las AgNPs permanezcan estables.
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Figure 5. (a) Evolucidn spectral (longitude de onda a 265 nm) y del tamafio hidrodinamico de las citrato-45nm
TiO2NPs dispersadas in agua ultrapura (b) y agua de mar artificial (c) seguida por 7 dias a 20 2C.

4. Conclusiones

Las transformaciones sufridas por las NPs en el agua de mar artificial son dependiente de la
composicion del nucleo y el tipo de estabilizante que recubre el nicleo. En el caso de las AgNPs fueron
coloidalmente estables en contra de la agregacion ya que esta estabilizado por un polimero, el cual le
ofrece una estabilidad contra la gran fuerza idnica del medio por las fuerzas de electrorepulsion que
ofrece dicho polimero. En el caso de las particulas TiO,, la agregacidn fue inmediata ya que el citrato
sélo ofrece estabilidad electroestatica.

ACUINANO
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1. Objetivo del Entregable E2

El objetivo global del entregable es recoger la informacidn sobre los disefios y fabricaciéon de las
plataformas sensdricas para la deteccion de nanoparticulas de plata (AgNPs) y diéxido de titanio
(TiIO2NPs) en agua de mar.

2. Estrategias para la deteccion de AgNPs y TiO2NPs.

a. Espectroscopia de dispersion Raman aumentada por superficie (SERS) como
técnica analitica de deteccidn.

La técnica de deteccidn seleccionada para nuestro objetivo es la espectroscopia de dispersion Raman
aumentada por superficie (Surface-enhanced Raman scattering, SERS). SERS es una técnica
espectroscopica que combina la espectroscopia laser con las propiedades Opticas (plasmones
localizados) caracteristicas de las nanoestructuras metdlicas (las mas habituales: oro y plata). Esta
interaccion laser-plasmon resulta en un enaltecimiento de la sefial Raman de los sistemas moleculares
cercanos a las nanoestructuras que puede llegar a incrementos de hasta 14 6rdenes de magnitud
respecto a la sefial obtenida mediante dispersién Raman convencional. Debido a que el espectro
obtenido es esencialmente un espectro vibracional y, por tanto, contiene toda la informacién del
sistema molecular estudiado, la espectroscopia SERS combina limites de deteccion ultrabajos, con
capacidad de deteccién de una sola molécula,’ y ademds nos ofrece la posibilidad de elucidacién
estructural y de reactividad de los sistemas moleculares bajo estudio. Esta espectroscopia es por tanto
una técnica versatil que permite su aplicacién analitica en la deteccidn de particulas inorganicas en
medios acuaticos seleccionando la molécula adecuada como etiqueta Raman y la nanoestructura
pldsmonica adecuado.

En este caso se seleccionaron nanoparticulas de oro en forma de estrella, lamadas nanoestrellas de
oro (GNSs), como sustrato activo en SERS. Su seleccion es debida a que GNSs se comportan como “hot
spots” individuales ya que el campo cercano estd focalizado en las puntas. Esta focalizacidn ofrece la
posibilidad de tener un factor de aumento de la sefial Raman de 10'°.> Ademds, dichas NPs permitiran
el uso de un laser en el infrarrojo cercano (785 nm), el cual tendra menos interferencias provenientes
de la absorcién en el visible de materia organica en el agua de mar (Figura 1).

a ¥ Au Nanostars| b ™ .‘ F L

500 700 900 1100 -
Wavelength/nm

Figure 1. (a) Espectro de absorbancia de GNSs en agua y (b) representativa micrografia de TEM de las mismas.

1 Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L. T.; Itzkan, I.; Dasari, R. R.; Feld, M. S., Single molecule detection using surface-enhanced
Raman scattering (SERS). Physical Review Letters 1997, 78, 1667-1670.

2 Rodriguez-Lorenzo, L., Alvarez-Puebla, R. A., Pastoriza-Santos, |., Mazzucco, S., Stephan, O., Kociak, M., de Abajo, F. J. G. (2009). Zeptomol
Detection Through Controlled Ultrasensitive Surface-Enhanced Raman Scattering. Journal of the American Chemical Society, 131(13), 4616.
doi:10.1021/ja809418t
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Para mejorar la reproducibilidad asi como la estabilidad coloidal de las GNSs en agua de mar (la cual
presenta una alta fuerza idnica debido a la concentracién de sales que presenta), las GNSs fueron
soportadas en nanocables de titanato sddico (TiNWs) (Figure 2). Tanto la sintesis de GNSs y TINWs asi
como la preparacion del sistema hibrido han sido publicado previamente por miembros del INL y
UVigo.*3
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Figure 2. Imagenes representativas de TEM de los nanocables de titanato usados en ambas plataformas
sensdricas. Histogramas tanto del diametro como de la longitud relativa a dichos titanatos.

b. Estrategia basada en SERS para deteccidon de AgNPs.

La estrategia para la deteccion basada en SERS de AgNPs fue publicada en el marco del proyecto
ACUINANO en el afio 2021.* Dicha estrategia se basa en una deteccidn indirecta de las AgNPs en agua
de mar. En este caso se utiliza una etiqueta Raman, 4-aminobencenothiol (4ABT), acoplada
covalentemente a las GNSs por un enlace Au-S. 4ABT fue seleccionada debido a que ha sido
extensamente estudiado su espectro SERS tanto en contacto con NPs de oro y plata asi como en la
formacién de dimeros, permitiendo entender los cambios espectrales y asi poder correlacionarlos con
la presencia de AgNPs. Dicha etiqueta cuando se irradia con una laser 785 nm genera un espectro SERS
(Figura 3, espectro rojo) al estar enlazada covalentemente al sustrato SERS, es decir GNSs, con una
intensidad relativa a la concentracién de 4ABT y el aumeto de sefial debido GNSs. Dicho espectro
variard en presencia de AgNPs ya que estas NPs tienen también un efecto plasmonico y provocaran un

3 Negrin-Montecelo, Y, Testa-Anta, M., Marin-Caba, L., Pérez-Lorenzo, M. Salgueirifio, V., Correa-Duarte, M.A., Comesafia-Hermo, M. (2019)
Titanate Nanowires as One-Dimensional Hot Spot Generators for Broadband Au-TiO2 Photocatalysis. Nanomaterials, 9(7), 990;
https://doi.org/10.3390/nano9070990

4 Quarato, M., Pinheiro, 1., Vieira, A., Espina, B., & Rodriguez-Lorenzo, L. (2021). Detection of Silver Nanoparticles in Seawater Using
Surface-Enhanced Raman Scattering. Nanomaterials, 11(7). doi: ARTN 1711 10.3390/nano11071711
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aumento de sefial SERS que se podra correlacionar con la concentraciéon de AgNPs (Figure 2, espectro
verde), permitiendo no solo la deteccidn sino la cuantificacion de AgNPs en agua de mar.
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Figura 3. Esquema sobre la estrategia de SERS deteccién del AgNPs basado en sus propiedades plasménica. El la
“etiqueta” Raman seleccionada dara una sefial SERS (espectro rojo) que variara en presencia de AgNPs, en ese
caso la sefial aumentara (espectro verde).

c. Estrategia basada en SERS para la deteccién de TiO2NPs

En el caso de TiO2NPs, su deteccién también va a ser indirecta a través de la variacién del espectro
SERS de un colorante debido a la fotodegradacion de este colorante en presencia del TiO2NPs. En la
Figura 4 se muestra un esquema de la estrategia a seguir: el colorante seleccionado es adsorbido en
las GNSs generando un espectro SERS cuando se excita con un ldser 785 nm (Figura 4, espectro rojo).
Dicho espectro no tendra variacidon hasta que entre en contacto con las TiO2NPs y sea irradiado por
luz con las longitudes de onda adecuada para que se produzca la degradacién en presencia del
TiO2NPs. Cuando ocurra la fotodegradacion se observara una disminucién de la intensidad del
espectro SERS generado por el colorante (Figura 4, espectro verde). En el caso de sélo hubiera TIO2NPs
y el colorante, no se podrd acquirir ningln espectro SERS por la falta de un sustrato activo en dicha
técnica, es decir GNSs.

& } . ACUINANO . . .
[ \V] gt UniversidagaVigo

3 LABORATORY



@ iiterreg E

Espafa - Portugal

c ACUINANO
(' 4

Dye
Productos
)

\ g
Degradacion

) :
o/ 7\
NO A
Degradacion ‘
Luz . ‘ Luz
\ AuNs \
Aexc=785 nm

400 600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

Figura 4. Esquema sobre la estrategia de SERS deteccion del TIO2NPs basado en sus propiedades fotocataliticas.
El colorante seleccionada dard una sefial SERS (espectro rojo) que variara en presencia de TiO2NPs y después de
ser irradiada con la fuente de luz adecuada, en ese caso la sefial disminuira (espectro verde).

Como en el caso de la estategia para detectar AgNPs, las GNSs fueron soportadas en TiNWs. Sin
embargo, en este caso la concentracion del nanoestrellas de oro fue ajustada para generar el efecto
SERS sin tener un efecto negativo en las propiedades fotocataliticas de las particulas de TiO2NPs. La
Figura 5 muestra como una concentracion elevada de GNSs (0.2mM, linea verde de la Figura 5 d) ofrece
el mismo resultado que anadiendo una concentracién baja de GNSs (0.08 mM) o en ausencia de GNSs.
En esta misma figura se observa que la concentracién éptima de GNSs es 0.1 mM.
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Figura 5. Images de TEM representativas de (a) 0.1 mMy (b) 0.2 mM de GNSs soportadas en TiNWs. (c) Espectros
de absorbancia de TINWs@GNSs con diferentes concentraciones de GNSs. (d) Fotodegradacion de rhodamina B
usando sélo TiO2NPs, TIO2NPs soportados en TiNWs y TiO2NPs soportados en TINWs@GNSs.
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Se selecciond azul de metileno (MB) como sustrato de fotodegradacion en vez de Rodamina B (RhB),
la cual es fotodegradada con mayor eficacia por las particulas de TiO2 (LoD reportados usando
absorbancia para el azul de metileno (MB) es de 5 ppm, mientras que para RhB se obtuvo 1 ppm),
debido a que la sefial SERS proporcionada por el azul de metileno es mayor (Figura 6).

Rhodamina B
%
. /
r AR
Azul de metileno
*

% 4

* "

400 600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm1)

Figure 6. Espectros SERS obtenidos para RhB y MB usando GNSs soportados por TiNWs. Las bandas que estan
marcadas por asteriscos no son relativas al colorante y provienen del sustrato. En el caso de RhB, ninguna banda
relativa a dicho colorante fue detectada.

3. Diseio y fabricacion de cartuchos de microfluidica

Para mejorar la portabilidad de la plataforma sensdrica, INL disefio y fabricd cartuchos de microfluidica
en los cuales los sustratos activos en SERS pueden ser integrados.

Tanto el cartucho para la deteccién de AgNPs como el usado para la deteccion de TiO2NPs estan
constituidos de dos partes cuadradas de acrilico (PMMA) (Figura 7). La parte inferior fue disefiada para
soportar una membrana de nylon para usarla como soporte del sustrato SERS y ademas la salida de
liguido estd localizada debajo de estd membrana funcionando como un sistema de filtraje. La parte
superior contiene el area de deteccidn la cual fue cerrada con vidrio para ser transparente al laser y
tener la minima absorcidn de luz por el material que usamos en el drea de deteccion. El drea de
deteccién disefiada para AgNPs fue mas pequefia (0.5 cm) que en el caso de TiO2NPs (1.3 cm) (Figure
7). Ademas esta parte superior contiene una entrada y una salida. Juntas tdricas hechas con
polidimetilsiloxano (PDMS) se usaron para asegurar un sellado del sistema. Ambas partes se
ensamblan utilizando tornillos.
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Figure 7. Esquema del cartucho fabricado en INL. El diametro del area de deteccién presentado en (b) es
diferente dependiendo que NP es detectada: para AgNPs el didmetro es 0.5 cm; sin embargo en el caso de
TiO2NPs el didmetro es de 1.3 cm.

La integracién del sustrato SERS se realiza in situ, es decir, el sustrato fue inyectado y soportado en la
membrana de nylon utilizando la salida colocada en la parte inferior y la salida localizada en la parte
superior fue cerrada. Para garantizar un flujo constante, una bomba de jeringa fue utilizada (Figure 8).
En ambos casos, el sustrato SERS fue funcionalizado ya sea con 4ABT (seccidon 2b) para la deteccion de
AgNPs o azul de metileno (seccién 2c) para la deteccion de TiO2NPs.

En el caso especifico de la deteccidn de TiO2NPs, se disefié un sistema de iluminacion con 4 LEDs del
tamanio del drea de deteccidén (1.3 cm; Figura 8). Dicho sistema de LEDs fue utilizado como fuente de
luz para realizar la fotodegradacion en presencia de TiO2NPs del azul de metileno.

Figure 8. (a) El cartucho de microfluica se conecté a una bomba de jeringa donde la muestra que contenga las
NPs se colocé en una jeringa. (b) and (c) muestran la placa electrénica para controlar un sistema de 4 LEDs
fabricado en INL. La longitud de onda de dichos LEDs es 365 nm.

Para la deteccion se utilizé un sistema Raman portatil el cual consta de un espectometro, un laser 785 nmy una
sonda Raman. El control de la potencia del laser, el tiempo de acquisicion, el encendido/apagado de los LEDs se
realiza utilizadon un portatil (Figure 9). En ambos caso el cartucho de microfluidica fue colocado en un plataforma
donde la sonda de Raman esta integrada para poder realizar una optimizacién de la sefial SERS acquirida en el
sistema (Figura 9).
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Figure 9. Esquema de la configuracidn de un sistema Raman portatil. La imagen de la derecha muestra como se
integra un cartucho de microfluidica con la fibra 6ptica del Raman.

4. Conclusiones

Hemos establecido estrategias basadas en SERS para la deteccién tanto de AgNPs como de TiO2NPs.
Para poder establecer estas estrategias en un dispositivo portatil, cartuchos de microfluidica fueron
disefados y fabricados en el INL. Los sustratos SERS (GNSs soportados en TiNWSs) se integraron en
dichos dispositivos portatiles para a su vez integrarlos con un Raman portatil con configuracion de fibra
Optica (sonda Raman). Con todos los componentes presentados en este entregable desarrollamos
plataforma sensdricas capaces de generar datos sobre la presencia y cantidad de AgNPs o TiO2NPs en
medios acuosos.

& } . ACUINANO . . .
[ \V] gt UniversidagaVigo

, LABORATORY



0 1HHILCTTICY

Espana Portugal

o de IIRg
u de imth nal

UNION EUROPEA
UNIAO EUROPEIA

F d

(  CUINANG
(* 4

Informe técnico sobre la deteccion de
las nanoparticulas en aguas y su
deteccion

Actividad 4 — Accion 1 — Entregable E 3

“‘\ vanorechNoloay  UniversidageVigo
&Y

LABORATORY



0 HmiterIrey “

C;‘;‘\.CUlNANO Espafia - Portugal

/"4 e

INDICE

INDICE ..ttt es et s e bbbt 2
1. Objetivo del ENtregable E3..... ..ttt etee et e e et e e e ae e e saraae e e enbeeeeennees 3
2. Evaluacion del desempefio de la plataforma sensodrica para la deteccidn de nanoparticulas de
PIALA (ABNPS) c.eeeie ettt ettt e et e e ettt e e e ae e e e eataae e e e baeeaeaabaeaeeabaaeaeaareeeeenttaeeeaateeeeannraeeeanrees 3
3. Evaluacion del desempefio de la plataforma sensdrica para la deteccién de nanoparticulas de
dioXido de titanio (TIO2 NPS) ....eeiiciiiiee ettt e e e ettt e eeee e e ettt ee e e eeteeeeeettbaeeeeabaeeesassbeaeeessaseeseseesesanres 5
N @0 T [o] [V o U= UPPPRPP 6

px ERNATIONAL IBERIAN ACUINANO b M M

IN, iness UniversidagVigo



r 0 HiterIrecy “
( zcunano Espar

1. Objetivo del Entregable E3

El objetivo global del entregable fue la evaluacion del desempefio de las plataformas senséricas para
la deteccidn de nanoparticulas de plata (AgNPs) y didxido de titanio (TiO2NPs) en agua de mar.

2. Evaluacion del desempeiio de la plataforma sensdrica para la deteccion de
nanoparticulas de plata (AgNPs)

La estrategia para la deteccidon basada en SERS de AgNPs fue publicada en el marco del proyecto
ACUINANO en el afio 2021.1 Dicha estrategia se basa en una deteccidn indirecta de las AgNPs en agua
de mar. En este caso se utiliza una etiqueta Raman, 4-aminobencenothiol (4ABT), acoplada
covalentemente a las GNSs por un enlace Au-S. 4ABT fue seleccionada debido a que ha sido
extensamente estudiado su espectro SERS tanto en contacto con NPs de oro y plata asi como en la
formacién de dimeros, permitiendo entender los cambios espectrales y asi poder correlacionarlos con
la presencia de AgNPs. Dicha etiqueta cuando se irradia con una laser 785 nm genera un espectro SERS
al estar enlazada covalentemente al sustrato SERS, es decir GNSs, con una intensidad relativa a la
concentracion de 4ABT y el aumeto de seial debido GNSs. Dicho espectro variara en presencia de
AgNPs ya que estas NPs tienen también un efecto plasmonico y provocaran un aumento de sefial SERS
gue se podra correlacionar con la concentracién de AgNPs, permitiendo no solo la deteccién sino la
cuantificacidon de AgNPs en agua de mar.

520 cm-! 1080 cm-! - 1 -
21000{ @ - $§fﬁ 5 b
sl © 0.8 { y=0.0282x+0.2536
18000 - .5 mg @ >
i ——1.25mg/L S R*=0.9885
4 0.625 mg/L « 0.6
2 15000 0.25 mg/L o
5 12000 ——0.025 mg/L. % 0.4
E 7 :
= 7}
3 = 92 =0.0091x +0.2198
< £ R? = 0.9804
5 O T T T r y
< 0 5 10 15 20 25
6000 -
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300 600 900 1200 1500 1800
Raman shift [1/cm] @ Ultrapure water @ Artificial seawater

Figura 1. Analisis SERS de las PVP-100nm AgNPs dispersadas tanto en agua ultrapura como en agua de mar
artificial. (a) Representativos espectros SERS obtenidos a diferentes concentraciones de PVP-100nm AgNPs en
agua de mar artificial. La linea verde punteada muestra el pico de 4ABT seleccionado (1080 cm™) para construir
el calibrado en b, mientras que la linea puntuada gris muestra el pico caracteristico del silicio (520 cm™), el cual
se utilizd para normalizar la sefial SERS. (b) Curvas de calibrado determinadas experimentalmente para la
deteccién de dichas AgNPs en agua ultrapura (puntos verdes) y agua de mar artificial (puntos rojos). Una relacion
lineal entre la concentracién de AgNPS y la sefial SERS normalizada fue encontrada en el rango de 25 — 0.025
mg/L.

La deteccion se realizd en primer lugar en liquido, afadiendo diferentes concentraciones de PVP-
100nm AgNPs (particula selecciona, ver Entregable E1) a una concentracidn constante de 4ABT-GNSs.
En la Figura 1a se muestran los espectros SERS obtenidos a diferentes concentraciones de AgNPs en
agua de mal artificial usando un Raman portatil con un laser de excitacidn 785 nm (ver Entregable E2).
En la Figura 1b se muestra el calibrado obtenido tanto en agua ultrapura (puntos verdes en Figura 1) y

1 Quarato, M., Pinheiro, 1., Vieira, A., Espina, B., & Rodriguez-Lorenzo, L. (2021). Detection of Silver Nanoparticles in Seawater Using
Surface-Enhanced Raman Scattering. Nanomaterials, 11(7). doi: ARTN 1711 10.3390/nan011071711
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en agua de mar artificial (puntos rojos en Figura 1). Para disminuir la posible variabilidad de la sefial
SERS del 4ABT, el pico seleccionado 1080 cm™ de 4ABT fue normalizado usando el pico caracteristico
del silicio (520 cm), obteniendo un rango lineal entre la concentraciéon de AgNPs y la sefial SERS
normalizada entre 25 —0.025 mg/L en ambos medios (agua ultrapura y agua de mar artificial).

El limite de deteccion (LoD) y de cuantificacion (LoQ) fue calculado utilizando la curva de calibrado
aparte de las ecuaciones: 3.35Dy/a and 10Dy/a, respectivamente, donde SDy es la desviacion estandar
de la respuesta de la curva y a es la pendiente de la curva de calibrado. Por tanto, los valores obtenidos
fueron:

Agua ultrapura Agua de mar artificial
LoD (mg/L) 2.3+1.5 1.5+0.7
LoQ (mg/L) 7.0+4.6 46121

Dichos LoD y LoQ estan lejos de los valores deseados, ya que la concentracidn predicha de AgNPs en agua de
relevacia medioambienta esta en el rango de ng/L. Asi, para mejorar LoD y LoQ asi como la portabilidad de
la plataforma sensdrica, INL disefio y fabricé cartuchos de microfluidica en los cuales los sustratos
activos en SERS pueden ser integrados (ver detalles en el Entregable 2). En la Figura 2 se muestra un
esquema del sistema de inyeccidén asi como imagenes del cartucho.

Laser A=785nm u N

Sensing module

Syringe pump ~ °

' Waste

Figura 2. Esquema del sistema para detectar AgNPs: la muestra se inyecta en el cartucho usando una bomba de
jeringa para controlar la velocidad de inyeccidn (100 pg/min). El flujo es perpendicular a la cdmara de deteccion
(la zona transparente del cartucho). El laser acoplado al sistema Raman se alinea y enfoca a la camara de
deteccidén para obtener la seial SERS dptima.

En este caso, se evalué el desempefio de la plataforma sensdrica en agua de mar artificial y en agua de
mar que contiene materia orgdnica (es decir, agua de mar usada para cultivar mejillones en tanques).
Para validar las concentraciones que usamos para el calibrado, usamos dos técnicas: analisis de
seguimiento de nanoparticulas (NTA) y Deteccidn Individual de Particulas mediante Plasma de
Acoplamiento Inductivo con Deteccién por Espectrometria de Masas (sp-ICP-MS). En la Figura
3 se muestra la comparacion de la concentracién determinada en las diferentes técnicas y la tedrica
determinada. Lo mds importante que hay que tener en cuenta es que NTA es mas fiable en
concentraciones mas altas, mientras sp-ICP-MS para concentraciones mas bajas evitando un factor de
dilucién alto que provoca un error mayor en sp-ICP-MS.
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Figura 3. (a, c) Validacion de la concentracién de AgNPs afiadida a (a) agua de mar artificial y (c) agua de mar
expuesta a mejillones. (b,d) Curvas de calibrado determinadas experimentalmente para la deteccién de dichas
AgNPs en (b) agua de mar artificial (puntos rojos) y (d) agua de mar expuesto a mejillones (puntos azules). Una
relacion lineal entre la concentracion de AgNPS y la sefial SERS fue encontrada en el rango de 500 — 0 ng/L para
agua de mar artificial y 100 — 0 ng/L para agua de mar expuesta a mejillones.

Usando el cartucho de microfluidica para la deteccién de PVP-100nm AgNPs, se observé que hay una
relacion linear entre la concentracion y la sefial SERS en el rango de ng/L (ver Figura3 b and c). En este
caso, los LoD y LoQ estimados fueron:

Agua de mar artificial Agua de mar artificial expuesto
a mejillones
LoD (ng/L) 5.0+ 3.5 89+14
LoQ (ng/L) 15.1+10.6 27.0+3.6

Estos valores demuestras que usando el cartucho de microfluidica se alcanza los LoD y LoQ necesarios
para la deteccidon de AgNPs en las concentraciones relevantes en agua de mar. Ademas el método
parece ser mas sensible en matrices que contiene materia organica (Figure 3 d).

3. Evaluacion del desempeiio de la plataforma sensdrica para la deteccion de
nanoparticulas de diéxido de titanio (TiO2 NPs)

En el caso de TiO2NPs, su deteccién también va a ser indirecta a través de la variacién del espectro
SERS de un colorante debido a la fotodegradacion de este colorante en presencia del TiO2NPs. En la
Figura 4 se muestra un esquema de la estrategia a seguir: el colorante seleccionado es adsorbido en
las GNSs generando un espectro SERS cuando se excita con un laser 785 nm. Dicho espectro no tendra
variacion hasta que entre en contacto con las TiO2NPs y sea irradiado por luz con las longitudes de
onda adecuada para que se produzca la degradacion en presencia del TiO2NPs. Cuando ocurra la
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fotodegradaciéon se observard una disminucién de la intensidad del espectro SERS generado por el
colorante. En el caso de soélo hubiera TiO2NPs y el colorante, no se podra adquirir ningln espectro
SERS por la falta de un sustrato activo en dicha técnica, es decir GNSs.

Como se describe en el entregable E2, se explord el desempefio del cartucho de microfluidica integrado
a un sistema de iluminacién LED y a un sistema Raman para la deteccién de TiO2. En la Figura 4 se
muestra el desempefio de la fotodegradacién del azul de metileno en presencia de TiO2NPs en
comparacion con los controles (condiciones de oscuridad y de luz usando el sistema LED después de
30 min de exposicion). La variabilidad de los resultados (observar el error incluido en el grafica en la
Figura 6b) no permitié disminuir la concentracién de TiO2NPs y ver diferencias con el control de luz a
menores concentraciones de 100 mg/L.
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Figure 4. (a) Espectro SERS obtenido para azul de metileno (MB) usando GNSs soportados por TiNWs. (b)
Variacion del espectro SERS del MB despues de ser injectado en el cartucho de microfluidica y expuesto a
conditiones de oscuridad (dark control), de luz usando el sistema LED, ver detalles en el entregable E2, (light
control) y la fotodegradacién en presencia de 100 mg/L de TiO2 NPs. En los tres casos el tiempo de exposicidn
fue 30 min.

Lo mas probable es que hiciera falta una mayor potencia del sistema de iluminacién para conseguir
mayor sensibilidad del sistema. En vez de usar un sistema de iluminacion de 4 LEDs con una longitud
de onda 365 nm, se deberia explorar el uso de un simulador solar (ldampara de Xeon) con una
configuracion de fibra dptica para iluminar sélo el area de interés del cartucho de microfluidica.

4. Conclusiones

Hemos evaluado el desempenio de las plataformas sensdricas desarrolladas y fabricadas en el proyecto.
La plataforma desarrollada para la deteccidn de AgNPs ofrecid buenos resultados permitiendo la
generacion de curvas de calibrados en un rango dinamico de 0 — 500 ng/L para agua de mar artificial y
de 0 — 100 ng/L para agua de mar expuesta a mejillones. Los LoD y LoQ obtenidos en ambos medios
estuvieron en el rango de ng/Ly la sensibilidad del método fue mayor en presencia de materia organica
(agua de mar expuesta a mejillones). Sin embago, la plataforma para la deteccion de TiO2 NPs no
presentd un buen desempefio. Hubo gran variabilidad, lo cual no permitié generar ninguna curva de
calibrado ni datos analiticos fiables. La hipdtesis de la razén de ello es que el sistema de iluminacién
LEDs no ofrecio la suficiente potentia para generar una fotodegradacion por TiO2 reproducible.
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Abstract: Nanomaterials significantly contribute to the development of new solutions to improve
consumer products properties. Silver nanoparticles (AgNPs) are one of the most used, and as human
exposure to such NPs increases, there is a growing need for analytical methods to identify and
quantify nanoparticles present in the environment. Here we designed a detection strategy for AgNPs
in seawater using surface-enhanced Raman Scattering (SERS). Three commercial AgNPs coated with
polyvinylpyrrolidone (PVP) were used to determine the relative impact of size (PVP-15nmAgNPs and
PVP-100nmAgNPs) and aggregation degree (predefined Ag aggregates, PVP-50-80nmAgNPs) on
the SERS-based detection method. The study of colloidal stability and dissolution of selected AgNPs
into seawater was carried out by dynamic light scattering and UV-vis spectroscopy. We showed that
PVP-15nmAgNPs and PVP-100nmAgNPs remained colloidally stable, while PVP-50-80nmAgNPs
formed bigger aggregates. We demonstrated that the SERS-based method developed here have
the capacity to detect and quantify single and aggregates of AgNPs in seawater. The size had
almost no effect on the detection limit (2.15 &= 1.22 mg/L for PVP-15nmAgNPs vs. 1.51 £ 0.71 mg/L
for PVP-100nmAgNDPs), while aggregation caused an increase of 2.9-fold (6.08 £ 1.21 mg/L). Our
results demonstrate the importance of understanding NPs transformation in seawater since this can
influence the detection method performance.

Keywords: AgNPs; SERS; NPs transformation; water; sensor

1. Introduction

Nanomaterials [1] are becoming more and more prevalent as ingredients for several
consumer products such as paints, personal care products, food, and cosmetics [2—4]. Silver
nanoparticles (AgNPs) are becoming, among others, one of the most-used engineered
nanomaterials as a result of their properties, mainly their antibacterial properties, in
consumer products, including textiles, disinfectants and filtration membranes where the
particles can be found in both solid or liquid (coating and spray) state [5]. Despite all the
promising applications, there is a growing concern about associated risks to humans and
ecosystems. The production, transport, washing, or disposal of products containing AgNPs
are only some of the steps that could lead to Ag release into the environment compromising
agricultural and fishery activities with a potential impact on human health [6-8]. Therefore,
there is a growing need for an analytical method to directly detect these NPs present in
the environment.

At present, there are different techniques that allow the detection and quantification of
AgNPs, including spectroscopic [9] and electrochemical methods [10,11], and, for the ma-
jority, single-particle inductively coupled plasma mass spectrometry (sp-ICP-MS) [12-14].
Although these techniques allow both qualitative and quantitative determination of NPs, it
is crucial to develop equally accurate and fast methods for their characterization and envi-
ronmental risk assessment on-site. The development of portable sensors for their detection
is also necessary since those will allow decentralized monitoring and quick implementation
of measures for risk mitigation [15].
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Taking advantage of the high scattering and plasmonic properties of AgNPs [16,17],
specific detection methods based on surface-enhance Raman scattering can be developed.
Unlike Raman spectroscopy, SERS overcomes the limitation due to weak signals by ex-
ploiting such AgNPs properties via electromagnetic enhancement mechanism to Raman
signal increase [18]. This, coupled with chemical interactions between molecular probe and
plasmonic NP and with the ability of metal surfaces to quench the fluorescence background
when both are in close proximity, makes SERS sensitive enough to detect trace amounts for
analysis even at the single molecule level [19]. A non-overlapped spectra with a narrow
bandwidth sensitive to slight changes in molecule structures and orientation is the output
of this technique [20]. The applicability of SERS in the detection of nanostructures, like
AgNPs, has been already reported, in which a Raman reporter molecule, ferbam (ferric
dimethyl-dithiocarbamate), allowed the detection of NPs in complex matrices after strong
interactions were established [21].

This work aims to design a detection method for AgNPs by correlating the enhance-
ment of SERS signal of 4-aminobenzenethiol (4ABT)-attached to gold nanostars (AulNSs)
with the presence of AgNPs in seawater. Seawater was selected as an environmentally rele-
vant medium because coastal waters are one of the main sinks at the end-of-life of AgNPs-
containing products, mainly through treated and untreated wastewater discharges [22].
We selected AuNSs as a highly efficient SERS substrate due to the high localization of the
electromagnetic field at their tips and their consequent behavior as individual hot spots
allowing zeptomole detection of molecules attached to their surface [23-25]. 4ABT was
chosen as a Raman reporter due to both its aromatic nature that confers a high Raman
cross-section and its functional groups, -SH and -NHj, which strongly interact with Au
and Ag. In fact, 4ABT has been already used as a Raman reporter to detect AgNPs in
dietary supplement products by SERS via the formation of S-Ag bond [26]. In this work,
we carried out a different approach: First, 4ABT was attached to AuNSs and, subsequently,
the free amino group of 4ABT was available bind to AgNPs [27]. Thus, the enhancement of
the SERS signal can be explained by inter-particles AgNPs-AuNSs interaction via 4ABT
generating hot spots, which increases the concentration of electromagnetic field at these sites
and, as a consequence, the enhancement of SERS signal also occurs [28]. This enhancement
depends on the plasmonic properties of AgNPs, which in turn depend on the physicochem-
ical properties of the NPs such as size, shape, aggregation state, and surface coating. To
investigate the effect of these parameters, we selected three commercially available AgNPs
coated with polyvinylpyrrolidone (PVP). PVP is a widely used water-soluble polymer
whose role as stabilizing agent is well known [29,30]. The molar ratio between silver and
macromolecule (i.e., polymer) is usually enough to prevent or at least slow down aggrega-
tion and dissolution processes over the time [31]. Having similar surface properties due
to the presence of PVP, we studied the effect of the size on SERS enhancement by having
two AgNPs with a diameter of 15 (PVP-Agl5nm NPs) and 100 nm (PVP-Ag100nm NPs)
and the effect of the aggregation including a predefined product formed by Ag aggregates
coated with PVP with a primary NP size of 50-80 nm (PVP-Ag50-80 NPs).

We studied the colloidal stability (i.e., aggregation and dissolution) of selected AgNPs
in seawater by UV-vis spectroscopy, dynamic light scattering (DLS), and zeta potential.
After understanding the possible transformation of AgNPs in seawater, we performed
average SERS detection (i.e., in liquid) in both ultrapure water and seawater to study the
possible matrix interference [32] (i.e., salt concentration). In addition, we characterized the
AgNPs interaction with 4ABT-coated AuNSs by transmission electron microscopy (TEM)
and the colloidal stability of AuNSs in seawater by UV-vis spectroscopy. We were able
to construct calibration curves for all AgNPs even the smaller one, PVP-Agl15nm NPs,
in seawater. The limits of detection using a portable Raman system, which has lower
performance of the detector in comparison with the Raman confocal microscope [33,34],
were in the mg/L range.
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2. Materials and Methods
2.1. Silver Nanoparticles (AgNPs)

AgNPs powders with a core diameter of 15 nm (PVP-Ag15nm NPs) and 50-80 nm
(PVP-Ag50-80nm NPs) were supplied by SSNano (Houston, TX, USA; product code:
01275H) and US Research Nanomaterials, Inc (Houston, TX, USA; product code: US1018),
respectively, and used without any further purification. The powder composition was
25% wt silver and 75% wt polyvinylpyrrolidone (PVP) for PVP-Agl15nm NPs and 0.2%
of PVP for PVP-Ag50-80nm NPs. Further, 1 g/L of AgNPs dispersion was prepared in
ultrapure water with a resistivity of 18.2 MQ2 at 25 °C (Millipore apparatus, MQ Aquantage
A10, Merck, Algés, Portugal) and this was sonicated for 15 min using a bath sonicator
(Elmasonic P, Elma, VWR, Amadora, Portugal) (37 kHz, 100% at 25 °C). The dispersion
was stored at 4 °C until further use.

An AgNPs ink containing 30% wt AgNPs dispersed in ethylene glycol was purchased
from Sigma-Aldrich (Merck Life Science-Sigma Aldrich, Algés, Portugal; product code:
798738). In order to remove ethylene glycol due to its toxicity [35], 4 g of the AgNPs ink
were diluted with ultrapure water to reach a concentration of ethylene glycol of 0.15-0.3 M
(30-15 mL final volume). The diluted ink was then dialyzed using a 12 kDa cellulose
membrane (Merck Life Science Sigma-Aldrich, Algés, Portugal), product code: D6191)
against ultrapure water for 6 h. After dialysis, AgNPs were mixed with 24 mL of 150 g/L
PVP solution, reaching an Ag:PVP ratio of 1:3 wt. The PVP-Ag100nm NPs dispersion
was stored at 4 °C until further use. The purification process and PVP coating of these
AgNPs were characterized by dynamic light scattering (SZ-100 device, Horiba, ABX SAS,
Amadora, Portugal) and UV-vis spectroscopy (Perkin-Elmer LAMBDA 950 spectropho-
tometer, Scientific Laboratory Supplies, Wilford, Nottingham, UK). The results are shown
in Figure S1.

2.2. Synthesis and Functionalization of Gold Nanostars (AuNSs)

The synthesis of AuNSs followed the seed-mediated growth method, in which gold
spherical nanoparticles (AuNPs) with a diameter of 13 nm work as seeds for the following
star-shaped particles formation.

AuNPs were obtained by in-house synthesis according to the reduction method
developed by Turkevich et al. [36] where a small amount of gold salt is reduced by the
presence of sodium citrate. Briefly, 250 mL of 0.5 mM of an aqueous solution of HAuCly
(Merck Life Science Sigma-Aldrich, Algés, Portugal) was brought to boil for 5-10 min
while being kept under vigorous stirring. Then, 12.5 mL of a warm sodium citrate solution
(1% wt/V; Merck Life Science, Sigma-Aldrich, Algés, Portugal) was quickly added. The
formation of AuNPs was confirmed by the color change of the dispersion from light yellow
to dark red.

Once the synthesis was over, the suspension was cooled down until room temperature
was reached and kept in the dark at 4 °C until further use.

For the coating, an aqueous solution containing 530 mg of polyvinilpyrrolidone
(PVP) with a molecular weight (MW) of 10K (TCI Europe, Zwinjdrecht, Belgium) was
prepared and added to the AuNPs solution to provide a ratio of 60 PVP molecules per
nm?. The reaction was left overnight under magnetic stirring and the PVP excess was then
removed, performing a centrifugation step at 7000 x g for 90 min. PVP-coated AuNPs were
re-dispersed in ethanol and stored in dark condition at 4 °C until further use.

The formation of AuNSs took place by mixing 20 g of PVP-10K with 200 mL of
N-dimethylformamide (DMF, Merck Life Science, Sigma-Aldrich, Algés, Portugal) in
the presence of 0.5 mM of HAuCly and 0.023 mM of preformed AuNPs seeds. After a
20 min reaction, the solution became dark blue, and 3 cycles of 60 min centrifugation were
performed to finally re-disperse the solution in ethanol.

The functionalization occurred by the conjugation of AuNSs with a Raman reporter
molecule, 4-aminobenzenthiol (4-ABT; Merck Life Science, Sigma-Aldrich, Algés, Portugal),
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using 1:1 molar ratio. If freshly prepared, the reaction took place in 10 min, followed by
3 centrifugation steps in order to remove the molecules excess (3300 g, 4 min).

2.3. Nanoparticles Characterization

Optical and morphological particles characterization was carried out using UV-vis-
NIR spectroscopy (Perkin-Elmer LAMBDA 950 spectrophotometer, Scientific Laboratory
Supplies, Wilford, Nottingham, UK), size/zeta potential analyzer (SZ-100 device, Horiba,
ABX SAS, Amadora, Portugal), and transmission electron microscopy (JEOL 2100 200 kV
TEM, Izasa Scientific, Carnaxide, Portugal). The sample concentration of 12.5 mg/L for
PVP-Agl5nm and PVP-Agl00nm and 50 mg/L for PVP-Ag50-80nm was loaded into a
quartz cuvette, 10 mm optical path, to perform light scattering and UV-vis analysis. A
scattering angle of 90° and a working temperature of 25 °C was used for size determination.
For TEM analysis, the particles were subjected to several centrifugation cycles (3 cycles
of 60 min at 8960 g for PVP-Agl5nm; 3 cycles of 15 min at 2500 x g for PVP-Ag100nm,;
and 1 cycle of 10 min at 1500 x g for PVP-Ag50-80nm) in order to remove the excess PVP
that could interfere with the analysis. To prevent particle aggregation, several drops of the
suspension were placed on the grid by drying the excess every time. Furthermore, 400 Cu
mesh formvar/carbon grids were used for gold investigations, and instead, pure carbon
400 Ti mesh grids were used when silver was analyzed. In both cases, an acceleration
voltage of 200 kv was used.

2.4. Surface-Enhanced Raman Spectroscopy

For SERS average experiments, 4ABT functionalized AuNSs were chosen as the SERS
substrate for the detection of different concentration of AgNPs, in a range 12.5-0.025 mg/L
for single particles and 50-0.1 mg/L in the case of aggregates. Different concentrations of
AgNPs were added to the AuNSs suspension (1:1, v/v) and 20 uL of the suspension was
then placed on a silicon wafer. The SERS measurements were carried out in the liquid.

The standards were prepared by diluting the testing AgNPs in ultrapure water or
synthetic seawater. The artificial seawater was prepared by dissolving a commercial salt
(ICA Sal Marinho Basic Plus, Aqualovers, Portugal) in DI water (35 ppm salinity) in order
to assess salt interference during detection.

SERS spectra were acquired using a 300 Alpha Confocal Raman (WiTEC, Ulm, Ger-
many) using 10X objective and a portable Raman spectrometer (B&Wtek, ILC-Inst. De
Lab. E Cientificos, Lisboa, Portugal) with optical fiber configuration, where 785 nm was the
excitation laser line used. The spectra acquisition was performed for 3 s and with 1 scan
per measurement and collected using a laser power of 70 mW and 50 mW for the Confocal
and the portable Raman, respectively. The resulting SERS spectra were processed using
SpectraGriph 1.2.14 software (Software for optical spectroscopy 2016-20 developed by Dr.
Friedrich Menges, Oberstdorf, Germany) after being baseline corrected.

3. Results
3.1. Physicochemical Characterization of AGNPs in Artificial Seawater

We selected three commercial AgNPs coated with polyvinylpyrrolidone (PVP), named
here PVP-Ag15nm NPs, PVP-Ag50-80nm NPs, and PVP-Ag100nm NPs. PVP is a well-
known stabilizer agent of NPs, and it has been amply used as a stabilizer of AgNPs [37].
Figure 1 shows morphology and size distribution characterized by transmission electron
microscopy (TEM). TEM analysis reveals that all NPs present a pseudo-spherical shape
and a mean size of 24 &+ 7 nm for PVP-Agl15nm NPs, 42 & 21 nm for PVP-Ag50-80nm NPs,
and 96 £ 25 nm for PVP-Ag100nm NPs.

AgNPs have unique optical properties resulting in a very particular UV-vis extinction
spectrum in the visible range, which corresponds to the typical yellow color. When excited
by an electromagnetic field, AgNPs support coherent oscillations of the surface conduction
electrons, and this phenomenon, confined oscillations of the charge density, is referred
to as localized surface plasmon resonance (LSPR) [38]. This LSPR can be used to obtain
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information about the colloidal stability of the AgNPs dispersion. Figure 2 shows the
UV-vis extinction spectra of three commercial PVP-AgNPs in both ultrapure water and
artificial seawater. The extinction spectra of the PVP-Ag15nm NPs and PVP-Ag100nm
NPs displayed a single LSPR band centered at 412 nm and 425 nm in both media, which
demonstrated that these nanoparticles are colloidally stable in media with high ionic
strength like artificial seawater even after 28 days (see Figure S2a—f). This is due to
the presence of PVP since this polymer stabilizes the NPs by electrosteric repulsion [39].
However, the extinction spectrum of PVP-Ag50-80nm NPs showed a broad LSPR band
developed in the visible-near-infrared region and a decrease of the concentration when in
artificial seawater. These features can be attributed to the aggregation of AgNPs, i.e., the
plasmonic coupling between closely packed NPs, especially in the presence of high ionic
strength. Interestingly, the presence of PVP prevented the collapse running out-of-control
and stabilized the formed aggregates in artificial seawater (Figure 2b).
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Figure 1. (a) TEM images show morphology and particles dispersion. Particles of 15 (PVP-Ag15nm NPs), 50-80 (PVP-Ag50-
80nm NPs), and 100 nm (PVP-Ag100nm NPs) are shown. Scale bar of 200 nm. (b) Particle size distribution, estimated by
measuring an average of 200 particles, and Gaussian fitting are represented by histograms and continuous line, respectively.
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Figure 2. UV-vis extinction spectra of (a) PVP-Ag15nm NPs, (b) PVP-Ag50-80nm NPs, and (c) PVP-Ag100nm NPs dispersed
in ultrapure water and artificial seawater, represented by solid line and dotted line spectra, respectively.

Owing to the fact the polymer shell can act as a dielectric spacer and be an effective
insulator, which may hinder additional coupling of LSPR oscillations between associated
particles provoking the decrease of the sensitivity of the UV-vis spectroscopy on the ag-
gregation monitoring [40]. DLS overcomes this obstacle and therefore the hydrodynamic
size of the AgNPs was also characterized. DLS analysis in ultrapure water confirmed the
UV-vis results (Table 1). PVP-Ag15nm NPs and PVP-Ag100nm NPs had a hydrodynamic
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size of 49 £ 3 nm and 139 £ 2 nm, respectively, which are higher diameters than the
diameter obtained by TEM. This is due to the presence of the PVP layer around AgNPs.
PVP-Ag50-80nm NPs presented a hydrodynamic size of 619 & 75 nm confirming the aggre-
gation of these AgNPs. Interestingly, these AgNPs dispersed in ultrapure water presented
different NP populations with different sedimentation as shown in the time evolution of
the hydrodynamic size in Figure S2h. The presence of PVP is crucial, especially when
the particles are dispersed in artificial seawater. Hydrodynamic diameters of 47 + 2 nm
and 97 £ 1 nm are recorded for PVP-Agl5nm NPs and PVP-Ag100nm NPs, showing that
the presence of salts does not destabilise the NPs even after 28 days of exposure to this
medium (see Figure 52). The value of 1348 £ 407 reported for PVP-Ag50-80nm NPs proves
instead that the lower amount of PVP is not enough to prevent aggregation to occur and the
particles re-arranged themselves into newly formed aggregates. Moreover, these AgNPs
sedimented completely after 1 day of being dispersed in seawater as shown in the time
evolution of the UV-Vis extinction spectrum (Figure S2g) and the decrease in the DLS
intensity (kcounts) over time (Figure S2j). The hydrodynamic size of PVP-Ag50-80nm NPs
displayed an increase in the first 2 h dispersed in seawater and then reached an equilibrium,
maintaining a similar aggregate size before complete sedimentation (Figure S2i). The PVP-
Ag50-80nm NPs were redispersed after complete sedimentation and their hydrodynamic
size were measured by DLS. A similar size was obtained before and after redispersion
(Figure S21I).

Table 1. Physicochemical characterization of selected AgNPs.

Ultrapure Water Artificial Seawater

PVP-15nmAg PVP-100nmAg PVP-50-80nmAg PVP-15nmAg PVP-100nmAg PVP-50-80nmAg

NPs NPs NPs NPs NPs
Hydrodynamic
. 1 139 +£2 618 + 83 47 +£2 97 +£1 1348 + 407
diameter * (nm)
PDI 2 (%) 202 146 £+ 11 36 +3 27 +4 78 + 12
s 13
Z potential 21412 8346 9416 6410 5410
(mV)

! Mean hydrodynamic diameter and polydispersity index. 2 obtained by DLS at a scattering angle of 90° and 25 °C. DLS measurements
were carried out by quintupled mean = standard deviation (SD). ® Zeta potentials were measured in 5 runs (mean + SD).

Zeta-potential measurements reveal a negatively charged surface in the case of AgNPs
dispersed in ultrapure water, confirming the repulsion between similarly charged particles
in the dispersion (Table 1). These values can be attributed to the negatively charged PVP
polymer (zeta potential —30 mV) offering a stabilization of AgNPs due to the combined
electrosteric repulsion [39]. A higher negative value of —83 & 6 mV is recorded for PVP-
Ag50-80nm NPs, demonstrating, once again, that the initial aggregates are stable. All
AgNPs in seawater showed a decrease (i.e., lower net surface charge) in the zeta potential
values: —9 £ 16, —6 £+ 10, and —5 %+ 10 mV for PVP-Agl15nm NPs, PVP-Ag100nm NPs,
and PVP-Ag50-80nm NPs, respectively. This decrease likely is due to the compression of
electric double layer (EDL) promoted by the presence of high ionic strength in seawater.
This compression of EDL induces aggregation when the only repulse force is electrostatic;
however, in this case, the steric repulsions remain due to the presence of PVP on the
surface, keeping AgNPs stable. In the case of PVP-Ag50-80nm NPs, an increase of the
hydrodynamic size in seawater was observed, which can be attributed to the fact that the
concentration of PVP is lower than in the other two NPs (0.2% vs. 75%).

3.2. Detection of AgNPs in Artificial Seawater Using SERS

We selected AuNSs as the SERS active substrate because they offer an enhancement
factor of the Raman signal up to 10'? thanks to the lowest-energy, localized surface plasmon
mode highly concentrated at the apex of the tips [41,42]. In addition, the core of the
AuNSs acts as an electron reservoir due to strong plasmonic coupling effects, contributing
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significantly to the enhancement of the SERS signal. AuNSs were synthesized (see more
details in Methods section) by reducing a gold(III) salt in N,N-dimethylformamide (DMF)
in the presence of a high concentration of PVP and preformed 13 nm-spherical PVP-coated
Au seeds (see TEM image and UV-vis spectrum in Figure S3). TEM analysis of AuNSs
reveals a particle size diameter of 63 & 7 nm (Figure 3a,b). The UV-vis spectrum of AuNSs
showed two LSPR modes, one of them showing a maximum wavelength in the near
infrared region (NIR) at 753 nm, related to a plasmon mode localized at the NSs tips and a
second lower mode, at 540 nm, associated with the internal core. As a consequence, we
selected the 785 nm laser as the excitation source adopted in the SERS measurement because
this laser overlaps with the LSPR mode at the tips (see Figure 3d). In addition, this laser
was selected to avoid any photodegradation of the probe molecule (4-aminobenzenethiol,
4ABT) used and reduced the possible matrix interference suppressing the fluorescence
background and absorption from organic matter dissolved in real water samples.
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Figure 3. (a) TEM image of AuNSs and (b) relative particles size distribution and Gaussian fitting estimated on an average
of 200 particles analysed. Scale bar of 100 nm. (c) Average SERS spectra of 4ABT-functionalised AuNSs (1 mM of AuNSs,
black line) and sandwich-like configuration of AgNPs-4ABT-AuNSs (0.5 mM of AuNSs in the presence of 25 mg/L of
PVP-Ag100nm NPs, green line). The characteristic peaks of 4ABT (purple dashed rectangle, C-H ring bending 1142 cm ™!
and ring stretching 1077 and 1589 cm~!) are shown. The light-grey dashed line indicates the characteristic peak of silicon
(520 cm 1) that was used as internal standard. AuNSs stability in (d) ultrapure water and (e) artificial seawater is shown.

Times of 0, 15, and 30 min are represented by black, red, and blue lines, respectively. Black arrows show the wavelength
excitation source at 785 nm used in SERS analysis.

Before performing SERS experiments, we assessed the colloidal stability of AuNSs
in order to confirm that the chosen SERS substrate is not affected by the influence of the
surrounding environment. As explained before, level of aggregation, formation of hot-spot
regions, and modification of the involved particles could modify SERS sensitivity also
affecting system reproducibility. AuNSs were tested for their colloidal stability in both
ultrapure water and synthetic seawater for a period of time of 30 min, allowing AgNPs
detection. Recorded spectra show how AuNSs are not affected by the surrounding media
and the presence of high ionic strength is not able to modify their initial colloidal stability
(Data are shown in Figure 3d,e).

SERS is a surface-sensitive technique and, by coupling metallic surfaces with a reporter
molecule, it is possible to increase not only the sensitivity but also the specificity toward the
interested analyte. We then functionalized AuNSs with 4ABT, which is able to form a self-
assembled monolayer (SAM) on the Au surface by forming S-Au bond. As a consequence,
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a strong SERS signal in suspension (i.e., average SERS) was recorded (Figure 3c, black
spectrum) [43].

This average SERS spectrum displays three peaks at 1589, 1077, and 390 cm !, which
correspond to ring stretching vibrations. The amine group of 4ABT, in para-substitution,
has a strong interaction with Ag surface, allowing a specific detection of AgNPs. This
interaction between the amine group and AgNDPs generated very clear changes in SERS
spectrum of 4ABT (Figure 3¢, green spectrum). Apart from the obvious enhancement of
the SERS intensity, four additional peaks are observed: 1142, 1175, 1390, and 1431 cm~!
that correspond to C-H ring bending vibrations. Despite its extensive use in SERS, it is
common to consider p-ABT as a molecule with an abnormal enhancement mechanism
depending on both substrates (i.e., Au and Ag) and used experimental conditions [26,27].
In this case, our system could be considered, which forms a sandwich-like configuration of
AuNSs-4ABT-AgNPs (see Figure 4a) and the selective enhancement of those peaks can be
associated with the charge transfer mechanism (i.e., charge transfer between both metal
NPs coupled with the vibrations of 4ABT), as reported by Zhou et al. [43].

Figure 4. TEM images of AgNPs-4ABT-AuNSs interaction. (a) PVP-Agl5nm NPs, (b) PVP-Ag50-80nm NPs, and (c) PVP-
Ag100nm NPs in ultrapure water. Scale bar of 200 nm. Yellow arrows point AgNDPs.

In this work, we proposed an indirect detection based on changes in the 4ABT SERS
signal in presence of AgNPs. We chose this indirect SERS strategy because it increases the
selectivity by covalent interaction of the amino group and Ag surface and the enhancement
of SERS signal produced by the formation of sandwich-like configuration AgNPs-4ABT-
AuNSs can be correlated with the AgNPs concentration. The correlation among silver
concentrations was determined by the analysis of the band at ~1080 cm ™!, the one supposed
to arise from electromagnetic field enhancement coupled with chemical enhancement [44].
The in-suspension SERS analysis was performed (i.e., the measurements were done in
liquid) and all integrated areas under the 1080 cm~! peak were normalized with respect
to those of silicon wafers (520 cm~!) used for support and internal standard. For an
on-field monitoring application, this average SERS strategy should be implemented into
a portable system. Thus, average SERS spectra of 4ABT on AuNSs in the presence of
different concentration of PVP-15nmAg NPs with a portable Raman system and a confocal
Raman system with a 10x objective were acquired to compare the performance. The
SERS measurements were carried out both in ultrapure water, as a control medium, and
artificial seawater. Figure 5a and Figure S4c show the calibration curve, where the error
bars indicate standard deviations from three independent experiments, obtained in both
media (ultrapure water, in green, and artificial seawater, in red) and using the two Raman
systems. For both ultrapure water and seawater, the plot of the ratio between the areas
under the peaks at 1080 and 520 cm ! against AgNPs concentration showed a good linear
correlation with r2 values of 0.8464 (ultrapure water) and 0.9403 (seawater) for portable
Raman system and 0.9162 and 0.9137 for confocal Raman system, when PVP-Agl5nm
NPs were analyzed. The limit of detection (LoD) was calculated from the sensitivity of
the calibration curve using the equation 3.3 SDy/a, where SDy is the standard deviation
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of the response of the curve and a is the slope of the calibration curve. LoD values were
similar for both the media and the two Raman systems: 3.08 & 1.47 (ultrapure water) and
2.15 £ 1.22 mg/L (seawater) for the portable Raman system and 3.12 & 2.28 (ultrapure
water) and 2.17 £ 0.93 mg/L for the confocal Raman system. The similar performance
shown for both systems can be explained by the fact that we selected an average SERS
strategy (i.e., in liquid) for AgNPs detection, and therefore we did not take advantage of
the better spatial resolution of the confocal Raman system.
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Figure 5. Calibration curve of (a) PVP-15nmAg NPs, (b) PVP-50-80nmAg NPs, and (c) PVP-100nmAg NPs detection in
ultrapure water (green line) and artificial seawater (red line).

We performed SERS analysis about the possible effect of the particle size and aggre-
gation degree of AgNPs using only the portable Raman system. Thus, we carried out
the set of SERS measurements using the same conditions as before for PVP-15nmAg NPs,
PVP-100nmAg NPs, and PVP-50-80nmAg NPs. Figure 5 shows the calibration curves for
PVP-50-80nmAg NPs (b) and PVP-100nmAg NPs (c) obtained in both ultrapure water
and artificial seawater. A better fit was obtained related to PVP-100nmAg NPs (? of
0.9631 in ultrapure water and 0.9636 in seawater) and PVP-50-80nmAg NPs (r? of 0.9959
in ultrapure water and 0.9539 in seawater). This is probably due to the better coupling
of the LSPR band (see Figure 2b,c) to the 785 nm excitation wavelength and the higher
local electromagnetic field generated from NPs with bigger size [45]. However, similar
LoD values were obtained in ultrapure water: 2.28 £ 1.46 mg/L for PVP-100nmAg NPs
and 3.75 &+ 1.00 mg/L for PVP-50-80nmAg NPs, which may be related to AgNPs-4ABT-
AuNSs sandwich-like configuration (see Figure 4b,c). The enhancement is produced in
the gap between AuNSs and AgNPs and non-all surface area of AgNPs is covered by
4ABT. Interestingly, we observed different behavior of the detection in seawater. The LoD
values were similar for AgNPs that remained colloidally stable in seawater (see Figure 2,
Table 1 and Table S2), i.e., PVP-15nmAg NPs (LoD = 2.15 £ 1.22 mg/L) and PVP-100nmAg
NPs 1.51 & 0.71 mg/L), while LoD for Ag aggregates increased 4-fold (6.08 £ 1.21 mg/L),
demonstrating that aggregation has an extremely high impact on the sensitivity of our
average SERS approach. This can be explained in terms of decreasing the available surface
area that interacts with 4ABT-AuNSs (see Figure 4b). Nonetheless, the integration of a
pre-concentration step will be a considerable improvement to bring the detection level
down to an order of magnitude relevant to environmental concentrations [46].

4. Discussion

Herein, we have designed an average SERS (i.e., in-suspension SERS) strategy for
the detection of PVP-coated AgNPs in artificial seawater using a portable Raman system.
We selected 4ABT as a chemoreceptor to trap the AgNPs, which was already used as an
SERS reporter for AgNPs detection in dietary supplement products and nasal spray [47].
However, higher AgNPs concentrations were used (20 mg/L) and a microRaman spec-
trometer was used for detection. In this study, the main aim was to design a detection
system that could be implemented in a portable Raman system, allowing its future use for
point-of-care monitoring, despite the initial limitations of those systems such as less spatial
resolution, less sensitivity, less reproducibility, and lower control of emission losses. To this
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aim, we performed the measurement in a suspension [48] and used a silicon wafer as an
internal standard, which helped in overcoming those limitations. This, together with the
short time for analysis and being a non-destructive technique, makes SERS a promising
approach for the detection of AgNPs traces in the aquatic environment, regardless of size
and particles aggregation. With this in-suspension SERS strategy, it was possible to detect
a concentration of AgNPs down to 1.51 £ 0.71 mg/L. The sensitivity was affected by the
aggregation of AgNPs, increasing to almost 4-fold in the LoD when NPs were aggregated.

It is important to note that despite the high demand for portable systems that can
detect and characterize these new emerging nanocontaminants, the innovation of these
portable systems has been focused on the detection of nanoplastics [15,49] and pathogens
at nanoscale (e.g., virus) [50]. This could be because of the wide variety of plastics found
in the ocean at a high concentration: 11.6-21.1 million tons in the Atlantic Ocean [51].
However, the effort of the development of these portable systems should also address
the detection of engineered inorganic nanoparticles (EINPs) in the aquatic system. The
predicted environmental concentration (PEC) for these EINPs covers a wide range from the
highest PEC for titanium dioxide NPs in the scale of mg/L [22] to a concentration of ng/L of
total silver for AgNPs [46]. Taking into account the PEC for AgNPs to be able to implement
our average SERS methods, a pre-concentration step must be integrated. The utilization
of solid phase extraction [52] or cloud point extraction [53] has been reported for this
purpose; however, these were coupled to “non-portable” analytical methods: Flame atomic
absorption spectrometry and inductively coupled plasma mass spectrometry, respectively.

Despite the appeal of this strategy, important challenges hinder the implementation of
the portable sensors based on SERS: (1) The transformation of these nanocontaminants as
a function of chemical transformation (e.g., aggregation or dissolution and (2) the matrix
interferences (e.g., sulfidation), organic matter or the presence of others plasmonic NPs),
which compromise the robustness, selectivity, and sensitivity of the SERS-based method.
In the case of the effect of AgNPs transformation, we already demonstrated the negative
impact of aggregation on the SERS strategy increasing the LoD4-fold. The dissolution could
apparently have less impact since the variation of the sensitivity of the method as a function
of the size was minimal (PVP-15nmAg NPs LoD 2.15 £ 1.22 mg/L and PVP-100nmAg
NPs LoD 1.51 & 0.71 mg/L). The formation of Ag,S from the sulfidation of AgNPs in
seawater [54] would have an important impact on the SERS enhancement, which does not
mean “a decrease in the signal”. The contributions of charge-transfer in the SERS effect of
Ag and Ag,S NPs are different, being higher in the case of Ag,S as reported by Fu et al. [55].
Moreover, other noble metal NPs that could be released into the environment at significant
concentrations would be platinum, palladium, or copper NPs from the catalysis industry
and the wood preservation industry. Therefore, we cannot rule out their interference in
the detection system and the calibration curves for AgNPs detection must be performed
in the presence of these NPs (including Ag,S). It is then possible that mixed signals will
be obtained with the added contribution of several types of plasmonic NPs preventing
the exact identification; however, in this case, we may be able to extract a correlation in
terms of “AgNPs equivalents”, which would nevertheless have high impact as an early
warning system.

Given the promising results, the next steps will be to develop a portable device
involving a sample preparation module coupled with the SERS-based detection module in
order to reduce the challenges presented by on real samples, reduce the lack of specificity
and noise, and increase the robustness of these sensors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11071711/s1, Figure S1: Characterization of physicochemical properties of AgNPs with a
diameter of 100 nm as a function of each purification and functionalization step; Figure S2: Spectral
evolution of optical absorbance and hydrodynamic size evolution of PVP-15nmAg NPs (upper line)
and PVP-100nmAg NPs; Figure S3: Physicochemical characterization of spherical AuNPs with a
diameter of 15 nm; and Figure S4: SERS analysis of PVP-15nmAgNPs dispersed in both ultrapure
water and artificial seawater using a confocal Raman microscope.
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