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RESUMEN

Hoy en dia, el cancer es una de las principales causas de muerte a nivel mundial. La urgente
necesidad de contar con sistemas que permitan una terapia exitosa, ha promovido al desarrollo de
nanosistemas multifuncionales que combinen alternativas terapéuticas farmacologicas dirigidas a

sitios especificos y, estrategias de rastreo para el seguimiento de la evolucion de la patologia.

Las nanoestructuras poliméricas han sido ampliamente descritas como sistemas transportadores de
farmacos que, mediante un direccionamiento activo, favorecen la entrega de los antineoplasicos

en sitios tumorales y no en tejido sano.

Adicionalmente, la administracion de radiondclidos emisores gama, permiten el registro espacio
temporal del trascurso de la enfermedad, mediante la obtencion de imagenes moleculares en
tiempo real de la evolucion de la enfermedad. Recientemente se han propuesto nanoestructuras
poliméricas conjugadas con agentes quelantes como medios para el anclaje de radiofarmacos que

cuentan con capacidades terandsticas (terapia y diagndstico).

Las nanoparticulas a base de poli(acido lactico-co-glicolico) (PLGA) y dendrimeros a base de
poli(amidoamina) (PAMAM) han sido ampliamente utilizados debido a sus caracteristicas de
biocompatibilidad y, Paclitaxel se ha incorporado a ellas produciendo un mejor efecto terapéutico;
actualmente los trabajos que evallan el efecto de terapias combinadas quimioterapia/radioterapia
es limitado en el presente trabajo, se propone el uso del radionuclido Lutecio-177 utilizando como
quelante al &cido 1,4,7,10-tetraazaciclododecano-N,N’,N’’ N’’-tetraacético (DOTA) y como
ligante de direccionamiento un analogo al péptido liberador de gastrina: Bombesina, para que,
conjugados a las estructuras poliméricas de nanoparticulas de PLGA o dendrimeros PAMAM y
cargadas con Paclitaxel, sean una herramienta terandstica eficaz y especifica para cancer positivo

a receptores del péptido liberador de gastrina.
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ABSTRACT

Today, cancer is one of the leading causes of death worldwide. The urgent need to have systems
that require a successful therapy has promoted the development of multifunctional nanosystems
that combine pharmacological therapeutic alternatives aimed at specific sites and, tracking
strategies to monitor the evolution of the pathology.

Polymeric nanostructures have been described as drug carrier systems that, through active

addressing, favor the delivery of antineoplastic drugs in tumor sites and not in healthy tissue.

In addition, the administration of gamma-emitting radionuclides, allow the registration of the
temporal space of the disease course, by obtaining molecular images in real time of the evolution
of the disease. Polymeric nanostructures conjugated with chelating agents have been proposed as

means for anchoring radiopharmaceuticals that have therapeutic abilities (therapy and diagnosis).

The nanoparticles based on poly (lactic-co-glycolic acid) (PLGA) and dendrimers based on poly
(amidoamine) (PAMAM) have been widely used due to their biocompatibility characteristics and,
Paclitaxel has been incorporated into them, producing a better therapeutic effect; currently, the
works that evaluate the effect of combined chemotherapy/ radiotherapy therapies are limited. So,
in the present work, the use of Y’’Lu radionuclide is proposed. Using as a chelator to acid 1,4,7,10-
tetraazacyclododecane-N , N ', N' ', N' " - tetraacetic (DOTA) and as a targeting linker to the
gastrin-releasing peptide: Bombesina, so that, conjugated to the polymeric structures of PLGA or
PAMAM and loaded with Paclitaxel, they are an effective and specific for cancer positive for

gastrin-releasing peptide receptors.
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1. MARCO TEORICO

Con el desarrollo de la nanomedicina, numerosas investigaciones se han centrado en la obtencién
de sistemas que permitan la entrega selectiva y controlada de farmacos en sitios especificos para
disminuir, en lo posible, la presencia de efectos adversos y con ello, volver més exitosa la terapia
oncoldgica actual (Di Mauro & Borros, 2014). Del mismo modo, con el desarrollo de éste campo,
han surgido varios sensores para imagen molecular como excelentes herramientas no invasivas,
que presentan alta sensibilidad y alta resolucion a nivel celular y molecular para permitir el

diagndstico de dicho padecimiento (Mukerjee, Ranjan, & Vishwanatha, 2012).

En la terapia farmacoldgica convencional, el progreso de la enfermedad dificilmente puede ser
monitoreado en tiempo real. Ante esta situacion, surge una posibilidad de construir sistemas
multifuncionales que permitan volver eficiente la actividad terapéutica y combinar la funcion de
obtencidon de imagenes Opticas en una sola plataforma para monitorear dindmicamente el progreso

de las enfermedades y la eficacia terapéutica (Ahmed, Fessi, & Elaissari, 2012).

A la fecha, existen reportes de nanoparticulas (NPs) metalicas que incluyen agentes
quimioterapéuticos conjugados a su superficie para aplicaciones teranosticas. Sin embargo, las
nanoestructuras a base de polimeros son prometedoras herramientas para el transporte y liberacion
de farmacos y grandes candidatos para radiomarcado (Krasia-Christoforou & Georgiou, 2013;
Peng et al., 2015).

1.1. Nanoestructuras a base de polimeros

Debido a la alta biocompatibilidad, biodegradabilidad y versatilidad estructural de fuentes
sintéticas o naturales, los materiales poliméricos se han convertido en materiales de interés para

aplicaciones teranosticas (terapia y diagnostico).

Con estos materiales se han construido diversas estructuras como: nanoesferas, nanocapsulas,

micelas, liposomas, dendrimeros y conjugados polimero-farmaco (Figura 1).
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Nanoesfera Nanocapsula  Micela Liposoma

Dendrimero Conjugado polimero-farmaco

Figura 1. Representacion de nanoestructuras organicas para el transporte y liberacion de
farmacos

Dichas estructuras han sido ampliamente reportadas como sistemas de transporte de farmacos,
debido a caracteristicas como: a) mejoran la solubilidad y biodisponibilidad de farmacos poco
solubles (Kumari, Yadav, & Yadav, 2010); b) favorecen el paso a través de membranas (Y. Li et
al., 2010); c) controlan la liberacion del farmaco a traves de la modulacion de la difusion del
farmaco a traveés y/o la degradacion del polimero; d) protegen al farmaco de la rapida degradacion
en sistemas biologicos (Kumari et al., 2010; Y. Li et al., 2010; Mei et al., 2013); €) incorporan
ligandos de direccionamiento sobre la superficie del polimero (Y. Li et al., 2010); f) modifican el
perfil farmacocinético de los farmacos incorporados (Heidel & Davis, 2011; S.-D. Li & Huang,
2008); g) Facilitan los regimenes de combinacién que se practica en la terapéutica actual (Bertrand,
Wu, Xu, Kamaly, & Farokhzad, 2014) y h) ofrecen una plataforma ideal para combinar
modalidades como la liberacion controlada y dirigida de farmacos con el anclaje a radiofarmacos
utilizados en técnicas de imagen molecular como la tomografia por emision de positrones (PET)
o la tomografia por emision de foton Gnico (SPECT), con la finalidad de identificar la presencia

de las nanoparticulas en un modelo in vivo (Stockhofe, Postema, Schieferstein, & Ross, 2014).
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Dentro de los polimeros més utilizados para el disefio de nanosistemas de liberacion de farmacos
estd el poli(acido lactico) (PLA), poli(acido lactico-co-gllicélico) (PLGA), poli(etilenglicol)
(PEG), poli(metil metracrilato) (PMMA), poli(N-isopropil acrilamida) (PNIPAAmM) vy
poli(amidoamina) (PAMAM) (Jaimes-Aguirre et al., 2016; Liechty, Kryscio, Slaughter, & Peppas,
2010; Srivastava et al., 2016).

Sistemas de poli(acido lactico-co-glicolico): PLGA

El &cido poli(lactico-co-glicolico) es el copolimero del &cido lactico y el acido glicolico,
perteneciente a la familia de los poliésteres (Figura 2). Es un compuesto hidrofébico, ampliamente
requerido en el campo de la medicina debido a su facilidad para formar NPs, su biocompatibilidad,
su seguridad clinica establecida y caracteristicas de degradacion favorables (Sadat Tabatabaei
Mirakabad et al., 2014; Shen et al., 2013; Ye & Squillante, 2013).

i 0 0
H //O N O H H' HO /“\/OH
0 <> OH * Ho
CH, 0 CHy
L JxL ]y
Acido poli(lactico-co-glicélico) Acido lactico Acido glicolico

Figura 2. Estructura del PLGA y la formacion de sus productos de degradacion.

El interés por este sistema como medio de transporte de farmacos puede verse reflejado en la gran
cantidad de publicaciones donde es utilizado para el transporte de antineoplasicos,
antihipertensivos, inmunomoduladores y hormonas, entre otros (Danhier et al., 2012; Kumari et
al., 2010; Sadat Tabatabaei Mirakabad et al., 2014).
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Sistemas de poli(amidoamida): PAMAM

Los dendrimeros son estructuras poliméricas hiper-ramificadas, con peso molecular y tamario bien
definido, que varian en su nucleo iniciador, unidades repetitivas, grupos funcionales terminales,
carga y perfil de solubilidad. Un farmaco puede ser atrapado dentro de las cavidades internas o ser
conjugado a los grupos funcionales externos del dendrimero. Los dendrimeros basados en
PAMAM son macromoléculas esféricas compuestas de unidades repetitivas de poli(amidoamina)
que son conocidas por tener baja toxicidad bioldgica, buena compatibilidad y estabilidad in vivo.

Su uso ha sido ampliamente reportado el transporte de farmacos (Mendoza-Nava et al., 2016).

Especificamente, los dendrimeros de PAMAM generacion 4 (Figura 3) son estructuras inferiores
a5 nm, con peso molecular 14,215 g/mol. Su superficie cuenta con 64 grupos aminos primarios y

en el interior posee 62 aminos terciarios.
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1.2. Nanomedicinay el cancer

El cancer comienza como una enfermedad localizada, que, posteriormente, se disemina a sitios
distantes de donde se origind (metéstasis), proceso que involucra una serie de cambios bioquimicos
que hace del cancer un padecimiento muy complejo. Su tratamiento recae en gran medida en la
quimioterapia. EI mecanismo de accion de la mayoria de los agentes quimioterapéuticos se basa
en la interferencia de la proliferacion celular para evitar la division celular descontrolada de las
células cancerosas. Sin embargo, las células sanas también se encuentran en constante proceso de
proliferacion (en este caso regulada), por lo que un antineoplasico no discriminard entre una célula

sana y una maligna, traduciéndose en efectos adversos muy severos durante el tratamiento.

Sin duda alguna, la nonomedicina se vislumbra como la puerta de entrada a una serie de estrategias
de diagndstico y tratamiento que superan muchos de los obstaculos que enfrentan las terapias

convencionales.

Idealmente, después de su administracion, el nanoacarreador debera ser capaz de alcanzar el tejido
tumoral librando todas las barreras bioldgicas presentes y, una vez en el blanco, liberar el farmaco.
La llegada de los sistemas nanométricos a su sitio de accion y su posterior permanencia puede ser

a través de dos mecanismos.

Acumulacion pasiva. Una de las caracteristicas mas importantes que distingue al tejido tumoral es
que, para que las células crezcan rapida y descontroladamentes, debe haber una estimulacion de la
angiogénesis (formacion de nuevos vasos sanguineos), lo cual da lugar a una arquitectura
defectuosa con fenestraciones que van de los 10 a los 800 nm. Esta fisiopatologia, sumada al
deficiente drenaje linfatico que acompafia al proceso es conocida como efecto EPR (Enhanced
Permeation and Retention). Por lo tanto, por difusion pasiva, los sistemas de tamafio nanométrico
llegan al tejido tumoral, se internan a través de las fenestras y permanecen ahi por un tiempo
prolongado debido al escaso drenaje linfatico. De esta manera, se pueden alcanzar concentraciones
del nanosistema hasta 10 veces mas altas en el tumor en comparacion con el tejido sano (Barua &
Mitragotri, 2014; Bertrand et al., 2014; Lammers, Kiessling, Hennink, & Storm, 2012; Rojas-
Aguirre, Aguado-Castrejon, & Gonzalez-Méndez, 2016).

12
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Por otra parte, el direccionamiento activo, también conocido como direccionamiento mediado por
ligando, involucra que el sistema nanoparticulado cuente con ligandos (anticuerpos, proteinas,
péptidos, vitaminas, etc.) en la superficie que permitan la interaccién con receptores sobre-
expresados en la superficie de la célula diana, con el consecuente incremento en selectividad y
eficiencia en la entrega del farmaco (Bertrand et al., 2014; Lammers et al., 2012).

Células Células
Normales Cancerosas

° Células normales
‘ Células cancerosas

Células endoteliales

Nanoparticulas

Ligando de direccionamiento

=X 1.

Receptores

Agentes quimioterapéuticos/
medicinas tradicionales

Drenaije linfatico
deficiente

Figura 4. Direccionamiento pasivo y activo de sistemas nanométricos.

La figura 4 esquematiza la extravasacion de sistemas con dimensiones inferiores al tamafio de las
fenestraciones en tejido vascular, originadas por el proceso angiogénico, sumado al
reconocimiento ligando-receptor que favorece entregas especificas de los sistemas nanométricos.

Aunado a ello, la retencion de los mismos se ve aumentado debido al deficiente drenaje linfatico
que acompana al microambiente tumoral.
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Receptor del péptido liberador de gastrina y su funcién biologica en cancer

El receptor del péptido liberador de gastrina (GRPr), es una proteina transmembranal, acoplada a
la proteina G y con alta afinidad al péptido liberador de gastrina (GRP). EI GRP es un péptido de
27 aminodcidos (Ala-Pro-Val-Ser-Val-Gly-Gly-Gly-Thr-Val-Leu-Ala-Lys-Met-Tyr-Pro-Arg-
Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met-NHz)  que  estimula la  secrecion  de
hormonas/neurotransmisores, la contraccion muscular y tiene efectos sobre las células del sistema

inmunoldgico entre muchas otras funciones (Pu et al., 2015).

En el GRPr pueden distinguirse tres regiones: 1) el dominio extracelular de union al ligando, que
es laregion a la cual se une GRP, 2) 7 dominios hidrofobicos que corresponden a los siete dominios
transmembrana caracteristicos de los receptores acoplados a proteina G, y 3) el dominio
intracelular, encargado de activar el sistema de segundos mensajeros. Es importante destacar en la
estructura de los siete dominios transmembrana los tres sitios de fosforilacion para proteina-
quinasa-C (PKC), uno en el tercer dominio transmembrana y dos en el cuarto, ademés de la
secuencia cisteina-cisteina (Cys-Cys) en este ultimo dominio, responsable del anclaje del receptor

a la membrana celular.

Tanto del GRP como el GRPr se encuentran sobreexpresados en procesos tumorales,
principalmente cancer de mama, prostata, pulmén y pancreas. Por ello, la unibn GRP/GRPr
desencadena diferentes mecanismos de sefializacion, entre ellos, estimula a las fosfolipasas (A2,1s,
B13.17, D1s), AMPc y proteinas quinasas Raf-1, MEK y ERK; los cuales estan involucrados con la
estimulacion del crecimiento, supervivencia, migracion e invasion de las células cancerosas

proliferacion celular (Cornelio, Roesler, & Schwartsmann, 2007) (Morgat et al., 2017).

Se ha sugerido que el GRP modifica el comportamiento dindmico del citoesqueleto de actina a
través de la activacion de quinasas de adhesion focal, que conducen a cambios en el movimiento
celular e interaccione célula-celula y célula-matriz, favoreciendo la migracion y agresividad de las
células de cancer que sobre-expresan GRP/GRPr, por lo que se consideran como factor pronostico

y de monitoreo en la terapia contra cancer (Chanda et al., 2010; Jafari et al., 2015).
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Bombesina

La bombesina (BN) (Figura 5) es un péptido de 14 aminoacidos (pGlu-GIn-Arg-Leu-Gly-Asn-
GIn-Trp-Ala-Val-Gly-His-Leu-Met-NH>) andlogo al GRP. BN y GRP comparten la secuencia C-
terminal, concretamente los 7 ultimos aminoécidos. Esta secuencia es la responsable de la unién
al receptor y de su actividad biolégica. Ademas, la metionina (Met) C-terminal debe ser amidada
para que el péptido pueda tanto ser reconocido por anticuerpos como unirse a su receptor. La BN
al igual que el GRP se introducen en el interior de la célula por endocitosis una vez que se unen a
los receptores GRPr, estos receptores se reciclan o se degradan mientras que GRP o BN permanece
en el citoplasma. Esata union induce la proliferacion, sobrevivencia y diferenciacion celular, y

participa en la migracion y metastasis de las células de cancer (Santos-Cuevas et al., 2011).

La unién entre BN y GRPr es una clara herramienta para la entrega especifica de sistemas que se
encuentren direccionados con el péptido, disminuyendo la interaccion con tejido sano y
permitiendo una mejorada terapia (Kulhari, Pooja, Singh, Kuncha, & Sistla, 2015; Kulhari, Pooja,
Singh, & Sistla, 2014).

ﬁbm@f ﬁ;w %§ Sy ﬁ J# ﬁ

Figura 5. Estructura del péptido Bombesina

ZITZ

Anélogos de Bombesina

Identificando la interaccion BN/GRPr y la sobre-expresion del receptor en las células de cancer,
el GRPr ha sido considerado como blanco molecular para el disefio y desarrollo de nuevos agentes
de diagnostico y terapia de cancer. Diferentes analogos de BN, incluidos Lys3-Bombesina, BN(7-
14), BN (1-14) y Lys'Lys3(DOTA)BN han sido exitosamente empleados con este fin.
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Lys1Lys3(DOTA)-Bombesina, secuencia peptidica andloga a bombesina y al GRP, es una
molécula modificada en la posicion 1y 3, con respecto a bombesina, la cual tiene incorporada en

su estructura al agente quelante bifuncional (BFCA) DOTA.

El BFCA es parte importante en procesos de radiofdrmaco, ya que coordina al radiondclido y se
encuentra unido covalentemente a la molécula marcadora directamente o a través de un conector
(Ramos et al., 2013). La seleccion de un BFCA esta generalmente determinada por la naturaleza
y estado de oxidacion del ion metélico, el conector es frecuentemente usado para modificar las

propiedades farmacocinéticas del radiofarmaco y su biodistribucion.

El DOTA (acido 1,4,7,10-tetraazaciclododecano-N,N’,N’’,N’ " -tetraacético) y la familia de
agentes bifuncionales ciclicos similares a DOTA, forman complejos muy estables con una
variedad de elementos, en especial atomos trivalentes, tales como %8Ga, °°Y, 1In, ¥Pm, ¥"Lu, y

divalentes como ?’Mg, #'Ca, %Cu.

En este trabajo se propone el uso del quelante DOTA que, enlazado con Lys!Lys*(DOTA)-
Bombesina (Figura 6) favoreceria la entrega del radiontclido (*”’Lu) hacia sitios de

sobreexpresion de GRPr.
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Figura 6. Lys'Lys*(DOTA)-Bombesina
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1.3. Marcado

La radiacion ionizante es un tipo de energia liberada por los atomos en forma de ondas
electromagnéticas (rayos gamma o rayos X) o particulas (particulas alfa y beta o neutrones) por
elementos inestables o radionuclidos (OMS). Cada radionuclido se caracteriza por el tipo de

radiacion que emite, la energia de la radiacion, su abundancia y su semivida.

Los radiofarmacos, sensores moleculares dirigidos hacia blancos especificos como tejidos o
procesos in vivo, se usan en aplicaciones diagndsticas o terapéuticas. Identifican anormalidades en
etapas tempranas en la progresion de una enfermedad (Ferro-Flores, Arteaga de Murphy, &
Melendez-Alafort, 2006). Un radiofarmaco generalmente contiene una biomolécula (BM), un
conector, un radionuclido y un agente quelante bifuncional (BFCA) (Ramos, Ramos, Jesus, &
Garcia, 2013).

En particular, los radiofarmacos de Lutecio (*’’Lu), con reconocimiento molecular especifico, se
han propuesto como una nueva clase de radiofarmacos teranosticos debido a las propiedades

terapéuticas y diagnosticas del radiondclido (Mendoza-Nava et al., 2016).

Lutecio-177

Lutecio es el ultimo miembro de la serie de lantanos, con 71 electrones dispuestos en la
configuracién [Xe] 4f145d16s2. Durante las reacciones quimicas, los atomos de lutecio pierden
los dos electrones mas externos asi como el Unico electrén 5d, generando asi una especie cationica
+3. Los cationes trivalentes en solucion se caracterizan por la fuerte tendencia de formar complejos
con atomos donadores de electrones como O, F y N. El nimero de coordinacion
termodinamicamente muy estables suele ser 8 0 9, con ligandos de tipo poliaminopolicarboxilato

aciclico o ciclico que tienen 8 0 9 atomos donantes (Figura 7).
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Figura 7. Complejo de Lutecio-DOTA

El 177Lu, tiene vida media de 6.647 dias, decae principalmente a través de emision B~ (emision -
maxima de 497 keV) y presenta emisiones vy (113 y 208 keV), produciendo is6topos estables de
hafnio (Figura 8). Estas emisiones son de interés en la practica clinica debido a sus aplicaciones

terapéuticas y de diagnostico.
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Figura 8. Esquema de decaimiento de Lutecio 177
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Péptidos radiomarcados

Se han sintetizado diversos analogos de BN radiomarcados con ®™Tc para detectar tumores
malignos y para estadificar el cancer de mama y de préstata, asi como para identificar ganglios
linfaticos afectados, por ejemplo: *™Tc-EDDA/HYNIC-[Lys3]BN) (Ferro-Flores, 2006),
9MT¢(1)-2-picolilamina-N,N-acido  diacético-5-acido amino valérico-BN  (**™Tc(1)-PADA-
AVABN), %MTc¢-Cys-6-amino-n-acido hexanoico-BN (Varvarigou, 2002; Scopinaro, 2002;
Scopinaro, 2005). Especificamente, el andlogo Lys*-Bombesina marcada con ®™Tc utilizando
como agente quelante a HYNIC o NS> se ha reportado como radiopéptido con alta estabilidad en

suero, union especifica al receptor y rapida internalizacion (Jiménez-Mancilla et al., 2013).

Asimismo, los analogos de la BN o BN junto con *’Lu se han utilizado en el desarrollo de
radiofarmacos para terapia, empleando como agentes quelantes, ciclos como DOTA, NOTA,
NETA, etc. (Morales-Avila, Ortiz-Reynoso, Mirshojaei, & Ahmadi, 2015). Por ejemplo, ¥’Lu-
AMBA ha mostrado ser un agente terapéutico eficaz durante tratamientos in vivo ya que disminuye
la tasa de crecimiento del tumor y permite la supervivencia libre de progresion en un modelo

murino (Lantry et al., 2006).

Sin embargo, en la clinica se requiere de nuevos radiofarmacos que permitan a) detectar y/o
confirmar la presencia del tumor primario y metastasis, b) que permita explorar caracteristicas
bioquimicas de tejidos neoplasicos implicados en la estadificacién del tumor y planeacién del

tratamiento y ¢) permita realizar la evaluacion de la respuesta del tumor al tratamiento.

1.4. Paclitaxel

Paclitaxel (PTX, Figura 9), prototipo de la clase de los taxanos, es un farmaco antineoplasico
aprobado para el tratamiento del cancer de mama y ovario y, recientemente contra glioblastomas
y metéastasis cerebrales. Interactia con los dimeros de tubulina en la fase mitética de la division
celular que promueve la polimerizacion de microtibulos haciéndolos altamente estables, por lo
tanto, evita la division celular. Sin embargo, a pesar de una medicacién adecuada, la quimioterapia

actual empleando una preparacion comercial de PTX (Taxol ®) esta asociada con efectos adversos
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severos, tales como hipersensibilidad, neurotoxicidad y nefrotoxicidad, debido a que el vehiculo
de esta formulacion es toxico (Koudelka & Turanek, 2012; Ma & Mumper, 2013; Teow et al.,
2013; Wang et al., 2012).

Figura 9. Paclitaxel

1.5. Sistemas Poliméricos para el transporte de Paclitaxel o radionuclidos

Los sistemas a base de PLGA y PAMAM han sido ampliamente descritos para la entrega selectiva

y controlada de Paclitaxel o de Lutecio-177.

Sin embargo, no ha sido evaluada la capacidad de la entrega concomitante de ambos agentes en

una misma plataforma.
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2. JUSTIFICACION

Debido a la urgente necesidad de alternativas que mejoren el diagndéstico y tratamiento del Cancer,

se buscan plataformas que combinen estas dos cualidades.

Las nanoestructuras poliméricas, han surgido como medios adecuados para el transporte dirigido
y liberacion controlada de farmacos en procesos tumorales mediante la incorporacion en su
estructura de ligandos de direccionamiento y, a su vez, se permite proponerlos como medios para
el anclaje de radionuclidos para propoésitos de imagen y que, a la vez, vuelvan mas eficiente una

formulacién terapéutica propuesta.

Entre la amplia gama de farmacos disponibles para terapia contra el cancer, Paclitaxel ha sido muy
utilizado, sin embargo, debido a sus caracteristicas de falta de selectividad y baja solubilidad, se

han propuesto diversos medios a base de polimeros para poder transportarlo.

En este trabajo, se pretende preparar, caracterizar y evaluar radiofarmacos basados en
nanoestructuras poliméricas como sistemas de liberacion de oncofarmacos potencialmente Gtiles
en la aplicacion simultanea de terapia combinada (radioterapia dirigida y terapia farmacoldgica) y
permitir, de manera concurrente el registro espacio temporal del tratamiento oportuno de cancer
de mama y de prostata. Especificamente se propone que al funcionalizar NPs de PLGA o
dendrimeros de PAMAM con biomoléculas de reconocimiento molecular (Bombesina) por los
receptores del péptido liberador de gastrina, los sistemas permitan la internalizacién selectiva en
células que sobreexpresan dichos receptores, de manera que los agentes terapéuticos puedan
ejercer su efecto farmacoldgico en el blanco seleccionado. Al mismo tiempo, que los sistemas
marcados con el radiofarmaco terandstico 177Lu permitan realizar radioterapia dirigida e imagen

molecular empleando el sistema multifuncional.
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3. HIPOTESIS

La funcionalizacion de estructuras poliméricas transportadoras de farmacos (PLGA(Paclitaxel) y/o
PAMAM(Paclitaxel)) con *"’Lu-Bombesina, permitira el reconocimiento especifico, asi como el
incremento de la respuesta terapéutica, en células que sobreexpresan receptores del péptido

liberador de gastrina.

4. OBJETIVOS

Objetivo general

Preparar, caracterizar y evaluar radiofarmacos preparados a partir de nanoestructuras poliméricas
(*""Lu-Bombesina-PLGA(PTX) y ’Lu-Bombesina-PAMAM(PTX) como sistemas de
liberacién de oncofarmacos potencialmente Utiles en la aplicacion simultanea de terapia
combinada (radioterapia dirigida y terapia farmacoldgica) y permitir, de manera concurrente la

deteccidn y tratamiento oportuno de cancer positivo a receptores del péptido liberador de gastrina.

Obijetivos especificos

1. Obtener nanoestructuras poliméricas de PLGA y PAMAM cargadas con Paclitaxel

2. Realizar anclaje de bombesina a las estructuras poliméricas

3. Realizar el radiomarcado de los sistemas: Bombesina-PLGA-(PTX) y Bombesina-
PAMAM-(PTX) con Y7Lu.

4. Caracterizar fisicoquimicamente los sistemas.

5. Evaluar la pureza radioquimica de los sistemas: *’’Lu-Bombesina-PLGA-(PTX) y ’Lu-

Bombesina-PAMAM-(PTX) por HPLC o por cromatografia en capa fina.
6. Evaluar in vitro: captacion especifica y viabilidad celular en células positivas al receptor

del péptido liberador de gastrina.
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5. DISENO DE LA INVESTIGACION

5.1. Nanoparticulas de PLGA

5.1.1. Preparacion de nudcleos de PLGA y PLGA(PTX). Obtencion por modificacion del método
de emulsion/evaporacion del solvente, descrito por Stevanovi¢ y col. (Stevanovic, Jordovic, &
Uskokovic, 2007).

5.1.2. Generacion de grupos éster activos a partir de grupos carboxilo de PLGA, en medio bésico,
mediante el agente activador de carboxilos HATU (1-[Bis(dimetilamino)metilen]-1H-1,2,3-
triazol[4,5-b]piridino 3-oxido hexafluorofosfato), y la posterior conjugacion con el péptido Lys!-
Lys}(DOTA)-BN.

5.1.3. Caracterizacion del sistema BN-PLGA(PTX) e intermediarios.

5.2. Dendrimeros de PAMAM

5.2.1. Conjugacion del agente quelante p-SCN-Bn-DOTA al dendrimero PAMAM generacién 4
mediante la reaccion del grupo isitiocianato presente en la estructura quelante y los grupos amino
del dendrimero (Mendoza-Nava et al., 2016).

5.2.2. Activacion de grupos carboxilo de Lys*-Lys3(DOTA)-BN utilizando HATU como agente
activador y conjugacion con grupos amino en el dendrimero.

5.2.3. Encapsulacion de Paclitaxel mediante atrapamiento.

5.2.4. Caracterizacion del sistema DOTA-DN(PTX)-BN e intermediarios.

5.3. Caracterizacion

5.3.1. Fisicoquimica

Tamafo de particula, Potencial Zeta, Microscopia Electronica de Barrido o de Transmision,
Espectroscopia IR y UV-Vis.

5.3.2. Eficiencia de atrapamiento y eficiencia de carga.

5.3.3. Perfil de liberacion

5.4. Radiomarcado con ’Lu

5.4.1. Marcado de los sistemas BN-PLGA(PTX) y DOTA-DN(PTX)-BN mediante la técnica
descrita por Vilchis-Juarez y col. (Vilchis-Juarez et al., 2014).

5.4.2. Purificacion de los sistemas, por medio de ultra-centrifugacion

5.4.3. Determinacion de la pureza radioquimica de los complejos utilizando cromatografia de capa
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fina

5.5. Evaluacion in vitro

5.5.1 Evaluacién de la captacion celular en células de cancer positivas a GRPr.

5.5.2 Ensayo de Viabilidad Celular por medio del ensayo XTT.

5.6. Estudios in vivo

Pruebas in vivo de acuerdo con las reglas y regulaciones de la Norma Oficial Mexicana NOM-
062-Z200-1999.

5.6.1 Induccioén de tumores (lineas celulares positivas a GRPr) en ratones atimicos

5.6.2. Administracion del sistema *"’Lu-BN-PLGA(PTX) o ""Lu-DOTA-DN(PTX)-BN

5.6.3. Rastreo de los sistemas por SPECT.

5.6.4. Evaluacion de la Biodistribucion.
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ARTICLE INFO ABSTRACT

The gastrin-releasing peptide receptor (GRPr) is overexpressed in > 75% of breast cancers. '”’Lu-Bombesin
(*”7Lu-BN) has demonstrated the ability to target GRPr and facilitate efficient delivery of therapeutic radiation
doses to malignant cells. Poly(p,.-lactide-co-glycolide) acid (PLGA) nanoparticles can work as smart drug con-
trolled-release systems activated through pH changes. Considering that paclitaxel (PTX) is a first-line drug for
cancer treatment, this work aimed to synthesize and chemically characterize a novel polymeric PTX-loaded
nanosystem with grafted '”7Lu-BN and to evaluate its performance as a targeted controlled-release nanomedi-
cine for concomitant radiotherapy and chemotherapy of breast cancer.

PLGA(PTX) nanoparticles were synthesized using the single emulsification-solvent evaporation method with
PVA as a stabilizer in the presence of PTX. Thereafter, the activation of PLGA carboxylic groups for BN at-
tachment through the Lys'-amine group was performed. Results of the chemical characterization by FT-IR, DLS,
HPLC and SEM/TEM demonstrated the successful synthesis of BN-PLGA(PTX) with a hydrodynamic diameter of
163.54 + 33.25nm. The entrapment efficiency of paclitaxel was 92.8 + 3.6%. The nanosystem showed an
adequate controlled release of the anticancer drug, which increased significantly due to the pH change from
neutral (pH = 7.4) to acidic conditions (pH = 5.3). After labeling with 77Lu and purification by ultrafiltration,
1771u-BN-PLGA(PTX) was obtained with a radiochemical purity of 99 + 1%.

Invitro and in vivo studies using MDA-MB-231 breast cancer cells (GRPr-positive) demonstrated a 1771 u-BN-
PLGA(PTX) specific uptake and a significantly higher cytotoxic effect for the radiolabeled nanosystem than the
unlabeled BN-PLGA(PTX) nanoparticles. Using a pulmonary micrometastasis MDA-MB-231 model, the added
value of '”’Lu-BN-PLGA(PTX) for tumor imaging was confirmed. The '7’Lu-BN-PLGA(PTX) nanomedicine is
suitable as a targeted paclitaxel delivery system with concomitant radiotherapeutic effect for the treatment of
GRPr-positive breast cancer.

Keywords:

Radiotherapy

Targeted therapy

Smart nanoparticles

Drug delivery

Cancer

Concomitant cancer treatment

1. Introduction encapsulate drugs and release them in a controlled manner [1]. Poly

lactic-co-glycolic acid (PLGA) is approved for human use as a smart

Recently, nanoradiopharmaceuticals have received more attention
as suitable approaches for imaging and/or therapy for several cancer
types. Nanoparticles (NPs) offer useful platforms for the design of more
effective drug delivery systems. Moreover, NPs can be functionalized to
allow target-specific recognition towards receptors overexpressed in
malignant tissues. Particularly, polymeric nanoparticles have generated
special interest in the field of cancer treatment due to their ability to

nanosystem for drug delivery due to its response to pH changes, bio-
compatibility and biodegradability [2,3]. Usually, a therapeutic agent is
dispersed throughout the polymeric matrix or can be encapsulated in
the hydrophobic nanoparticle core.

Paclitaxel (PTX) has become a first-line drug for the treatment of
solid cancers. However, its use is hampered by its toxicity, poor bioa-
vailability and severe side effects. Hence, the drug has been used as a
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Fig. 1. Schematic representation of PLGA(PTX), BN-PLGA(PTX) and '”77Lu-BN-PLGA(PTX) nanosystems.

(1Bondapak®, 10 um 125A°, 3.9 x 150 mm) as the stationary phase and
acetonitrile:water (60:40v/v) as the mobile phase. Separation was
carried out at a flow rate of 1 mL/min, with a run time of 5 min for each
sample. PTX was measured at 227 nm on a Waters Empower system
using a PTX calibration curve (> of 0.997, 6.0-300.0 ug/mL). The ex-
periments were conducted in triplicate.

The encapsulation efficiency (%EE) and drug loading (%DL) were
evaluated through HPLC analysis. The concentration of non-en-
capsulated PTX in the filtered solution was obtained from the ultra-
centrifugation process (MWCO 30kDa, 2500g, 20 min). These para-
meters, expressed as a percentage, were determined as follows:

GEE = Massoj" PTX in nanoparticles % 100

Initial Mass of PTX (€8]
DL = Mass of PTX in nanog)amcles % 100

Mass of nanoparticles (2)

2.8. Invitro PTX release

For the invitro drug release studies, a solution of phosphate-buffered
saline (PBS) containing 0.05% Tween-20, at pH7.4 or pH 5.3, simu-
lating physiological pH or tumor microenvironment, respectively, was
used. Briefly, 10 mg of PLGA(PTX) were dispersed in 1 mL of release
medium and placed in a dialysis membrane (MWCO 30 kDa). The dia-
lysis bag was closed and immersed into a flask containing PBS (10 mL)
at 37°C and stirred at 110rpm. At specified time points, an aliquot of
0.2mL of the medium was collected and replaced with fresh PBS.
Released PTX was measured through HPLC based on the previously
described methodology [15].

2.9. Bombesin conjugation efficiency

Conjugation efficiency was determined by measuring free BN in the
filtered solution after ultracentrifugation. The reverse-phase HPLC
method was carried out using a C18 column (uBondapak® C18 10 um
125A°, 3.9 x 300 mm) as a stationary phase and a gradient of water/
acetonitrile containing 0.1% TFA from 95/5 (v/v) to 20/80 (v/V) as the
mobile phase. Separation was carried out at a flow rate of 1 mL/min
and a run time of 30min. A BN standard curve (%= 0.999,
0.07-2.2 mg/mL) was used in this analysis.
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2.10. In vitro studies

2.10.1. Cell lines

MDA-MB-231 human breast cancer cells (GRPr-positive) [5,16,17]
were originally obtained from the American Type Culture Collection
(USA). The cells were routinely grown at 37°C, with 5% CO, atmo-
sphere and 85% humidity in RPMI medium supplemented with 10%
newborn calf serum and antibiotics (100 pg/mL streptomycin, 100 U/
mL penicillin).

2.10.2. Invitro binding assay and non-specific binding

MDA-MB-231cells were harvested through trypsinization and
seeded in 24-well culture plates (1 x 10° cells/well, 0.5 mL). After
24h, the medium was removed and the cells were incubated with
adequate treatment dilution (*7’Lu-BN-PLGA(PTX) or '7’Lu-BN,
equivalent to 50 kBq per well) for 45 min at 37 °C. Each well was then
rinsed twice with PBS. To displace the membrane-bound radio-
pharmaceutical fraction, cells were incubated twice (5 min, 37 °C) with
500 uL of 20mM Gly/HCI, and the activity of the total withdrawn vo-
lume was transferred to counting tubes. The cells were then incubated
twice with 500 pL of a 1 M NaOH solution (5 min, 37 °C); this fraction
(cytoplasm and nucleus) represented nanosystem internalization. The
total volume was transferred to counting tubes. Radioactivity in each
tube was measured in a gamma Nal(T1) detector (NML Inc., USA). An
aliquot with the initial activity was measured as the radioactivity
standard in each treatment. The uptake percentage was calculated.
Non-specific binding (cells with blocked receptors) was determined in
parallel, in the presence of 5.7 uM Lys'Lys*(DOTA)-BN with 10 min of
pre-incubation.

2.10.3. Cytotoxicity studies

To compare the cytotoxic effect produced by !”7Lu-BN-PLGA(PTX),
different treatments (PLGA, PLGA(PTX), BN-PLGA, '77Lu-BN-
PLGA(PTX), PTX, ”7Lu-BN) were evaluated in MDA-MB-231 cells,
mainly to compare the PTX contribution since the effect produced by
the B-emission of '77Lu is well-documented. A sublethal dose was used
to determine differences among treatments without the cell-killing ef-
fect. The concentration of nanosystems for radiolabeling was calculated
in terms of PTX content and adjusted to 1.5uM to use one-tenth of the
lethal dose based on previous reports (breast cancer cells ICso = 15 pM
[18D).

The cytotoxic activity was measured using a Cell Proliferation Assay
(XTT) kit, according to the manufacturer's protocol (Roche Diagnostics
GmbH, Mannheim, Germany). Cells were seeded in a 96-well microtiter
plate (1 x 10* cells/well) and incubated overnight to allow cell

—



B. Gibbens-Bandala, et al.

attachment. Then, the medium was removed and 50 pL of each treat-
ment and 200 uL of RPMI medium were placed in each well. The via-
bility was evaluated after removing the medium at 72 h (37 °C, 5% CO,
and 85% humidity).

2.10.4. Study of the synergistic therapeutic effect

To evaluate the chemotherapeutic (PTX) and radiotherapeutic
(*7Lu) synergistic effect of the radiolabeled nanosystem on cell viabi-
lity, 1 x 10" cells/well were exposed to '77Lu-BN-PLGA(PTX) or un-
labeled (BN-PLGA(PTX) nanosystems (30 uM in terms of PTX content).
The viability was evaluated through the XTT protocol at 24, 48 and
72h.

2.10.5. Estimation of radiation-absorbed doses to the MDA-MB-231cell
nucleus

To estimate the radiation-absorbed doses to the MDA-MB-231 cell
nucleus, the following equation was used:

Dy source = (Nyg X DEypp) + (Ne X DFy—) 3)

where Dy source Fépresents the mean absorbed dose to the nucleus from
source regions (membrane and cytoplasm) and Ny; and N are the total
number of nuclear disintegrations that occurred in the membrane and
cytoplasm. DFy.w and DFy.c denote the dose factors specific for
77Lu, from membrane and cytoplasm regions to the nucleus config-
uration. The dose factor geometries were obtained from the S values
reported by Goddu and Budinger (cell radius = 10pum, nucleus
radius = 5um) [19].

2.10.6. Hemocompatibility

For medical devices projected for direct or indirect blood exposure,
hemocompatibility studies are required [20]. In this work, the potential
of the nanosystems to disrupt red blood cells (RBC) was assessed by the
hemolytic assay.

The hemolytic assay was performed in agreement with the standard
1SO 10 993-4. Briefly, 200 L of each treatment (n = 3) was placed in
contact with 5% human RBC. Trials were immediately incubated at
37°C for 1h with negative (isotonic saline) and positive controls (dis-
tilled water). Optical density (OD) produced in each treatment was
measured at 415nm (Lambda Bio, Perkin Elmer, USA). The percentage
of hemolysis was calculated according to Eq. 4.

ODu—xv = ODnrgan‘ ve

—_— %10
ODpo,u'mw = ODmgarm'

%Hemolysis =
“)

2.11. In vivo studies

In vivo studies in mice were carried out according to the Official
Mexican Norm 062-Z0O0-1999. Athymic female mice (6-7 weeks of age)
were identified and transferred inside plastic cases, kept at a constant
temperature, humidity, 12:12 light:dark periods and fed ad libitum.

2.11.1. Tumor induction

a) Tumor model for single-photon emission computed tomography
(SPECT/CT) imaging and biodistribution studies

Athimic female mice received an intravenous (caudal vein, for
pulmonary tumor model) or subcutaneous (upper back, for sub-
cutaneous tumor model) inoculation of 1 x 10° MDA-MB-231 cancer
cells suspended in 0.1 mL of phosphate-buffered saline, and 2 weeks
after inoculation the animals were used for the imaging or biodis-
tribution studies, respectively.

b) Tumor model for FDG-PET/CT (**F-deoxyglucose-positron emission
tomography/computed tomography) and SUV (standard uptake
value) calculation.

——
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To assess the extent of tumoral progression under exposure to dif-
ferent treatments, breast tumors (MDA-MB-231 cells, 1 X 10° in PBS)
were subcutaneously inoculated on the upper back of 16 female
athymic mice (5-6 weeks of age) and the inoculation site was observed
for the development of a tumor. Mice survival and size tumor were
monitored for 12 days.

2.11.2. Micro SPECT-CT imaging

To verify the in vivo nano-radiosystem retention in induced pul-
monary tumors, SPECT-CT images were acquired using a micro-SPECT/
CT scanner (Albira, ONCOVISION; Gem Imaging S.A., Valencia, Spain)
72h after intravenous '”’Lu-BN-PLGA(PTX) administration (5MBq in
0.1 mL PBS). Mice under 2% isoflurane anesthesia were placed in the
prone position and imaging was performed. The micro-SPECT field of
view was 60 mm; a symmetric 20% window was set at 140 keV, and
pinhole collimators were used to acquire a three-dimensional SPECT
image with a total of 64 projections of 30 s each over 360°. The image
dataset was then reconstructed using the ordered-subset expectation
maximization algorithm with the standard mode parameter, as pro-
vided by the manufacturer. CT parameters were 35kV sure voltage,
700 pA current and 600 micro-CT projections.

2.11.3. Biodistribution

The subcutaneous tumor model animals received 5 MBq in 0.1 mL of
77Lu-BN-PLGA(PTX). Seventy-two hours after injection, the mice were
euthanized and the blood and main organs were removed and placed
into pre-weighed plastic test tubes. The radioactivity was measured in a
well-type scintillation Na(T1) detector along with two aliquots of stan-
dards (representing 100% of injected activity) and expressed as per-
centages of the injected dose per gram (%ID/g) or per organ (%ID/
organ).

2.11.4. FDG-PET/CT imaging

To assess the tumoral progression (Section 2.11.1), the female mice
with MDA-MB-231 tumors were randomly separated into 4 groups. The
mean volume of the tumors was 0.119 + 0.035cm®, calculated as
V =7/6 xL+a’ The length (L) and width (a) were measured with
Vernier calipers [21]. Mice were anesthetized with isofluorane 2% and
administered intratumorally with each treatment as follows: a) 3 MBq
of '77Lu-BN-PLGA(PTX), b) 3 MBq of !77Lu-BN-PLGA and the equivalent
mass of ¢) PLGA(PTX) or d) PLGA as the control.

After 8 days of treatment, images were acquired on a micro-PET/CT
scanner (Albira, ONCOVISION, Spain) and the tumor metabolic activity
was measured through the Standardized Uptake Value (SUV) of '°F-
Deoxyglucose (FDG). The mice were administered with 70-100 pL
(3-4 MBq) of FDG on the tail vein under anesthesia. After 1h, whole
body images were acquired in a micro-PET/CT, and the Standard
Uptake Value (SUV) was calculated using PMOD Data Analysis soft-
ware.

Finally, the mice were euthanized since the control tumor size was
higher than 1.83 mm®.

2.11.5. Tumor radiation absorbed dose estimation

The radiation-absorbed dose (the energy deposited by ionizing ra-
diation per unit of mass expressed in Gy) of 7’Lu-BN-PLGA(PTX) and
77Lu-BN-PLGA to tumor was calculated according to the following
expressions:

12 8d A
Numor = [} Apdt = Ag [ e = e &

6)
where N = total number of disintegration in the tumor, t; = 0 day and
t, = 8 day post-treatment, A= In2/t;,, or (In2/6.7d), A, = initial ad-

ministered Lu-177 activity (Bq), Dumor—umor = mean absorbed dose to
tumor from tumor, and DF is the dose factor for Lu-177.

D—mmurhmmor = Nmmor DFlumorwmmor
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The N value was introduced to Organ Level Internal Dose
Assessment (OLINDA) code, (which provides conversion factors (DF))
to estimate the radiation-absorbed dose (Dymorumor) delivered by Lu-
177 administered with each treatment.

2.12. Statistical analysis

Differences in cell uptake between unblocked and blocked receptors
were evaluated with the Student t-test. The cytotoxicity results were
estimated by a two-sided ANOVA using OriginLab and GraphPrisma
software, setting the statistical significance at p < 0.05.

3. Results and discussion

The application of polymeric nanoparticles for PTX release, GRPr
targeting and targeted radiotherapy with '7”Lu has been studied in this
research to achieve a dual therapeutic effect on MDA-MB-231 breast
cancer cells.

3.1. Preparation of PLGA and PLGA(PTX) nanoparticles

In this research, minor modifications in the emulsion-solvent
method [14] allowed us to obtain both the free-drug PLGA and pacli-
taxel-loaded PLGA nanoparticles. The hydrophobic hydrocarbon chains
from the lactide moieties in PLGA enabled the interaction with hy-
drophobic PTX, allowing thermodynamic folding and the consequent
nanoparticle formation [3].

Scanning Electron Microscopy and Transmission Electron
Microscopy micrographs (Fig.2) showed that the designed nanosystems
presented a well-shaped spherical form. The morphology was not
modified by PTX incorporation or the grafted BN. All nanoparticle
systems showed a hydrodynamic diameter < 200 nm (by DLS) and a
monomodal distribution. A narrow polydispersity was observed for
PLGA and PLGA(PTX) systems (Table 1). However, the PDI increased as

SE|

PLGA BN
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Table 1

Physicochemical characterization of nanoparticles.
Nanoparticle Size (nm) Polydispersity index Z potential (mV)

(PDD)

PLGA 152.90 + 48.56 0.1977 -18.9
PLGA(PTX) 161.23 + 52.27 0.1914 -19.0
BN-PLGA 156.19 + 54.18 0.2896 -11.0
BN-PLGA(PTX) 163.54 * 33.25 0.2987 -123

a result of functionalization with BN (0.2896 and 0.2987). In general, a
PDI smaller than 0.2 is considered as a narrow-size distribution [22].
Specifically, the size range was 104 nm to 201 nm for PLGA and 109 nm
to 213 nm for PLGA(PTX), without significant differences (p < 0.05).
Negative zeta potential of PLGA nanoparticles (—18.9mV) is at-
tributed to the carboxylate groups on the nanoparticle surface. In
PLGA(PTX), the Z potential remained unchanged in charge, which
could mean that the paclitaxel remained entrapped in the nano-
particles, in agreement with the results of chemical characterization.

3.2. Conjugation of bombesin to PLGA or PLGA(PTX)

Bombesin was conjugated to the PLGA or PLGA(PTX) by the cou-
pling peptide reaction, using HATU as the activator molecule. The at-
tachment of BN onto the nanoparticle surface did not affect the trans-
lational diffusion coefficient, which can be understood as the
maintenance in equivalent hydrodynamic diameter, keeping apparent
nanoparticle sizes. However, the zeta potential showed a significant
decrease from —18.9mV to-11mV in BN-PLGA and from —19.0mV to
—12.3mV in BN-PLGA(PTX). The reduction in Z potential values sug-
gests that the peptide interaction and arrangement on the nanoparticle
surface originate changes in the electrostatic environment surrounding
the nanoparticle. The positive amine, amide bonds and neutral hydro-
carbon chains of Lys'Lys*(DOTA)-BN could contribute to the reduction

WD10mm  SS42
~

20KV ® 5 x15000

- #25 dan 2018

Fig. 2. Representative TEM micrograph of a) PLGA, b) PLGA(PTX), c¢) BN-PLGA(PTX) and d) SEM image of PLGA NPs.
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of the zeta potential. BN conjugation efficiency, indirectly measured by
HPLC, was calculated to be > 97%. The measured diameters of the
nanoparticles could be affected by shrinking producing a structure
modification. It is possible that NPs become highly porous, which could
contribute to the changes observed in the nanoparticle average size
evaluated by SEM with respect to DLS results, although without sta-
tistically significant differences.

In terms of physicochemical properties, a significant accumulation
of bombesin-grafted nanoparticles on tumor tissue is expected by two
different mechanisms, the enhanced permeability and retention (EPR)
effect and active targeting thorough GRP cell receptors. Then, in the
neovasculature of tumor, the characteristic fenestrations of
200-780 nm would allow the extravasation of '7’Lu-BN-PLGA(PTX)
(200 nm) in the tumoral acid microenvironment, with the consequent
PTX delivery and cancer cell internalization by simple PTX diffusion
due to its small molecule size and lipophilic properties (< 1000 Da).
1771,u-BN-PLGA(PTX) could also be actively incorporated into the cell
by different endocytic pathways attributed to the specific recognition
by the GRPr [12,23,24].

3.3. Radiolabeling efficiency and radiochemical purity

Radiolabeling efficiency of the nanosystems was determined by ul-
tracentrifugation (45%), and after purification, radiochemical purity
(evaluated by ITLC) was 99 =+ 1%.

3.4. Infrared spectroscopy

The PLGA nanoparticle spectrum was consistent with that pre-
viously reported [11,14]. Characteristic vibrational modes were ob-
served, such as (C—H), from the co-polymer carbon skeletal between
2942cm™! and 2918cm ™!, (C=0), vibration of the ester group at
1752cm ™!, (C—H); from bonds between monomeric units of lactide-
glycolide (L-G: 1376 cm ™ 1), glycolide-glycolide (G-G: 1425cm™) and
lactide-lactide (L-L: 1453cm ™ ') and (C—0),, (0O—H)s and (O—H), as
evidence of stabilization with PVA (Fig. 3c).

IR analysis of the PTX was consistent with previous reports [25].
Briefly, the spectrum showed stretching (—N—H) vibrations character-
ized by a broad and asymmetric band centered at 3442 cm ~'. The band
found at 2945cm ™! was assigned to (—C—H) from asymmetric and
symmetric stretching vibrations. The amide I region mainly associated
with a (C=0) stretching vibration was identified at 1732cm™!,

a)
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Fig. 3. Infrared spectra of a) paclitaxel, b) Lys'Lys*(DOTA)Bombesin, ¢) PLGA
nanoparticles d) PLGA(PTX) nanoparticles and e) BN-PLGA(PTX) nanoparticles.
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whereas (C—N) stretching was found at 1274 cm ~'. Aromatic hydro-
carbons were identified by characteristic absorption bands in the region
near to 1645 cm ! and 1500-1400 cm !, produced by carbon-carbon
stretching vibrations in the aromatic ring. The bands in the
1250-1000 cm ™' region were assigned to C—H in-plane bending, and
finally, C—H stretching above 3000 em™ ! was also identified (Fig. 3a).

The IR spectrum corresponding to paclitaxel-loaded PLGA nano-
particles (Fig. 3d) showed no difference with regard to the empty na-
noparticle spectrum. These spectra did not display the characteristic
intense bands from free PTX; they may have been masked by the bands
produced by the polymer. The possible absence of chemical interaction
between the polymer and drug may indicate a complete encapsulation
of paclitaxel into the nanoparticles [26,27].

The spectra of pure Lys'Lys®(DOTA)BN (Fig. 3b) showed char-
acteristic peaks at 3283, 1646 and 1533 cm ™, corresponding to —NH
stretching, C=0 stretching (Amide I) and —CN (amide II), as previously
reported [28].

BN-conjugated nanoparticles (BN-PLGA(PTX) showed the con-
tribution of characteristic vibrations from each component. The peaks
at 1666cm ™! and 1536 cm ™! on BN-PLGA(PTX) from amide stretching
vibrations makes the presence of BN in PLGA nanoparticles evident
(Fig. 3e).

3.5. Encapsulation efficiency (EE) and drug loading (DL)

The efficiency of hydrophobic paclitaxel encapsulation in BN-
PLGA(PTX) was calculated by subtracting the free drug measured in a
filtered solution from the total amount used to prepare the nano-
particles. HPLC analysis was carried out at Amax = 227 nm, using a
standard curve related to the absorption and PTX concentration
(6.0-300.0 pg/mL r? = 0.997). The efficiency of drug encapsulation
was 92.8% =+ 3.6, in agreement with similar reports [26,29,30]; and
drug loading was 1.13 + 0.13%. It was observed that loading capacity
decreases in function of the size; thus high concentration of nano-
particles may be needed for therapeutic efficacy.

3.6. In vitro release

To evaluate the controlled release capacity of PTX from BN-
PLGA(PTX), the nanosystem was evaluated in simulated physiological
pH (7.4) and acidic microenvironment tumor conditions (pH 5.3). The
cumulative release percentage of PTX is shown in Fig. 4.

The kinetic drug release profiles exhibited biphasic patterns with
release during the first 25h of 66.8% and 63.7% at pH 5.3 and 7.4,

Paclitaxel cumulative release [%]

A pH53
v pH74
60+ «=+==e« Hill Fit pH 6.3
* ~——Hill Fit pH 7.4
55 T T T T T T T T T 1
0 50 100 150 200 250 300 350 400
Time [h]

Fig. 4. Invitro release of PTX from paclitaxel-loaded PLGA nanoparticles in PBS
(pH5.3 and 7.4) fitted to the non-linear Hill model.
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respectively, followed by a slow and continuous release during 15 days.
Significant differences (p < 0.05) dependent on pH were observed, the
maximum amount of drug release was reached at pH5.3 (84.8%),
whereas at pH 7.4 the maximum release was 77.1% of the total en-
trapped drug. As it is known, the higher release at pH 5.3 is attributed
to the effect of hydrolysis and degradation of the polymer [31].
Therefore, paclitaxel release from BN-PLGA(PTX) in the acidic tumor
microenvironment may have an improvement over anticancer drug
delivery. The presented results support the proposal that loading hy-
drophobic molecules such as PTX on PLGA nanoparticles could enhance
their accumulation on tumor tissues with the consequent decrease of
the adverse effects produced by the drug.

3.7. Invitro uptake study

The therapeutic efficiency of paclitaxel-loaded PLGA depends on the
nanosystem cell uptake, their intracellular distribution, and the release
from internalized nanoparticles.

As previously reported, GRPr is overexpressed in several breast
cancer cell lines such as MDA-MB-231 and T47D [16,17,32]. Cell up-
take was evaluated comparing the behavior of '”’Lu-BN-PLGA(PTX)
and '77Lu-BN as a monomeric system. The results showed a specific
uptake of '77Lu-BN-PLGA(PTX) de 4.58 + 0.42%, which was sig-
nificantly reduced (p < 0.05) when GRP receptors of MDA-MB-231
cells were blocked by pre-incubation (10 min before treatment ex-
posure) with free Lys'Lys*BN peptide (Fig. 5a). This evidence suggests
that the active targeting was achieved due to the PLGA surface mod-
ification with BN.

The specific uptake of '7’Lu-BN was also confirmed. It was the
highest uptake value observed (8.20 + 0.49%), which was effectively
diminished (1.6 + 0.26%) when receptors were previously blocked in
the presence of 5.7 uM Lys'Lys*(DOTA)-BN (10 min of pre-incubation)
(Fig. 5a). While the free PTX does not require a ligand-receptor inter-
action to mediate endocytosis, '””Lu-BN-PLGA(PTX) is introduced into
the cell through several mechanisms. It has been demonstrated that
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nanoparticle systems conjugated to bombesin interact specifically with
GRP receptors, increasing the ligand intemalization by clathrin-medi-
ated endocytosis, and thus allow a suitable delivery of paclitaxel into
MDA-MB-231 cells; this enables the system to produce a higher level of
toxicity [22,33].

Therefore, 7711-BN-PLGA(PTX) nanosystems exhibited cellular
uptake based on receptor-mediated endocytosis attributed to the in-
teraction of BN with the GRP receptor. The active targeting was
achieved by modifying the PLGA with BN. However, further informa-
tion on the kinetics of internalization is needed to correlate the cargo
delivery profile to understand the in vitro behavior.

3.8. Estimation of radiation-absorbed doses to the MDA-MB-231cell
nucleus

Based on the uptake (radioactivity in the membrane) and inter-
nalization (radioactivity in cytoplasm) results as well as 7’Lu decay
properties, the biokinetic models of '7’Lu-BN-PLGA(PTX) and '”’Lu-BN
were obtained and the radiation absorbed doses calculated for MDA-
MB-231 cells.

The total absorbed dose produced to the cell nuclei by '””Lu-BN at
72h was 0.659 Gy, 1.6 times higher than that produced by '77Lu-BN-
PLGA(PTX) (0.400Gy, Table 2). All the estimated doses delivered by
each treatment were lower than 1 Gy. In this regard, it is reported that a
dose of 100 Gy is required to destroy cell function in non-proliferating
systems, and the mean lethal dose for loss of proliferative capacity is
about 2 Gy [34]. Moreover, a recent study demonstrated that the ra-
diation-absorbed dose in the nucleus of 4.8 Gy on lymphoma cells in-
duced DNA damage and produced an important increase in the apop-
totic cell population (98%), mostly in late-stage (irreversible) apoptosis
[35]. As previously mentioned, our intention during the cytotoxicity
evaluation was to evaluate differences between '7’Lu treatments
without inducing cell death, which is why doses below 2 Gy were used.
However, for the study of the synergistic therapeutic effect, doses of
8 Gy were applied (Table 2).

15 b)

-
o
1

Internalization (% of cellular uptake)
(6]
1

Fig. 5.a) ""Lu-BN and '7Lu-BN-PLGA(PTX) cellular uptake. Pre-incubated MDA-MB-231 cells with Lys'Lys’-DOTA-BN (blocked receptors) and without
Lys'Lys*(DOTA)-BN pre-incubation (unblocked receptors) and b) internalization with regard to total uptake.

——

36

o



B. Gibbens-Bandala, et al.

Table 2
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Biokinetic model and radiation absorbed doses produced by 0.5 Bq/cell of '”’Lu-radiopharmaceuticals to the MDA-MB-231 cancer cell nuclei within 72 h.

Radiopharmaceutical cellular location Biokinetic model =72 h Dose Total dose to cell nuclei (Gy)
A N= [ A(Ddt Gy
=0
'771Lu-BN-PLGA(PTX) 0.400
Membrane A(t) = 0.089¢ > 4 3.730e "29°* 4 0.780e " 8712 0.332
Cytoplasm A(f) = 9.880e 100 | 0,159¢ %08 4 0,337¢ 0008 1004 0.075
77Lu-BN 0.659
Membrane A(t) = 0.422¢ 254040 | 6.25¢ 00081 4 1 gge 001 15,912 0.594
Cytoplasm A() = 0.439¢ 37041 4 0,132¢ 0012 4 0.337¢ 0008 904 0.065
MDA-MB-231 Assay Viability 100
] —=— BN-PLGA(PTX)
100 ] --®--177Lu-BN-PLGA(PTX)
= ]
3 e 4
= 23 "Lu-BN < 751
2 ]
3 90 - 4
2 B ]
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Fig. 6. Effect on cell viability after exposure of MDA-MB-231 cells to sublethal ]
doses of paclitaxel (1.5 M) and 7’Lu radiation doses (< 1Gy) in different ] X
nanosystems. 0] .
b 1 > 1 ' 1 o 1
0 20 40 60 80
3.9. Invitro cytotoxicii i
e Time (h)

Fig. 6 shows that '”’Lu-BN-PLGA(PTX) caused a significant decrease
in cell viability when compared to BN-PLGA(PTX), '”Lu-BN or PTX.

At 72h of treatment, 0.40 Gy of radiation absorbed dose was de-
posited into the nucleus of an MDA-MB-231 cell treated with 7’Lu-BN-
PLGA(PTX). At this time point, the viability decreased to
78.9 + 2.61%, which was significantly different compared to BN-
PLGA (94.1 + 0.5%, p < 0.001), PLGA (92.2 + 3.2%, p < 0.001),
PTX (85.0 + 1.8%, p < 0.001) and '77LuBN (87.4 + 3.3%,
p < 0.001), even when in the latter, the radiation absorbed dose was
0.659 Gy (Table 2).

Since the in vitro binding assay demonstrated specific uptake at
45min of treatment exposure, the uptake and consequent observed cell
death without a significant difference (p < 0.05) for the PLGA(PTX)
group (90.56 + 7.30%), compared with BN-PLGA(PTX)
(84.84 + 2.52%), was attributed to the delivered PTX as a result of the
unspecific invagination produced by the weak cooperative interactions
between NPs and cells. Moreover, it was expected that the endocytic
pathways having low efficiency were favored by the exposition time
(72h) for both treatments. [24,36].

After 72h, the cell viability produced by 1.5uM of free PTX
(85.0 + 1.8%) was significantly different (p < 0.001) when compared
with the survival rate (78.9 + 2.61%) produced by 77Lu-BN-
PLGA(PTX). At this time point, an important amount of PTX (74%) had
been released, contributing to the cell toxicity (Fig. 3). These results are
expected since a concentration of 15uM of PTX is required to produce
significant cell death [18]. Furthermore, the encapsulation of PTX on
PLGA nanoparticles enhances the cytotoxic effect (Fig. 6).

In terms of radiosensitization, nanoparticles encapsulating chemical
compounds have been proposed to enhance the response to radiation
[37]. In Fig. 6, the synergistic effect between chemotherapy and
radiotherapy is observed. The high decrease in viability produced by
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Fig. 7. Effect on MDA-MB-231cell viability after exposure to '7’Lu-BN-
PLGA(PTX), compared to BN-PLGA(PTX). PTX = 30 uM, radiation dose = 8 Gy
at72h.

177Lu-BN-PLGA(PTX) between 24 and 48 h is mainly attributed to the
radiosensitization effect produced by PTX.

The synergistic effect of chemotherapy and radiotherapy produced
by the '”’Lu-BN-PLGA(PTX) nanosystem was evident when doses of
PTX = 30uM and radiation-absorbed doses of 8 Gy were used. As can
be observed in Fig. 7, the greater cytotoxic effect for the radiolabeled
nanosystem was observed between 24 and 72h (highest slope) given
that, at this time, a significant PTX and radiation dose delivery had
occurred.

3.10. Hemocompatibility

The non-hemolytic behavior of the 77Lu-BN-PLGA(PTX) supports
its suitability for intravenous administration (0.97 + 0.05%). The
systems can be classified as non-hemolytic materials, based on the he-
molysis value being lower than 2% [38].

3.11. Invivo studies

Fig. 8a shows a representative SPECT image of a mouse with an
MDA-MB-231 pulmonary tumor model. The tumor-to-blood ratio re-
veals suitable contrast, with a significant accumulation of '7”Lu-BN-
PLGA(PTX) nanomedicine in tumor tissue after 72 h of injection with a
standard uptake value (SUV) of 3. The ex vivo biodistribution results of
1771u-BN-PLGA(PTX) also showed a high tumor uptake in MDA-MB-231
lesions (Fig. 8b). However, future studies are required to obtain a
complete '77Lu-BN-PLGA(PTX) biokinetic profile for the in vivo
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Fig. 8. a) Micro SPECT-CT image (72 h) in athymic mice with pulmonary tumor model (MDA-MB-231 cells) and b) biodistribution of '77Lu-BN-PLGA(PTX) in
athymic mice with subcutaneous tumor model (MDA-MB-231 cells), 72 h post-injection.

absorbed dose assessment and for the evaluation of its therapeutic ef-
ficacy in different breast cancer models.

Since the micro-PET/CT imaging at the end of the in vivo studies
showed a tumor volume for the mice control group of 1.83 + 0.54cm?,
the combination of targeted radiotherapy (provided by '”’Lu-BN) and
chemotherapy (provided by PTX) resulted in the highest inhibition of
breast tumor growth for the mice administered with '7’Lu-BN-

PLGA(PTX), which reached the lowest tumor proliferation
(0.136 = 0.04 cm®). The group exposed to '””Lu-BN-PLGA produced a
final tumor of 0.654 + 0.202 cm® and the PLGA(PTX) group produced
a tumoral volume of 0.216 + 0.072cm?®. Therefore, the response to
treatment was in this order: 177Lu-BN-
PLGA(PTX) > PLGA(PTX) > '""Lu-BN-PLGA > PLGA (control).

The SUV data, related directly to the metabolic activity, were
42.43 + 554, 24.31 * 4.51,14.74 + 2.92 and 8.10 + 1.06 for the
control group, 7’Lu-BN-PLGA, PLGA(PTX), ”’Lu-BN-PLGA(PTX), re-
spectively. Even though the average radiation-absorbed dose of '7”Lu-
BN-PLGA(PTX) and '77Lu-BN-PLGA delivered to the tumor was the
same (36.9 + 7.01 Gy), and this dose corresponds to that usually ap-
plied in radiotherapy treatments to breast cancer patients, the '7’Lu-
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Fig. 9. Micro PET-CT images of a) '7’Lu-BN-
PLGA(PTX), b) "7Lu-BN-PLGA, ¢) PLGA(PTX) and d)
PLGA as the control group, after 8 days post-admin-
istration of 3 MBq of '”’Lu-BN-PLGA(PTX), 3 MBq of
177u-BN-PLGA and pg of PLGA(PTX) and PLGA. The
heart FDG uptake was subtracted from the image to
visualize the tumor uptake.

BN-PLGA(PTX) conjugated showed the lowest tumoral metabolic ac-
tivity (lowest SUV) and almost complete inhibition of the tumor pro-
gression (lowest tumoral volume). These results corroborate the sy-
nergistic effect between radiation therapy and chemotherapy in a single
nanosystem (Fig. 9).

4. Conclusions

177Lu-BN-PLGA(PTX) nanoparticles are suitable systems for the bi-
modal therapy of breast cancer due to the synergistic effect on cell
viability of the Lu radiation dose delivery and the controlled release
of paclitaxel. The radiolabeling of BN-PLGA(PTX) with Lu-177 allows
for the acquisition of GRPr overexpression images in breast cancer tu-
mors, making the monitoring of disease progression possible. Further
studies are needed to determine the therapeutic efficacy of '77Lu-BN-
PLGA(PTX) in different breast cancer preclinical models.
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Abstract: The peptide-receptor radionuclide therapy (PRRT) is a successful approach for selectively
delivering radiation within tumor sites through specific recognition of radiolabeled peptides by
overexpressed receptors on cancer cell surfaces. The efficacy of PRRT could be improved by
using polymeric radio- and drug- therapy nanoparticles for a concomitant therapeutic effect
on malignant cells. This research aimed to prepare and evaluate, a novel drug and radiation
delivery nanosystem based on the 1771 u-labeled polyamidoamine (PAMAM) dendrimer (DN)
loaded with paclitaxel (PTX) and functionalized on the surface with the Lys!Lys?>(DOTA)-bombesin
(BN) peptide for specific targeting to gastrin-releasing peptide receptors (GRPr) overexpressed on
breast cancer cells. DN was first conjugated covalently to BN and DOTA (chemical moiety for
lutetium-177 complexing) and subsequently loaded with PTX. The characterization by microscopic
and spectroscopic techniques, in-vitro drug delivery tests as well as in in-vitro and in-vivo
cellular uptake of 1771u-DOTA-DN(PTX)-BN by T47D breast cancer cells (GRPr-positive), indicated
the formation of an improved delivery nanosystem with target-specific recognition by GRPr.
Results of the 7Lu-DOTA-DN(PTX)-BN effect on T47D cell viability (1.3%, compared with
10.9% of 77Lu-DOTA-DN-BN and 14.0% of DOTA-DN-(PTX)-BN) demonstrated the concomitant
radiotherapeutic and chemotherapeutic properties of the polymeric nanosystem as a potential agent
for the treatment of GRPr-positive tumors.

Keywords: polymeric nanosystems; dendrimers; radiotherapy; GRPr; paclitaxel; lutetium-177

1. Introduction

In cases of metastatic or inoperable malignant diseases, the peptide-receptor radionuclide therapy
(PRRT) is a viable option for selective delivering of radiation in tumors through specific recognition of
radiolabeled peptides by receptors overexpressed on cancer cell surfaces [1].

Beta emitting radionuclides, such as lutetium-177 (Ty;, = 6.7 d, pmax emission of 497 keV,
y-emission of 113 and 208 keV), are widely used in PRRT due to their relatively long-range in tissues
(12 mm), which allows a cross-fire effect with the surrounding cells into the tumor.
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Gastrin-releasing peptide receptors (GRPr) are overexpressed in breast, prostate, gastric, colon,
and pancreatic tumors [2]. Various GRP analogs (e.g., bombesin or bombesin-modified peptides)
labeled with Ga-68, Y-90, In-111, and Lu-177 have demonstrated a high in-vitro and in-vivo affinity for
GRPr [3-5].

Among various approaches, the use of polymeric nanoparticles in cancer treatment has gained
significant importance. Various drug delivery and drug targeting systems such as synthetic polymers,
microcapsules, liposomes, and dendrimers, are now either already approved for clinical use or under
development. The nanoparticles designed as drug delivery systems can improve the bioavailability
and selective accumulation of drugs at the pathological site, overcoming the challenges faced by potent
anticancer medicines related to the systemic side effects and multi-drug resistance [6].

Dendrimers are hyperbranched polymers with the distinctive 3D molecular arrangement,
well-defined structure, and homogeneous composition. The high level of control over dendrimers
structure and their multifunctional properties makes them attractive for drug delivery applications
as well as nano-radiopharmaceutical devices. The functional groups in the outermost part of the
dendrimer allow attaching moieties that can actively target specific cell receptors. A promising property
of dendrimers in cancer diagnosis and treatment is the multimeric nature, which would potentially
produce multivalent effects [7-9].

Polyamidoamine (PAMAM) dendrimers are described as carriers for anticancer drugs and can
be easily modified at the terminal groups by to improve their specific targeting to tumor cells [10].
Paclitaxel (PTX) is one of the best anticancer drugs and is active against a wide spectrum of cancers.
However, the major limitation in the clinical use of paclitaxel is its low solubility in water and most
pharmaceutical grade solvents.

The efficacy of PRRT could be improved by using a polymeric radio—and drug—therapy
nanosystem for a concomitant therapeutic effect on malignant cells. In this context, the aim of this
research was to prepare and evaluate a novel drug and radiation delivery nanosystem based on the
177Lu-labeled PAMAM dendrimer (DN) loaded with PTX and functionalized on the surface with the
Lys!Lys®(DOTA)-bombesin (BN) peptide for specific targeting to gastrin-releasing peptide receptors
(GRPr) overexpressed on breast cancer cells.

2. Materials

PAMAM dendrimer (DN) (ethylenediamine core, generation 4.0 solution 10 wt% in methanol) and
Paclitaxel (PTX) were supplied by Sigma-Aldrich Chemical Co. (St. Louis, Missouri, USA). Bifunctional
chelating agent S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane acid (p-SCN-Bn-DOTA)
(DOTA) was obtained from Macrocyclics (Dallas, TX, USA). Lys'Lys*(DOTA)-Bombesin (bombesin, BN)
was provided by International Atomic Energy Agency (through CRP-F2264). Lutetium-177 (”/Lu) as
177LuCl3, was supplied from ITG (Germany). Dimethylformamide (DMF), diisopropylethylamine (DIPEA),
2-(1H-7-azabenzotriazol-1-yl)-1.1.3.3-tetramethyluroniumhexafluorophosphate (HATU), and all other
reagents were analytical grades. 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide)
(XTT) was obtained from Roche Diagnostics (Indianapolis, IN. USA). The T47-D cell line was obtained
from ATCC (Atlanta, GA, USA).

3. Methods

3.1. Synthesis of DOTA-DN and DOTA-DN-BN

DOTA-DN was prepared according to the procedure described by Mendoza-Nava [11]. Briefly,
PAMAM dendrimer methanol free (0.2859 umol) and DOTA (4.3605 pmol) were dissolved in bicarbonate
buffer (0.2 M, pH 9.5) and incubated at 37 °C during 1 h. Then, the DOTA-DN was purified by repetitive
aqueous-washing until complete elimination of bicarbonate buffer (Ultra centrifugal filters, MWCO
3000 Da, Millipore, 2500 g, 30 min). Finally, the product was lyophilized (Figure 1).

( ]
L %)




Polymers 2019, 11,1572 3of14

0

By \/’\g' | -

Lys'Lys"(DOTA)-BN (BN)

p-SCN-Bo-DOTA (DOTA)

) DOTA-DN-BN
PAMAM dendrimer (DN) DOTA-DN
/ .
)l\o o o
_pota[48| DOTA # ?
o N
°
— ™ — oM ° "
°
Ho
on ° o
o< r
°
o
Lu-DOTA-DN(PTX)-BN DOTA-DN(PTX)-BN Paclitaxel (PTX) €

Figure 1. Schematic illustration of '””Lu-DOTA-DN(PTX)-BN preparation.

In order to achieve carboxylate groups activation from Lys1 Lys3 (DOTA)-bombesin, the peptide
(0.5 umol) was incubated with HATU (HATU 1.3 umol, DIPEA 19.1 umol, and DMF as solvent) at
room temperature for 15 min. The DOTA-DN (4.5 mg in bicarbonate buffer) was posteriorly added to
the solution with active peptide. The mixture was then incubated during 1.5 h at room temperature.
The obtained DOTA-DN-BN was purified and dried under vacuum. The Lys!Lys*(DOTA)-bombesin
peptide was used as the biomolecule to reach the GRP receptor, where DOTA was used as the linker to
form amide bounds with dendrimer. Since the carboxylate groups were activated and bound to primary
amine, there are not enough chemical groups available to chelate Lu-177 in a stable coordination sphere
at neutral pH.

For the preparation of Paclitaxel-loaded DN, a fraction of aqueous solution containing 5 mg
of DOTA-DN-BN was mixed with Paclitaxel (1 mg, 1.17 umol in methanol). The final mixture
was stirred for 24 h at room temperature. The obtained PTX-loaded dendrimers were purified by
ultracentrifugation and the pellet dried under vacuum to remove any non-incorporated PTX.

3.2. Radiolabeling of Dendrimeric Systems

Conjugated dendrimers were radiolabeled through bifunctional chelator DOTA with 77Lu.
Radiolabeling was carried out by adding a ”’LuCl; solution (18.5 MBq in 10 uL) to DOTA-DN,
DOTA-DN-BN and DOTA-DN(PTX)-BN (500 uL of 1 mg/mL in 1M acetate buffer, pH 5.0) and
incubating each solution at 37 °C for 1 h.

Radiochemical purity analyses were performed by ultracentrifugation and instant thin-layer
chromatography on silica gel (ITLC-SG, Gelman Sciences), using NaCl 0.9%/HC1 0.02% as mobile phase.

3.3. Physicochemical Characterization

3.3.1. Transmission Electron Microscopy (TEM)

Dendrimers were analyzed by TEM in JEOL JEM 2010 HT microscope operating at 200 kV to
observe the two-dimensional, relative size, distribution, and morphology. A drop of the aqueous
product was evaporated for analysis on a carbon-coated TEM copper grid. Approximately 1000
nanoparticles from 11 TEM micrographs were analyzed.
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3.3.2. Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR measurements were performed in transmission mode using a Perkin Elmer System
2000 spectrometer with the attenuated total reflection platform (Pike Technologies; Madison, WI, USA).
The spectra were all acquired from 50 scans at a 0.4 cm™! from 400 to 4000 cm™".

3.3.3. Entrapment Efficiency

Paclitaxel analysis was carried out by HPLC (uBondapak® C18 10 um 125A°, 3.9 x 150 mm
Column as stationary phase, and acetonitrile: water (60:40 v/v) as the mobile phase, flow rate of
1 mL/min, run time of 5 min). PTX was measured at 227 nm on a Waters Empower system using a PTX
calibration curve (R? 0.997, 6.0-300.0 pg/mL). The experiments were conducted in triplicate.

The amount of encapsulated paclitaxel was indirectly measured by subtracting the amount of
non-encapsulated paclitaxel in the waste solution obtained from the amount of paclitaxel used to
prepare the dendrimers. The encapsulation efficiency (EE%) was calculated as:

Weight of PTX loaded

EE ()= Weight of PTX input

x 100 (1)

3.3.4. Conjugation Efficiency of DOTA and Bombesin

Conjugation efficiency was determined by measuring free DOTA or free Bombesin in the
respective filtered solution via reverse-phase HPLC on a Waters Empower system using a C18 column
(uBondapak® C18 10 um 125A°, 3.9 x 300 mm Column) as a stationary phase and a gradient of
water/acetonitrile containing 0.1% TFA from 95/5 (v/v) to 20/80 (v/v) as mobile phase (flow rate of
1 mL/min and time run 30 min). Bombesin standard curve (R? 0.999, 0.07-2.2 mg/mL) was used in
this analysis.

3.3.5. In Vitro PTX Release

For the in vitro drug release studies, a solution of phosphate-buffered saline (PBS, pH 7.4 or 5.3)
containing 0.05% Tween-20 was used. Briefly, 10mg of DOTA-DN(PTX)-BN was dispersed in ImL
of release medium and placed in a dialysis membrane (MWCO 30,000 Da). The dialysis bag was
closed and immersed into a flask containing PBS (10 mL) at 37 °C and continuously stirring at 110 rpm.
At specific time intervals, an aliquot of release medium was collected, and replaced with fresh PBS.
Released paclitaxel amount was measured by HPLC based on the previously described methodology.

3.3.6. Radiolabeling Stability

For the stability evaluation of the system in serum, 17”Lu-DOTA-DN(PTX)-BN and fresh human
serum (dilution 1:10) were incubated at 37 °C. At given time points, an aliquot was taken and analyzed
by radio-HPLC using a size-exclusion HPLC column (ProteinPak 300SW Waters; Milford, MA, USA)
as stationary phase and 0.01M PBS as mobile phase (1 mL/min flow rate, and time run 30 min).

3.4. In Vitro Studies

3.4.1. Cell Line

T47D Breast Epithelial Ductal Carcinoma cells positive to GRPr were grown at 37 °C in an
atmosphere of 5% CO; and 85% humidity in RPMI-1640 medium supplemented with 10% newborn
calf serum and antibiotics (100 pg/mL streptomycin, 100 U/mL penicillin).

3.4.2. Cellular Uptake

For the measurement of the nanoradiopharmaceutical fraction on the cell membrane and the
internalized fraction to the cytoplasm, T47D cells were harvested to be seeded in 24-well tissue culture
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plates (1 x 10° cell/well, 0.5 mL) to allow adherence. After 24 h, the RPMI medium was removed,
and the cells were incubated with 118 kBq (per well) of the following treatment: (*””Lu-DOTA-DN,
177Lu-DOTA-DN-BN and 77Lu-DOTA-DN(PTX)-BN) for 1 h at 37 °C. Then, each well was rinsed
with PBS (2x) to eliminate the treatment. The plate was then incubated twice with 500 uL of glycine
buffer (50 mM, pH 2.8) by 5 min at room temperature to obtain the fraction of cell uptake (radioactivity
in the membrane). The cells were washed and incubated 5 min at room temperature with 500 uL
of 1 M NaOH to evaluate the nanosystem internalization. Radioactivity was measured in a crystal
scintillation well-type detector (Auto In-v-Tron 4010, NML Inc., Milwaukee, WI, USA). The uptake
percentage was then calculated, considering the initial activity of each treatment as 100%. Non-specific
binding was determined in parallel, in the presence of 175 nmol of Bombesin (500 times higher than
the added concentration of treatments) to partially block the GRPr present in T47D cells. Additionaly,
the saturation assay was performed as previously reported [12].

3.4.3. Cytotoxic Effect on T47D Cells

T47D cells were seeded in 96-well microtiter plate (1 x 10* cells/well) and incubated 24 h to allow
adherence. The viability after exposure to 0.45 MBq of 177 Lu-DOTA-DN-BN, 77Lu-DOTA-DN(PTX)-BN
and 77LuCl; or 4ug of free PTX, DOTA-DN(PTX)-BN (in terms of paclitaxel amount) or equimolar
concentration of DOTA-DN-BN, was evaluated at different time points (7 days, 37 °C, 5%°0O, and 85%
humidity). The cytotoxic activity was measured using a Cell Proliferation Assay (XTT) kit, according
to the manufacturer’s protocol (Roche Diagnostics GmbH, Mannheim, Germany).

3.4.4. Radiation-Absorbed Doses to the T47D Cell Nucleus

For estimation of the radiation-absorbed doses to the T47D cell nucleus, the following equation
was used:

DN(—Sourcc — (NM X DPN(—M) + (NC X DFN(—C) (2)

where Dy gource represents the mean absorbed dose to the nucleus from source regions (membrane-M-
and cytoplasm-C-) and Nj; and N¢ are the total number of nuclear disintegrations that occurred in the
membrane and cytoplasm, respectively. DFy. s and DFy ¢ denote the dose factors specific for 771y,
from membrane and cytoplasm regions to the nucleus configuration. The dose factor geometries were
obtained from the S values reported by Goddu and Budinger (cell radius = 10 um, nucleus radius
=5um) [13].

3.4.5. In-Vitro Cell Treatment

The required radioactivity of 177Lu-DOTA-DN(PTX)-BN to produce approximately the standard
breast post-surgical radiotherapy (50 Gy) [14], was calculated by using the experimental biokinetic
model fitted in Section 3.4.4. Half of this concentration was also prepared to evaluate the response related
to PTX alone or 77Lu/PTX. Therefore, 32.2 Bq and 16.1 Bq per cell was deposited on a 96-well plate
containing 10,000 T47D cells per well. The identical unlabelled concentration of DOTA-DN(PTX)-BN
was also evaluated at each level (n = 6).

3.5. In Vivo Studies

In vivo studies in mice were carried out according to the Official Mexican Norm 062-ZO0O-1999.
Athymic mice, 67 weeks old and 18-20 g weight, were kept in sterile cages with sterile wood-shaving
beds, constant temperature, humidity, and 12:12 light: dark periods.

Tumor Induction. Animals (n = 4) received a subcutaneous inoculation (upper backsubcutaneous
tumor model-) of 1 X 10° T47D cancer cells suspended in 0.1 mL of phosphate-buffered saline. 2.5
weeks after inoculation the animals were used for in vivo studies. One mouse was randomly selected
for micro-SPECT/CT imaging, and a group of three mice was used to perform biodistribution studies.
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35.1. SPECT-CT Imaging

To verify the in vivo 177Lu-DOTA-DN(PTX)-BN retention in T47D induced tumors, micro-SPECT/CT
images were acquired (Albira, ONCOVISION; Gem Imaging S.A., Valencia, Spain) 1.5h,9h, 10 h, 24 h,
120 h after intratumoral administration of 9.25 MBq of the nanoradiopharmaceutical. The mouse, under
2% isoflurane anesthesia, was placed in the prone position and imaging was performed. The micro-SPECT
field of view was 60 mm; a symmetric 20% window was set at 208 keV, and pinhole collimators were used
to acquire a three-dimensional SPECT image with a total of 64 projections of 30 s each over 360°. The
image was reconstructed using the ordered-subset expectation-maximization algorithm with the standard
mode parameter, as provided by the manufacturer. CT parameters were 35 kV positive voltage, 700 nA
current, and 600 micro-CT projections.

3.5.2. Biodistribution

The subcutaneous tumor model animals (1 = 3) received 9.25 MBq of the radiolabeled system
(7Lu-DOTA-DN(PTX)-BN). After 120 h post-injection, the mice were euthanized, and the blood and
main organs were removed. The radioactivity accumulated in organs was measured in a calibrated
Na(Tl) detector and expressed as %ID/g (percentage of the injected dose per gram of tissue) or
%ID/organ (percentage of the injected dose per organ).

4. Results and Discussion

PAMAM dendrimers have extensively been reported as drug delivery systems for carrying
therapeutic and diagnostic agents, but their capacity for concomitant applications of chemotherapy
(Paclitaxel) and radiotherapy (7Lu) in a target-specific multifunctional platform has not been reported.

PAMAM dendrimer generation 4.0 contains 64 terminal amine groups available for firstly grafting
with p-SCN-Bn-DOTA, via the irreversible formation of thiourea derivative. Bombesin conjugation
was attained via one carboxyl lateral arm from the DOTA macrocycle, which was linked to the PAMAM
amine group. The calculated DN:DOTA and DN:Bombesin molar ratio was 1:15 and 1:3, respectively.

A variety of delivery systems of PTX have been reported, including entrapment of the
molecule [15-17], or conjugation to the surface [18-20]. In this research, the dendrimeric system
allowed 97.72 + 0.26% of PTX encapsulation.

As shown in Figure 2, microscopic transmission electron analysis (TEM) revealed well-defined
dendritic structures (Figure 2b). The mean particle size of DOTA-DN was 13.05 nm, 16.01 nm for
DOTA-DN-BN, and 16.37 nm in the case of DOTA-DN(PTX)-BN. The BN grafting, influenced on
increasing the particle size (p < 0.05). Also, the population width distribution increased with bombesin
and paclitaxel incorporation.

\ — — DOTA-DN
a) ! L e DOTA-DN-BN
A ——DOTA-DN(PTX)-BN ==

Frequency

Size [nm]

Figure 2. (a) Size distribution of the different nanosystems (b) TEM of DOTA-DN(PTX)-BN.
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4.1. Infra-Red Spectroscopy

FT-IR analysis of the DOTA-DN(PTX)-BN dendrimeric system showed some characteristic bands
of its components (Dendrimer, DOTA, bombesin, and paclitaxel) which changed in intensity and
position because of the conjugation reactions.

The IR-spectrum of pure PAMAM G4.0 (Figure 3a) showed bands at 3261 cm™! and 3074 cm™!
attributed to N-H stretch vibrations of amine groups. The bands at 2935 cm~! and 2831 cm™! correspond
to aliphatic C-H stretches. The amide carbonyl absorption (HNC = O) from the PAMAM dendrimer
was observed at 1630 cm~!, while at 1543 cm ™!, the amide N-C stretching was identified [21-24].

1.0 1.0
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Figure 3. The FT-IR spectrum of (a) PAMAM Dendrimer (DN), (b) pSCN-Bn-DOTA (DOTA),
(¢) Lys'Lys’(DOTA)-BN (BN), (d) Paclitaxel (PTX), (e) DOTA-DN, (f) DOTA-DN-BN, (g)
DOTA-DN(PTX)-BN.

The p-SCN-Bn-DOTA IR-spectrum (Figure 3b) showed a well-defined band at 2100 cm~!, which
was assigned to the isothiocyanate motif vibration. At2960-2867 cm~! and 1400 cm™~! appear vibrations
attributed to the C-H stretch, and at 3346 cm™! the presence of amine groups were identified. At
1723 cm™! the C=O stretch and at 1500 cm™ the aromatic C-C stretch were also observed.

After p-SCN-DOTA conjugation to dendrimer, the DOTA-DN (Figure 3e) showed a shift compared
to the main dendrimer bands in the region at 3000-2900cm ™. New bands in the amide I and amide
IT region were observed. The isothiocyanate region from the bifunctional agent was absent, which
suggested a conformational and dipole change when conjugation was carried out. Amide formation
involves the use of carboxylic groups, which was not observed after conjugation. The new band at
1400 cm™! region indicated the presence of DOTA in the dendrimer structure.

The IR-spectrum of pure BN (Lyleys3(DOTA)BN) (Figure 3c) showed bands at 3283 eml,
1646 cm™! and 1533 cm™! assigned to (-NH)y, (C=0), (Amide I) and (-CN) (amide II) respectively, as
previously reported [25].

After grafting DOTA-DN with Bombesin peptide, the infrared spectrum showed essential changes.
The new product DOTA-DN-BN (Figure 3f) show significant shifts in the amine and amide region, but
no new bands were observed.

The IR analysis of PTX (Figure 3d) was consistent with the previously reported [26]. Briefly,
spectrum showed (-NH),, vibrations characterized by a broad and asymmetric band centered at
3442 cm™!, the band found at 2945 cm ™ was assigned to (-C-H) from asymmetric and symmetric
stretching vibrations. Amide I region mainly associated with (C=0),, vibration was identified
at 1732 em™! whereas (C-N),, was found at 1274 cm~!. Aromatic hydrocarbons were identified
by characteristic absorption bands in the region near to 1645 and 1500-1400 cm™! produced by
carbon-carbon stretching vibrations in the aromatic ring. The bands at 1250-1000 cm~! region were
assigned to (C-H) in-plane bending, and finally, (C-H),, above 3000 cm~! were also identified.
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After PTX interaction (Figure 3g), the infrared spectrum showed bands of PTX at 1716 cm ™' and
710 cm™! from amide I, additionally, an increase of intensity was observed in the well-defined bands
at 1645 em™! and 1400 cm~! from Ar(C-C) and 1250 cm™! due to the contribution of amine groups.
A significant increase on band intensity and change on band shape near to 3650-3150 cm~! region
respect to DOTA-DN-BN were identified, suggesting an increase on H-bond formation associated to
the interaction of O-H and N-H groups as proton donor groups from PTX, BN, and DN.

4.2. In Vitro Paclitaxel Release

For evaluation of the controlled release capacity of paclitaxel from DOTA-DN(PTX)-BN,
accumulative (%) drug release was determined in different analysis conditions.

The release profile of PTX was prolonged. The PTX desorption was dependent on pH and
resulted to be higher under acidic conditions than under neutral conditions (Figure 4, Hill Model)
through disturbance and disruption of hydrogen bonding. Hence, the observed release rate of
DOTA-DN(PTX)-BN at pH 5.3 is favorable for cancer therapy. Additionally, it would be expected that
acidic intra-cellular conditions (intracellular lysosomal environment) improve the PTX release with the
consequent increase of local drug concentration.
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Figure 4. In vitro release profile of Paclitaxel from DOTA-DN(PTX)-BN system at pH 5.3 and 7.4 (mean
+SD, n=3).

The relatively slow PTX-releasing rate observed in vitro could be enhanced by the in vivo high
oncotic pressure in tumors, since previous reports have demonstrated that the PTX release from
dendrimeric systems gradually speeds up with the osmotic pressure [27].

4.3. Serum Stability

177Lu-DOTA-DN(PTX)-BN demonstrates high stability in human serum. After 0.5, 1 and 24 h of
incubation <10% of the radiopharmaceutical was bound to plasma proteins. These results suggest
that 7Lu-DOTA-DN(PTX)-BN was not significantly catabolized in serum, and therefore has suitable
metabolic stability.

4.4. In Vitro Studies

44.1. Cell Uptake

In order to demonstrate the specific uptake of nanoradiopharmaceuticals via Bombesin-GRPr
recognition, uptake and internalization assays in T47D cells (GRPr-positive) were carried out (Figure 5).
The ANOVA (1 way) for multiple comparisons showed a statistical significant difference between
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177L,u-DOTA-DN(PTX)-BN and 77Lu-DOTA-DN (p < 0.05) (cell uptake of 6.67% vs 5.31%, respectively),
which confirmed the active uptake mechanism through the interaction Bombesin-GRPr. There
was no significant difference between nanosystems containing the molecular recognition molecule
(Y77Lu-DOTA-DN-BN, 6.67% and '77Lu-DOTA-DN(PTX)-BN, 6.70%).
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Figure 5. Uptake (a) and internalization (b) of 7/Lu-DOTA-DN, 7/Lu-DOTA-DN-BN, and
177Lu-DOTA-DN(PTX)-BN in T47D cells (vacuum boxes). Cells with blocked receptors were pre-incubated
with excess (500 times) of Bombesin peptide (full boxes) to determine specific uptake. Whisker represents
SD (1 = 6).

Figure 5b shows the internalization of each radiolabelled treatment to the cytoplasm. This process
was favored with the pre-incubation with BN and attributed to cationic surface charge conferred by
BN, which promotes interaction of the nanoparticles with the membrane and therefore, increases the
rate and extent of internalization [28].

When GRPr were previously blocked with a BN concentration 500 higher than the BN
present at nanosystems, the uptake decreased one-fold and two-fold for 77Lu-DOTA-DN-BN and
177Lu-DOTA-DN(PTX)-BN, respectively. This result suggests that the process of specific binding
between Bombesin and GRPr is taking place through an endocytic pathway in high rate for
177Lu-DOTA-DN(PTX)-BN rather than the non-targeted nanosystem, which could be favored by
the high molecular weight conferred by PTX inside the cavities. This specific coupling provided a
significant uptake and internalization (internalization of 8.86% in 17 Lu-DOTA-DN-BN and 9.53% in
177Lu-DOTA-DN(PTX)-BN). However, it was evident that passive uptake was carried out by a surface
phenomenon between nanoparticles and the cell surface. The 1”7Lu-DOTA-DN(PTX)-BN concentration
needed to achieve the half-maximum binding at equilibrium (Kd) resulted in 32.49 + 9.01 nM.

4.4.2. Cell Viability

The surface coating has been reported to determine the cytotoxicity/biocompatibility for many
nanoparticles. Particularly for PAMAM dendrimers, toxicity is mainly attributed to surface amine
groups, but also dependent upon molecular weight, the number of surface amine groups, and
generation of PAMAM dendrimers. Several studies have reported that after surface modification, the
toxicity of PAMAM dendrimers can be reduced [29].

As shown in Figure 6, the dendrimer surface modification with DOTA and Bombesin, allowed the
preparation of a non-toxic system DOTA-DN-BN (97.14 + 10.12% of viability), mainly attributed to the
surface end groups [7].
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Figure 6. Cell viability after seven days of treatment with DOTA-DN-BN (A), DOTA-DN(PTX)-BN (B),
177Lu-DOTA-DN-BN (C), 77Lu-DOTA-DN(PTX)-BN (D), Paclitaxel (E), 77 Lu-DOTA-DN (F).

Reduction on cell viability was inherent to the presence of PTX or 7Lu. The effect of
combining ”Lu with PTX was the highest on reducing viability on T47D cells treated with
77Lu-DOTA-DN(PTX)-BN (Figure 6). At seven days post-treatment, viability percentage was only
54.15 + 3.05% for 177Lu-DOTA-DN(PTX)-BN, which was significantly different (p < 0.05) when compared
with the unlabeled system DOTA-DN(PTX)-BN (64.58 + 6.32%), or free-PTX system 77Lu-DOTA-DN-BN
(59.03 + 5.48%).

As expected, there was no statistical significance between the cell uptake of DOTA-DN(PTX)-BN
when compared with '”7Lu-DOTA-DN-BN (p > 0.05). This therefore implies that the produced cytotoxic
effect caused by '7Lu and PTX was at the same level.

The in vitro therapeutic efficacy studies confirmed that 177Lu-DOTA-DN-(PTX)-BN nanosystem
nanoparticles are more effective than a non-radiolabeled nanoparticle. The synergistic effect of
chemotherapy and radiotherapy produced by the 77Lu-DOTA-DN-(PTX)-BN nanosystem was
observed when doses of PTX = 26.79 uM and radiation-absorbed doses of 122 Gy (delivered by
32.19 Bg/cell) were used (Table 1). As can be observed in Figure 7, the cytotoxic effect for the
radiolabeled nanosystem was observed between 24 h and 48 h (highest slope). The effect was
statistically significant after 48, 96, and 120 h. At 120 h of treatment, the total delivered radiation dose
was 122 Gy, and the concentration of PTX was 26.79 uM.

Table 1. Biokinetic model and radiation absorbed doses produced by Bg/cell of 7/Lu-
DOTA-DN-(PTX)-BN to the T47D cancer cell nuclei within 168 h.

7 Lu- t=168h
DOTA-DN-(PTX)-BN Biokinetic Model A(t) N= [ A®Mdt  Dose (Gy/Bq) T‘;;fl'd[e’;’fé“/’lf*;"
Cellular Location =0 yba
A(t) = 6.190e7 0014 423
Membrane 0.2430-00081 1 () 049,~0.008! 15012 1.12
Cytoplasm Al = 20700 311

8.580e70014 1 () 345, 00081
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Figure 7. Invitro therapeutic efficacy of 77Lu-DOTA-DN-(PTX)-BN on T47D cell line, (a) cell
survival fraction resulted from 16.1 MBq per cell and the equimolar concentration of the unlabeled
nanosystem, (b) cell survival fraction resulted from 32.2 MBq per cell and the equimolar level of the
unlabeled nanosystem.

Nanosystems containing and delivering both, chemo—and radiotherapy are more effective
than nanoparticles containing only PTX. When T47D breast cells were treated with the targeted
nanosystem providing only PTX (DOTA-DN-(PTX)-BN) at 13.40 uM, the cell viability increased
after 48 h (Figure 7a). This behavior was attributed to the DNA repair rate. The concentration of
delivered PTX was unsuccessful in producing disrupting of microtubules. After 120 h of treatment
with DOTA-DN-(PTX)-BN, the cell viability was 14.00 + 2.06%. The viability of cells treated with
177Lu-DOTA-DN-BN was 10.93 + 1.17%, and the treatment of cells with '”7Lu-DOTA-DN-(PTX)-BN
resulted in the lowest viability of 1.32 + 0.71%. These results demonstrated that the combination of
PTX and Lu-177 in the same nanoprobe was more effective than PTX or Lu-177 alone.

4.4.3. In Vivo Studies

The 77Lu-DOTA-DN-(PTX)-BN nanosystem showed high retention in the tumor volume. No
significant leakage was observed after 120 h associated with the specific receptor binding [11], which
suggest that this nano-approach has a strong potential to be used for the treatment of solid tumor
over-expressing GRPr. (Ethical Approval number: NOM-062-ZO0O-1999 and approval date: 7 March
2018 for animal experiments).

Figure 8 shows micro-SPECT images of a mouse with a T47D subcutaneous tumor
model. The tumor-to-blood ratio reveals suitable contrast, with a significant accumulation of
177Lu-DOTA-DN(PTX)-BN in tumor tissue after (a) 1.5 h, (b) 9 h, (c) 10 h, (d) 24 h, and (e) 120 h. The
177Lu-DOTA-DN(PTX)-BN nanosystem remains into the tumor delivering both, targeted radiotherapy
and PTX-chemotherapy.

The measured volume of the tumor at the beginning of the imaging studies (1.5 h) was 0.32 cm®.
The biokinetic model based on the standard uptake value obtained at each time point, was adjusted
to a function in OLINDA/EXM. The estimated absorbed radiation dose was 3.01 Gy/MBq at infinite
time (Table 2). Therefore, to produce a tumoral radiation absorbed dose of 50 Gy in the murine model
(which is usually applied in radiotherapy treatments to breast cancer patients), 16.61 MBq should
be administered.
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Figure 8. Subcutaneous tumoral model. Intratumoral administration of 7 Lu-DOTA-DN(PTX)-BN
after (a) 1.5h, (b) 9 h, (c) 10 h, (d) 24 h, (e) 120 h.

Table 2. Biokinetic model and radiation absorbed dose produced by MBq of '/ Lu-BN-PLGA(PTX) to
the T47D tumor (intratumoral administration).

t=co
Biokinetic Model A(t) N= f A(t)dt Dose (Gy/MBq)
=0

A(t) = 7.70e-0418t 1 8 65-0008t () 57,0004t 11.73 3.01

The radiopharmaceutical was cleared from the tumor with three components: 7.7% of the total
dose (total activity of the administered radiopharmaceutical) was removed quickly with an effective
half-life (Te) of 1.65 h, 8.6% with a Te of 86 h and 0.57% with prolonged Te of 173 h (Table 2).

The 77Lu-DOTA-DN(PTX)-BN remained into the tumor delivering both, targeted radiotherapy
and PTX-chemotherapy. The final tumor size was reduced 15.6% and the volume at 120 h was 0.27 cm®.

Nano-radiopharmaceuticals have to be injected intratumorally or peritumorally due to the
nanoparticles nature since they accumulate significantly in the reticuloendothelial system when the
intravenous administration is used. The biodistribution of 77Lu-DOTA-DN(PTX)-BN after 120 h
(Figure 9) demonstrated that 36.25% of the radioactivity remained into the tumor, with only a 3.93% in
the pancreas and 1.53% in kidney, which are organs widely reported to express GRPr [30].

50
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Figure 9. Biodistribution of 77Lu-DOTA-DN(PTX)-BN 72h post intratumoral administration.
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5. Conclusions

In this research, targeted polymeric nanoparticles designed to produce a simultaneous effect
of radiotherapy and chemotherapy were successfully prepared. The 7’Lu-DOTA-DN(PTX)-BN
nanoparticles exhibited high affinity towards GRP receptors, which enabled them to selectively and
concomitantly deliver 1”/Lu as the radiotherapeutic agent and PTX as the chemotherapeutic component.
177Lu-DOTA-DN(PTX)-BN showed suitable characteristics for combined targeted therapy applications
in GRPr-positive tumors.
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Preparacion, caracterizacion y evaluacion de dos radiofdrmacos terapéuticos
de liberacion controlada basados en nanosistemas poliméricos

8. CONCLUSIONES GENERALES

Se sintetizaron los sistemas BN-PLGA(PTX) y DOTA-DN(PTX)-BN como medios para la
entrega selectiva y controlada de paclitaxel en sitios tumorales que sobreexpresan el receptor del
péptido liberador de gastrina.

Las técnicas caracterizaciobn como espectroscopia vibracional, microscopia electrénica y
cromatografia liquida de alta resolucién evidenciaron la formacion de sistemas nanométricos,
funcionalizados con el péptido bombesina y cargados con el antineopléasico Paclitaxel, que

permiten la liberacién controlada del mismo.
El radiomarcado de los sistemas con Lutecio-177 se logré con purezas radioquimicas del 99%.

Se comprobé que los sistemas *’Lu-BN-PLGA(PTX) y "Lu-DOTA-DN(PTX)-BN presentan

una adecuada estabilidad en suero, necesaria para su posterior evaluacion in vivo.

Las pruebas in vitro demostraron que los sistemas cuentan con capacidad de reconocimiento en

sitios de expresion de receptores del péptido liberador de gastrina.

La presencia concomitante del radionuclido y del agente antitumoral resultdé en una mayor
disminucion de la viabilidad celular, en comparacion con la actividad citotdxica ejercida por cada

componente de forma aislada.

Mediante la SPECT/CT se obtuvieron imagenes evidenciando la captacion de los radio-sistemas
que, aunado a los estudios de biodistribucion, confirmaron la captacion y retencion tumoral 17’ Lu-
BN-PLGA(PTX) y de ¥"Lu-DOTA-DN(PTX)-BN tras su administracion en modelos murinos.

Se ha evidenciado, por lo tanto, que los nanosistemas poliméricos ’’Lu-BN-PLGA(PTX) y ""Lu-
DOTA-DN(PTX)-BN cuentan con propiedades terandsticas, que pueden ser aplicados en

investigaciones posteriores.
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Preparacion, caracterizacion y evaluacion de dos radiofdrmacos terapéuticos
de liberacion controlada basados en nanosistemas poliméricos

9. PERSPECTIVAS

En el presente trabajo se desarrollaron sistemas basados en nanoparticulas poliméricas que
permitan la entrega selectiva y controlada del agente antineoplasico Paclitaxel y el radiondclido

Lutecio-177, con la finalidad de ser herramientas con aplicaciones terandsticas.

La demanda de mejores medios terapéuticos y diagnostico en tratamientos contra el cancer, motiva
a la busqueda de herramientas que permiten el registro espacio-temporal de eventos moleculares,
de la evolucidn de la enfermedad y mejores resultados terapéuticos.

Es por ello gque, los sistemas propuestos en el presente trabajo, sirven de base para estudios que
permitan proponer estrategias de eficiencias de carga mayores y mayores capacidades de marcado

para poder incrementar terapéuticos.
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Abstract Radiolabeled targeted nanoparticles have been extensively studied for
medical applications. Their multifunctionality and multivalency (among other prop-
erties) make them suitable candidates to target different diseases by means of phar-
macophore groups for molecular, cellular, and/or tissue targeting. They have been
used for molecular imaging and as drug delivery systems to improve drug efficacy
and decrease side effects by passive accumulation of drugs in healthy tissues. Metal-
lic nanoparticles can be radiolabeled or be radioactive themselves in order to deposit
a large amount of energy into malignant cells, which produces irreversible damage.
Because of their high surface area, these can be functionalized with small molecules
and biomacromolecules for targeted radiotherapy. Moreover, their quantum size
effect and resulting properties recently proved to produce hyperthermia. Polymeric
nanoparticles are also acquiring importance in molecular imaging as diagnostic and
therapeutic agents, due to their biocompatibility, biodegradability, and pharmacoki-
netic advantages, including the ability for controlled drug release or targeted radio-
therapy. Both metallic and polymeric nanoparticles have been proposed as new, smart,
pharmaceutical devices to produce dual-targeted therapy and molecular imaging. In
this chapter, we will discuss the development and potential medical applications of
radiolabeled metallic and polymeric nanoparticles as intelligent targeted systems.
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1 Introduction

Nanoparticles (NPs) play an important role in life science research. Particularly,
nanosystems that enable molecular imaging of biological processes and therapeutic
applications have been successfully developed based on their capacity to produce
multifunctional and multivalent effects.

In the medical field, these nanosensors can be designed to target pharmacophore
groups in select cells in order to produce a desired in vitro or in vivo effect. NPs
have been purposed as in vitro approaches for diagnosis, in vivo molecular imaging
or targeted delivery, and in vivo tissue engineering [1].

For human applications, only a few nanosystems or nanoplatforms have been
approved for use in patients. Several shortcomings, mainly safety issues, have chal-
lenged their translation to clinical applications. Among them, their inherent toxicity
produced by the accumulation in the reticuloendothelial system (RES) originated by
their relatively slow hepatic uptake and biliary excretion continues to hamper their
widespread use in vivo [2].

Molecular imaging for clinical use refers to the implementation of imaging tech-
niques with highly sensitive and specific recognition with an additional high degree
of spatial resolution. Modalities based on nuclear techniques combined with nuclear
resonance imaging (NMR) promise a high degree of efficiency, increasing the diag-
nostic accuracy. Additionally, radiolabeled techniques extend the possibility for their
therapeutic application using proper surface architecture to guarantee selectivity by
molecular targeting.

Nuclear imaging modalities include single-photon emission computed tomogra-
phy (SPECT), positron emission tomography (PET), and more recently, Cerenkov
luminescence (CL) has also gained prominence. By using these imaging modalities,
several approaches based on nanoparticles are being currently studied.

In this chapter, we discuss the development and potential medical applications of
radiolabeled metallic and polymeric nanoparticles as intelligent targeted systems for
applications in molecular imaging and therapy.

2 Multitargeting Receptors

In several diseases, including cancer, the heterogeneity of overexpressed receptors is
well known. This fact opens the possibilities to target concurrently multiple receptors
in vivo, in order to improve the detection sensitivity. In general, there are three
different strategies for multireceptor targeting [3]:
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(a) Heteromultivalent ligands, which allow simultaneous binding to different recep-
tors.

(b) The co-injection of multiple radiotracers.

(c) The sequential injection of different imaging agents.

NPs have emerged as heteromultivalent and multifunctional systems that enable
targeting of more than one receptor site to enable both therapy and imaging [4]. In
the medical field, multifunctional nanoparticles that combine therapeutic molecules,
molecular targeting, and diagnostic imaging abilities and exhibit appropriate fea-
tures for in vivo use can improve the efficacy of cancer therapy and disease diagnosis.
Although most of the nanosystems studied have demonstrated a wide variety of prop-
erties, multifunctional and multivalent nanoapproaches that simultaneously exhibit
all needed functionalities for human applications are currently limited. Essential
functionalities for multifunctional nanocarriers comprise:

In vivo stability before attainment the target sites.

Long circulation time in the bloodstream.

Sensitivity to local stimuli to produce controlled release (temperature and/or pH).
High drug loading content.

Ability to specifically accumulate in the target sites.

Ability to effect the intracellular drug uptake behavior.

Capability to monitor disease advancement.

Targeting molecules that are capable of attaching onto the surface of nanoparticles
include peptides, aptamers, small molecules, and antibodies [5].

3 Nuclear Imaging Based on Nanoparticles

A wide number of nanoplatforms have the capability for chemical conjugation to a
chelator or to be radiolabeled on a chelator-free way. The selection of radionuclide
to be attached or adsorbed onto the nanoparticle surface depends on the usefulness
of that nanoplatform. Some features to be considered include the emission mode,
emitted energies, and physical half-life. Gamma-emitting radionuclides with a short
half-life are preferred for imaging, and beta-particle emitters are chosen for thera-
peutic purposes. Radionuclides that enable both imaging and therapeutic capabilities
are called “theranostic” ("""Lu, Y or '®Au). In nuclear imaging, gamma radiation
emitted by different radionuclides in diverse decay modes allows the acquisition of
images (Fig. 1).

Positron emission tomography (PET) allows measurement of physiologic pro-
cesses. This imaging can be performed by the annihilation of a positron emitted
from a radionuclide with an electron. In this phenomenon, two 511 keV photons are
emitted at 180°, which pass through the body and are detected by a ring of detectors
around the subject. Radiolabeled NPs can be imaged in a quantitative mode to define
the tumor uptake provided by the radiolabeled NPs [5]. Among PET radionuclides,
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Fig. 1 Decay modes for nuclear imaging and therapy

%8Ga (t1» = 68 min) has a f necessary to produce in vivo imaging of NPs and has
been used for both PET and Cerenkov imaging. The 8F (t1/» = 110 m) radionuclide
is also employed to label NP. For longer in vivo PET imaging, Cu (f;, = 12.7 h),
89Zr (t1p = 78.4 h), and '**1 (¢, = 4.18 d) are commonly used [6].

In single-photon emission computed tomography (SPECT), the emission of a
gamma photon originated by the nucleus produces regional foci of the in vivo distri-
bution. Collimators are used to detect a specific range of photon energies. Usually, two
opposite detectors are used to obtain images through rotating from multiple angles
around the field of view, which are then reconstructed to render three-dimensional
images [7].

Cerenkov imaging is produced by the visible light wavelength produced by a
charged particle traveling through a dielectric medium faster than the speed of light
in that medium [8]. Radionuclides '7"Lu and °°Y are used as imaging and therapeutic
agents. Moreover, other radionuclides can be used in combination with NPs to obtain
a theranostic agent [5].

4 Radiolabeling of Nanoparticles

In general, there are four main strategies to radiolabel nanoparticles:
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e Bifunctional approach using chelators to coordinate radionuclides, chemically
bound to the nanoparticle surface.

e A chelator-free radiolabeling method whereby radionuclides can be directly bound
to the nanoparticle surface.

e Direct bombardment with neutrons or protons to produce some radioactive atoms
in the nanoparticle.

e Radionuclides can be embedded into the nanoparticle.

In nuclear imaging, several chelators have been used to bind radionuclides
onto the nanoparticle surface. NOTA (1,4,7-triazacyclononane-1,4,7-triyltriacetic
acid), DOTA(1.,4,7,10-tetra-azacyclododecane-1.4,7,10-tetrayltetra-acetic  acid),
p-SCN-Bn-DOTA  (S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane
tetraacetic acid), and diethylenenetriaminepentaacetic acid (DTPA) are bifunctional
complexing agents which bind radioactive atoms to a target biomolecule.

The conditions of radiolabeling include reaction temperature, incubation time,
and biomolecule degradation control, making some modifications on affinity, binding
properties, and consequent pharmacokinetic behavior, possible.

5 Radiolabeled Metallic Nanoparticles

Stable inorganic NPs have been prepared using different approaches. Mainly, NPs for
biomedical applications are based on nanocolloids formed by heavy metal suspen-
sions stabilized with a coating process using polymers, proteins, or polysaccharides.
The coating provides NPs colloidal biocompatibility, stability, and increases their
circulation time reducing their uptake by the RES. Nanoparticle biodistribution gen-
erally depends on their coating but also on their size. Small NPs with a mean diameter
less than 10 nm undergo fast renal filtration; unlike NPs with a diameter greater than
200 nm are quickly removed by the RES system from the bloodstream. Therefore,
NPs with diameters between 10 and 100 nm have achieved a higher accumulation at
the target site, as a result of their longer circulation times. Furthermore to minimize
the opsonization and clearance processes, generally NPs can be coated with some
polymers as poly(ethylene glycol) (PEG) [9].

The most investigated inorganic NPs are gold NPs (AuNPs) and iron oxide NPs
(IONPs), but there are also some reports of other noble metals such as silver and cop-
per. Nanoparticles offer two key advantages as targeted agents: Firstly, nanoparticle
geometry consists of a core, typically with thousands of detectable atoms such as
iron and gold; secondly, they can be coated with targeting peptides, antibodies, or any
molecules with biological activity. In addition, they have a large surface area, which
is ideal not only for efficient modification but also can incorporate various func-
tional moieties on the surface to produce systems with multiple receptor targeting at
the same time. This produces multivalent effects caused by multiple simultaneous
interactions between the surface of the nanoparticle and that of the cell [10-12].
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Fig. 2 Sentinel node localization by SPECT/CT in patient with breast cancer (24 h ™ Tc-AuNP-
mannose post-administration). Image courtesy of National Cancer Institute (Mexico)

5.1 Radiolabeled Gold Nanoparticles (AuNPs)

Gold nanoparticles continue to show great potential for clinical applications. In
recent years, important breakthroughs have been made in the development of gold
radiolabeled nanoparticles, which can be used as novel diagnostic tools in multi-
modality imaging systems. Some multimeric systems of AuNPs radiolabeled with
#mTc have been reported as suitable target-specific drugs for molecular imaging of
tumors and sentinel lymph node detection [13, 14]. Moreover, !"’Lu-AuNPs conju-
gated to different targeting peptides have been proposed as theranostic radiopharma-
ceuticals [15-18]. Recently, Ferro-Flores et al. (2017) developed an antiangiogenic
cancer-specific dual-targeting '"’Lu-Au-nanoradiopharmaceutical based on AuNPs.
The nuclear localization sequence (NLS)-Arg-Gly-Asp peptide and an aptamer (HS-
pentyl-pegaptanib) to target both the a(v)B(3) integrin and the vascular endothelial
growth factor (VEGF) overexpressed in the tumor neovasculature has been demon-
strated. The nanosystem showed properties of angiogenesis inhibition [19].

Only few examples of AuNPs have demonstrated successful clinical applications,
but several approaches are still in clinical trials [20]. To localize sentinel lymph
node in breast cancer patients (Fig. 2), *"Tc-AuNP-mannose radiopharmaceutical
showed a suitable response by using 1-day or 2-day conventional protocols [21].
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Plasmonic Gold Nanoparticles for Photothermal Therapy

NPs of noble metals have abroad absorption band in the visible spectrum, due to plas-
mon resonance. Metallic nanomaterials display strong absorption in the near-infrared
(NIR) region (700—1100 nm); mostly, it converts optical energy into thermal energy.
This effect is called photothermal ablation and can be used to destroy tumor cells by
local heating. Photothermal ablation therapy has gained increasing attention because
of its minimally invasive approach for cancer treatment. Several specific target-
ing approaches for photothermal heating with gold nanoparticles have been widely
reported [22-26]. The plasmon resonance for common gold 20-nm nanosphere is
520 nm and redshift in NIR region from 800-1200 nm. Further, these materials can
be conjugated with specific targeting molecules for better efficacy [27, 28].

In order to elucidate the temperature increase necessary to produce cell death
by photothermal therapy when AuNPs in different tissues are irradiated with a Nd-
YAG laser (532 nm), the optical properties (coefficient of extinction, absorption, and
scattering) were calculated [29].

Recently, anew generation of nanosystems, which enables more than one pathway
of producing therapy and imaging, has emerged. As expected, these systems have
demonstrated clear advantages to those of individual therapy approaches. The pho-
tothermal and radiotherapeutic potential of the '7’Lu-dendrimer conjugated toward
folate and bombesin conjugated with gold nanoparticles in the dendritic cavity (77 Lu-
DenAuNP-folate-bombesin) was demonstrated. The intense NIR fluorescence emit-
ted at 825 nm from the conjugate inside breast cancer cells corroborated the effec-
tiveness of '"’Lu-DenAuNP-folate-bombesin for optical imaging [30]. Moreover,
the synergistic interaction in a breast cancer model between heat produced by pho-
toconversion and cytotoxicity with doxorubicin was demonstrated by small AuNPs
(less than 20 nm) when irradiated by laser [31].

Intrinsically Radiolabeled Gold Nanoparticles

Au-198 can be used for tumor therapy because of its half-life of 2.7 days and higher
energy p-emission (Bmax = 0.96 meV) which enables it to penetrate up to 11 mm in
tissue to produce therapeutic cross-fire effect on the tumor cells with a minimal radi-
ation dose to the normal tissue surrounded. In vitro/in vivo biocompatible of Au-198
compounds was produced and evaluated the first time by Katti et al. [32, 33]. They
prepared trigonal and tetrahedral gold compounds functionalized with biocompatible
water-soluble hydroxymethyl phosphine that showed suitable in vivo clearance by
renal and hepatobiliary pathways. The present article also demonstrates antitumor
properties of these complexes against some types of human cancer established in
mice and dogs as lung, breast, non-Hodgkin’s lymphoma, prostate, and pancreatic
tumors [34]. The promising radiochemical and biodistribution properties of these
Au-198 nanoparticles encouraged their stabilization with other polymers as epigal-
locatechin gallate (EGCG) and gum arabic glycoprotein (GAP) [35]. The utility
of amino acid-based phosphines for reducing gold salt into gold nanoparticles has
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allowed to prepare biocompatible '”® AuNPs for theranostic applications [36, 37].
Recently, Axiak-Bechtel et al. used dogs to develop a human-mimicking prostate
cancer model. They found that dogs with spontaneous prostatic tumors treated with
a single dose of GAP-'?* AnNP (105 Gy) did not show short-term toxicity.

In addition, the combination of imaging modalities (CT/SPECT) revealed that,
following the injection of GAP-'*® AuNP, the therapeutic agent was mainly localized
in the prostate, with some loss in the bladder and urethra [38]. Advantageous Au-
198 radiochemical properties also encouraged Chanda et al. to conjugate ' AuNPs
with BBN peptides in order to develop a tumor-targeted therapeutic agent. '’ AuNP-
BBN in vitro and in vivo studies in mice evidenced a high binding affinity (ICsp)
in microgram ranges and a selective uptake in GRP-receptor-rich organs such as the
pancreatic acne in normal mice and the tumors in prostate tumor-bearing mice. The
difference in prostate tumor sites between the mice treated with ' AuNP-BBN and
the pretreated group demonstrated the realistic clinical potential of these targeted
nanoparticles [39]. Radioactive AuNP has been also functionalized with mangiferin,
apromising xanthonoid for tumor targeting. The therapeutic efficacy studies of MGF-
198 AuNPs provided conclusive evidence that the nanosystem has the ability to reduce
tumors volume and did not cause any adverse radiotoxicity [40].

5.2 Radiolabeled Iron Oxide Nanoparticles

Iron oxide nanoparticles (IONPs) are one of the most widely studied NPs for imag-
ing applications over the past two decades, because they can enable contrast in
MRI through the production of localized magnetic field inhomogeneities. IONP
size can range from several nanometers to microns and can be classified according
to their hydrodynamic diameter into: ultra-small paramagnetic iron oxide (USPIO)
NPs below 50 nm; superparamagnetic iron oxide (SPIO) from 60 to 250 nm; and
micron-sized iron oxide particles (MPIO) from 1 to 8 pm [41].

Iron oxide NPs are produced by physical, chemical, and biological methods.
However, chemical synthesis methods based on the co-precipitation of Fe** and
Fe* aqueous salt solutions by addition of a base are the most commonly used due to
their low production cost and the high yield. In addition, using these methods is easy
to control the size, composition, and the shape of the NPs produced, changing some
factors as the Fe>* and Fe** ratio, the type of salts used (e.g., chlorides, sulfates,
nitrates, or perchlorates), pH, and the ionic strength. Other chemical methods such
as precipitation (solgel and gas/aerosol gel preparation) have been developed [42].

Functionalized IONPs provide the opportunity to develop tumor-specific thermal
therapy for metastatic cancer when inductively heated by an externally applied, alter-
nating magnetic field. To be used as targeted agents, however, IONP cores have to be
first stabilized with an adsorbed layer of a biocompatible polymer (such as dextran,
chitosan, or polymethacrylate) and then conjugate the target-specific molecules such
as antibodies, proteins, peptides [9].
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IONPs have been radiolabeled with SPECT and PET imaging isotopes using
direct, indirect labeling, and doping approaches, in order to develop multimodal-
ity imaging agents for dual PET/MR or SPECT/MRI, as well as trimodality imag-
ing (MR/NIR/PET or SPECT) when conjugated to fluorescent near-infrared optical
agents [41].

Several dual-mode imaging probes for PET/MRI using ®*Cu have been reported.
Jarrett et al. designed iron oxide nanoparticles coupled with **Cu for the diagno-
sis of vascular inflammation. Glaus et al. reported **Cu-DOTA-PEG-IONPs showed
strong MR and PET signals and stability in mouse serum. **Cu-bis (dithiocarbamate-
bisphosphonate) conjugated to IONPs has also been reported for in vivo lymphatic
imaging. To image ay B3 expression, multifunctional * Cu-labeled IONPs conjugated
to the RGD (Arg-Gly-Asp) peptide have been developed and demonstrated a spe-
cific glioblastoma tumor-targeting capability by PET/MRI dual imaging [43]. Xie
et al. dual-labeled IONPs encapsulated into human serum albumin matrices with
®Cu-DOTA and Cy5.5, and using in vivo PET/NIR fluorescence/MRI trimodality
imaging in a subcutaneous US7MG xenograft mouse model, demonstrated a huge
accumulation in lesions, a high extravasation rate, and low uptake by macrophages
in tumor microenvironment [44].

Both Ga-67 and Ga-68 have been used for multimodal imaging. Jalilian et al.
reported a % Ga-labeled IONP-folate system with adequate cell membrane perme-
ability and paramagnetic properties for thermotherapy. This system showed excel-
lent stability at room temperature, low liver uptake, and high blood circulation after
24 h. Stelter et al. covalently bonded the transfection agent HIV-1 Tat, the fluores-
cent dye fluorescein isothiocyanate, and **Ga to IONPs, and demonstrated that the
radionanoconjugate can be applied to efficient cell labeling, subsequent multimodal
molecular imaging, and possible thermoablative therapy [44].

Madru et al. prepared *™Tc-labeled IONPs for the SPECT/MRI imaging multi-
modality of sentinel lymph nodes. The labeling was carried out through polyethy-
lene glycol coated over the solid iron oxide core. SPECT/MRI imaging confirmed
its potential applications in the diagnosis of breast cancer and malignant melanoma,
due to the accumulation of ®™Tc-IONPs in animal lymph nodes. Shanehsazzadeh
et al. evaluated the biodistribution in mice of dextran-coated IONPs labeled with
#mTc and found high uptake in the reticuloendothelial system.

In order to study the concomitant efficacy of heating injected magnetic nanoparti-
cles, '"'In-labeled ChL6 was conjugated to carboxylated polyethylene glycol (PEG)
in different-sized, dextran-coated IONPs, with one to two ChL6 antibodies per
nanoparticle. Using athymic mice bearing the human breast cancer model, it was
observed that heating the nanoparticles with an externally applied AMF caused tumor
necrosis in all cases. SPECT imaging showed a tumor uptake of 14% of the injected
dose per gram at 48 h. However, although the heating capacity of the large nanopar-
ticles (30 and 100 nm) was several times greater, the tumor-targeting efficacy was
significantly less than that of their 20-nm-sized counterparts [43].

Also, beta-particle emitters such as I-131 have been conjugated to NPs for radio-
therapy purposes. For example, Liang et al. radiolabeled IONPs with Re-188 using
a direct method with a labeling efficiency of 90% and good in vitro stability and
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Table 1 Radiolabeled iron oxide nanoparticles for SPECT/PET MR imaging

Nanoparticle Application References
9mTc-JONPs/diethylene Multimodality contrast agents | [45]
triamine pentaacetic acid for sentinel lymph node
(DTPA) and 14.7- mapping
triazacyclononane-triacetic
acid (NOTA) »
%mTc-PEG-BP-USPIO/Poly Visualization of blood vessels | [46]
etilenglycol-bisphosphonates | and vascular organs with high
(BP) spatial definition
M Te-USPIO-bevacizumab | Targeted imaging of [47]
hepatocellular carcinoma
9mTc-PEG-SPIONs Molecular imaging for [48]
sentinel lymph node (SLN)
" n-antimesothelin antibody | Early diagnosis and treatment | [49]
(mAbMB)-SPION planning of
mesothelin-expressing cancers
using SPECT-MR imaging
%4 Cu-DTPA-SPION- Trimodality reporter for [50]
Fluorochrome macrophage and inflammatory
plaque components
8 Ga/"! ' In-TAT-FITC- Cell labeling for trimodal [51]
aminosilated-SPIONs imaging
% Cu-PEG-fosfolipid-SPIONs | Dual PET-MRI imaging agent | [52]
64 Cu-bifosfonate-dextran- PET-MR dual modality for [6]
SPIONs draining lymph nodes image
% Cu-DOTA-polyaspartic acid | Dual PET and MRI of tumor | [53]
(PASP)-IONPs-RGD integrin expression
Intrinsically radiolabeled Dual SPECT-MR detection [54]
[*°Fe]-SPIONs
7Ga* and Cu®*-labeled Multimodal PET/SPECT-MRI | [55]

SPIONs

agent

demonstrated the ability of '*®Re-IONPs to kill liver cancer cells. Cao et al. prepared
silica-coated magnetite nanoparticles immobilized with histidine and linked the Re-
188 onto their surface, obtaining a labeling yield of 91%. Chen et al. reported the
development of '*'I-anti-VEGF cross-linked to dextran-coated IONPs and investi-
gated their therapeutic effects in nude mice with induced liver tumors. Tumor growth
delay and tumor inhibition were observed. Therefore, their results suggested that the
radioimmunotherapy of an intratumoral injection of '*'I-anti-VEGF-IONP is effec-
tive for the treatment of liver cancer [44] (Table 1).
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5.3 Radiolabeled Silver Nanoparticles

Silver NPs (AgNPs) have been used as antimicrobial agents because they can be
incorporated into plastics, textiles, and other materials. However, little is known
about in vivo trafficking and deposition of AgNPs. Therefore, a few studies have
been reported recently to study the accumulation of AgNPs in organs and their
toxicological implications. Ichedef et al. [56] reported a synthesis method for radio-
labeled silver nanoparticles from proton activation of silver metal powder, enriched
in Ag-107, with a 30.7 meV proton beam to produce the y-emitter Ag-105 g (half-life
of 41.29 days). Following the activation, the powder was dissolved in concentrated
nitric acid in order to form silver nitrate (AgNO3), which was used to synthesize the
105 AgNP. Chrastina and Schnitzer [57] developed a rapid method for the radiolabel-
ing of AgNPs with I-125 in order to track in vivo tissue uptake of silver nanoparticles
after systemic administration by SPECT imaging. Biodistribution analysis revealed
uptake of the nanoparticles in the liver (24.5% ID/g) and spleen (41.5% ID/g) at 24 h.
Similar results were obtained by Ashraf et al. [58] using water-based suspension of
bare silver nanoparticles and dextran-coated AgNPs (dextran AgNPs) radiolabeled
with Tc-99m. Both “™Tc-AgNPs and Tc-99m-dextran-AgNPs were mainly accu-
mulated in the liver/spleen region although dextran delayed liver uptake, enhancing
the blood retention time. Farrag et al. reported a simple and rapid method for radi-
olabeling of three types of Ag NPs using I-125, with high labeling yields (>90%),
without disturbing the optical properties. After intravenous injection of the radio-
compound in normal and solid tumor-bearing mice, they found that 'I-AgNPs was
localized in the tumor site for a long period of time [59].

5.4 Radiolabeled Copper Nanoparticles

Synthesis of intrinsically radiolabeled nanoparticles is an emerging concept in cancer
theranostics and is expected to play an imperative role in translating nanotechnology
research. Therefore, recently Zhou et al. [60] synthesized radioactive **CuS NPs, in
which ®*Cu is an integral building block of CuS rather than a chelate to the NPs.
These simple to make **CuS NPs demonstrated to possess excellent stability and to be
suitable both for PET imaging and as photothermal coupling agents for photothermal
ablation. Furthermore, the *CuS NPs showed a passive targeting preference over the
tumor site and a strong NIR absorption that mediated ablation of U87 tumor cells after
either intratumoral or intravenous injection. Based on these results, a viable strategy
for alarge-scale production (GBq level) of Cu-64 using medium flux researchreactors
was explored. Biological studies of ®CuS NPs produced with this method on mice-
bearing melanoma tumors revealed a significant tumor uptake (4.64 & 1.71% ID/g)
within 4 h post-injection, with good tumor-to-background contrast [61].

A smart nanosystem was developed for tumor-targeting drug delivery and
PET/MR imaging. The nanocarrier is based on superparamagnetic iron oxide
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nanoparticles radiolabeled with ®Cu and demonstrated favorable properties for
combined targeted anticancer drug delivery and PET/MRI dual-modality imaging
of tumors overexpressing integrin ayB3. The size (hydrodynamic diameter) was
68 % 2 nm and was pH-sensitive in order to deliver Doxorubicin. The in vivo **Cu-
labeled cRGD-conjugated SPIO nanocarrier uptake was mainly in the tumor and
liver, but not in most normal tissues. The system demonstrated good tumor-targeting
capability and successful tumor contrast [4].

6 Radiolabeled Polymeric Nanoparticles

Polymeric nanoparticles have been extensively reported as effective carriers to thera-
peutic pharmaceuticals and are recently emerging as a new class of molecular imag-
ing (MI) agents for detection and treatment of human diseases [62]. An optimal
polymeric nanosystem for MI applications possesses the following components: (a)
controlled- and sustained-release properties; (b) smaller size (5-250 nm) to facili-
tate internalization and probing of cells and they do not have rapid renal clearance;
(c) their surface is easily modified with molecular signaling and receptor-targeting
molecules; (d) payload-carrying capacity delivers high concentrations of imaging
agents to desired region; (¢) multimodal potential offers visualization in more than
one imaging modality; and (f) theranostic capability enables detection and treatment
of disease using a single platform [63].

A wide variety of natural or synthetic polymers (chitosan, PLA, PGA, PLGA,
PEG, HPMA, and other acrylate derivatives) with outstanding biocompatibility and
biodegradability and nanoparticle preparation techniques (nanoparticles obtained
by polymerization of a monomer or obtained directly from a preformed polymer)
have been described for polymeric nanoparticle production [64]. There is no exclu-
sive polymer for the encapsulation of any therapeutic or imaging agent, and not all
molecules can be incorporated in all polymers. Both the physicochemical properties
of the polymer and candidate molecule to be incorporated must be considered.

There are two general methods for the generation of polymeric nanosystems for
imaging applications. The first is covalent conjugation of contrast agents to a poly-
meric matrix, followed by the formation of nanoparticles by conventional techniques
or the conjugation can be in the surface of preformed nanoparticles. The second is
the physical encapsulation of the contrast agent within polymeric nanoparticles.

The major advantage of grafted polymers is that the contrast agent is covalently
bound to the polymer; thus, the burst release does not occur. However, disadvantages
include poor loading efficiency and nonhomogeneous distribution of contrast agents
within the polymeric matrix. The physical encapsulated systems may have superior
advantages over the covalently bound polymer because of high loading efficiency
within the polymeric matrix. However, controlling the burst release contrast agents
from nanoconjugates within a biological system remains a significant challenge [65].

For nuclear imaging, radionuclides such as ''C, '8F, ®*Cu, "Br, **™Tc, '!'In, and
PY have been used with a wide range of copolymers to formulate robust nanosized
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Table 2 Examples of polymeric nanoparticles used in nuclear imaging

Polymeric system Agent Modality References

PmTc-PLGA PmTe SPECT [66]
HPMA-LMA B8R PET [67, 68]

Poly(t-butyl acrylate), %Cu PET [69]
PEG, methyl acrylate,
styrene
Poly-glycidyl- ®Ga PET [70]
methacrylate(poly-
2,3-epoxy-
propylmethacrylate)
Polyethylene Ccy’, '"'n SPECT, NIR, FL [71]

glycol-coated micelles
dually labeled

PVPh 1241 PET [72]

PAMAM PmTe SPECT/CT [73]
dendrimer-entrapped
gold NPs

PEG-b-PPA/DNA Hin SPECT/CT [74]
micellar nanoparticles

PEGylated dendrimer PmTe SPECT [75]
poly(amidoamine)
(PAMAM )-folic acid
conjugates

Poly(N- 1231 SPECT/CT [76]
vinylimidazole-co-N-
vinylpyrrolidone)g-
poly(D,L-lactide)

Dextran nanoparticles | %Zr PET/MR [77]

CT, Computed tomography; FL, Fluorescence

delivery systems. Additionally, the fluorescence imaging technique is integrated with
polymeric NPs to develop the image-guide drug delivery system to monitor drug
pharmacokinetics, intratumoral drug distribution, and drug tumor accumulation in
real time.

The versatility of these nanomaterials makes them an attractive platform for devel-
oping highly sensitive molecular imaging agents. Table 2 covers the recent use of
polymeric nanoparticles as carriers of molecular MI agents.




214 B. Ocampo-Garcia et al.

7 Discussion

Many different types of nanoparticles have been designed and evaluated over the
years. Initially, nanosystems were primarily used for therapeutic purposes, that is,
for a more efficient delivery of therapeutic drugs to pathologic sites, while reducing
their accumulation in potentially endangered healthy tissues. Currently, some ther-
apeutic nanoparticles are used clinically, and more of these so-called nanomedicine
formulations are being evaluated in preclinical and clinical trials. However, in recent
years, interest for nanoparticles as diagnostic agents has increased.

Radiolabeled nanoparticles developed as a smart multifunctional platform,
designed for in vivo imaging and/or therapy have demonstrated high potential to
be used in medical applications. The use of noninvasive nuclear imaging modalities
such as PET, SPECT, or CL allows for the study of NP biodistribution in animal mod-
els, which can provide essential information for clinical translation of radiolabeled
nanosystems to human trials. Medical applications of multifunctional nanoparticles
could be reached if therapeutic agents could be incorporated in the same platform as
molecular targeting agents with diagnostic imaging capabilities.

The potential of using nanoparticles for molecular imaging is compromised
because their pharmacokinetic properties are difficult to control. Among the chal-
lenges to translate, these nanoapproaches to human application for imaging and/or
therapy are the lack of ability to administer them intravenously and their low specific
activities are the main shortcomings to deal with. Nanoparticles would either have
to be administered by an intratumoral injection or directly deposited on an artery
that feeds a target organ to avoid RES in order to achieve therapeutic applications
in humans. It is important to note that in order to facilitate the clinical translation of
radiolabeled nanoparticles, appropriate dosimetry and toxicological studies should
be included.
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