
   

 
 

NANOPARTÍCULAS POLIMÉRICAS PARA EL 

TRATAMIENTO DE PROCESOS 

INFLAMATORIOS 

 

 

Eva Espinosa Cano 

 

 

Tesis depositada en cumplimiento parcial de los requisitos para el 

grado de Doctor en 

  

Ciencia e Ingeniería de Materiales 

 

Universidad Carlos III de Madrid 

 

Director/a (es/as): 

 

María Rosa Aguilar de Armas 

Julio San Román del Barrio 

 

Tutor/a: 

 

Diego Velasco Bayón 

 

Diciembre 2020 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Esta tesis se distribuye bajo licencia “Creative Commons Reconocimiento – No Comercial – Sin 
Obra Derivada”. 

 

 

.  



   

 
 

 

 

 

A mi familia, la de sangre y la elegida 

 

“Family is a life jacket in the stormy sea of life” – J.K. Rowling 

 

 

  



 
 

 

  



   

 
 

Published and Presented Content 

This thesis includes 3 published SCI research papers (Chapter 3-5), 1 research paper 

submitted for publication (Chapter 6), 1 Final degree project (Annex I) 1 book chapter 

(Annex II) and 1 published no SCI research paper (Annex III). The system described in 

Chapter 3 lead to the presentation of 1 patent. The bibliography of the research work 

included in this thesis is listed below: 

Published Research Papers: 

1. Polymeric Nanoparticles that Combine Dexamethasone and Naproxen for 

the Synergistic Inhibition of Il12b Transcription in Macrophages. 

Espinosa-Cano, E.; Aguilar, M.R.; Portilla, Y.; Barber, D.F.; San Román, J.  

Macromol Biosci. 2020, 20 (7), e2000002. DOI: 10.1002/mabi.202000002  

Fully included in Chapter 3.  

The system described in this work was used to submit a request for grant of a 

European patent “Naproxen/dexamethasone-based nanoparticles” on March 

2020 (Reference: EP1641.1516) by CSIC. 

2. Anti-Inflammatory Polymeric Nanoparticles Based on Ketoprofen and 

Dexamethasone. 

Espinosa-Cano, E.; Aguilar, M.R.; Portilla, Y.; Barber, D.F.; San Román, J.  

Pharmaceutics 2020, 12, 723. DOI: 10.3390/pharmaceutics12080723  

Fully included in Chapter 4. 

3. Anti-inflammatory Surface Coatings Based on Polyelectrolyte Multilayers 

of Heparin and Polycationic Nanoparticles of Naproxen-Bearing Polymeric 

Drugs. 

Al-Khoury, H.*; Espinosa-Cano, E.*; Aguilar, M.R.; San Román, J.; Syrowatka, F.; 

Schmidt, G.; Groth, T. *Equal Contribution   

Biomacromolecules 2019 20 (10), 4015-4025. DOI: 10.1021/acs.biomac.9b01098  

Fully included in Chapter 5.  

 

Under Consideration for Publication Research Papers: 

4. HA-coated naproxen-bearing nanoparticles against breast cancer stem 

cells through COX-independent pathways  

https://doi.org/10.1002/mabi.202000002
https://doi.org/10.3390/pharmaceutics12080723
https://pubs.acs.org/doi/abs/10.1021/acs.biomac.9b01098


 
 

 

Espinosa-Cano, E.; Cámara-Sánchez, P.; Aguilar, M.R.*; Huerta-Madroñal, M.; 

Schwartz Jr., S.; Abasolo, I.; San Román, J.  

Submitted to Journal of Controlled Release October 2020 Fully included in Chapter 

6.  

Book Chapters: 

5. Chapter 7 - Inflammation-Responsive Polymers. 

Espinosa-Cano, E.; Aguilar, M.R.; Vázquez, B.; San Román, J. In Smart Polymers and 

their Applications (Second Edition), Aguilar, M.R., San Román, J. (eds), Elsevier, 

2019, Pages 219-254, ISBN 9780081024164, https://doi.org/10.1016/B978-0-08-

102416-4.00007-7. Fully included in Annex II. 

Directed Final Biomedical Engineering Degree (UC3M) Project: 

6. Synthesis and evaluation of cationic polymer nanoparticles as gene 

transfection agents.  

Author: Nicolas Vivas Cerezo, Director: Espinosa-Cano, E. Tutor: Velasco-Bayón, D. 

Final degree project to obtain the University degree in Biomedical Engineering by 

Carlos III University (UC3M) Presented on June 2020. Partially included in Annex I.  

Published No SCI Research Paper: 

2020. “Triple recubrimiento capa-a-capa de nanopartículas poliméricas mediante 

interacción electroestática con polímeros naturales bioactivos” 

Eva Espinosa-Cano; Maria Rosa Aguilar; Julio San Roman  

Revista Plástico Modernos 2020, 118 (753), 32-37 Fully included in Annex III. 
 
 

All material from these sources included in this thesis is marked by typographical means 
(i.e, quotation marks) and an explicit reference.  
 

 

 

  

https://doi.org/10.1016/B978-0-08-102416-4.00007-7
https://doi.org/10.1016/B978-0-08-102416-4.00007-7


   

 
 

Other Relevant Research Merits 

Book chapters: 

2018.  Polymeric Nanoparticles for Cancer Therapy and Bioimaging 

Espinosa-Cano E., Palao-Suay R., Aguilar M.R., Vázquez B., Román J.S. (2018) In: Nanooncology. 

Nanomedicine and Nanotoxicology. Gonçalves G., Tobias G. (eds). Springer, Cham. 

https://doi.org/10.1007/978-3-319-89878-0_4 

2020. Chapter 12. Characterization techniques for emulsion-based antioxidant carriers 

with biomedical applications.  

Pontes-Quero, G.M.*; Espinosa-Cano, E.*; Fernández-Villa, D.*; Huerta-Madroñal, M.*; Aguilar, 

M.R.; Vázquez-Lasa, B. (Expected publication date: October 2020) In: Emulsion-

based Encapsulation of Antioxidants - Design and Performance. Aboudzadeh M.A. (eds) 

Springer Nature.  

*Equal Contribution 

Conferences: 

2016. Synthesis and characterization of polymeric nanoparticles with potential anti-

inflammatory capacity for surface modification of biomaterials  

Eva Espinosa-Cano; Alvaro González-Gómez; Diego Velasco; Maria Rosa Aguilar; Julio San 

Román. 

XXXIX Conferencia de la Sociedad Ibérica de Biomateriales y Biomecánica, León, Spain  

2016. Naproxen-based Anti-inflammatory Nanoparticles and MMP Inhibitor Activity  

Eva Espinosa Cano; Kenny S. Malpartida; Alvaro González-Gómez; Maria Rosa Aguilar; Julio San 

Román. 

XIV Reunión del Grupo Especializado en Polímeros (GEP), Burgos, Spain  

2017. Layer-by-layer anti-inflammatory coatings based on naproxen-containing polymeric 

nanoparticles  

Eva Espinosa Cano; Maria Rosa Aguilar; Hala Al-Khoury; Alvaro Gonzalez Gomez; Frank Heyroth; 

Frank Syrowatka; Chandralekha Chatterjee; George Schmidt; Thomas Groth; Julio San Román 

28th Annual Conference of the European Society for Biomaterials (ESB) Athens, Greece  

2017. Optimization of the preparation of pH-responsive nanoparticles based on 

methacrylic derivatives of naproxen and ketoprofen  

Eva Espinosa Cano; Alvaro González Gómez; Maria Rosa Aguilar; Julio San Román 
IX Conferencia de Jóvenes Investigadores en Polímeros (JIP) Tarragona, Spain  

2018. Nanoparticles based on dexamethasone and naproxen for the synergistic treatment 

of inflammatory processes  

Eva Espinosa-Cano; Maria Rosa Aguilar; Julio San Roman. 

XLI Conferencia de la Sociedad Ibérica de Biomateriales y Biomecánica (SIBB), Madrid, Spain 

https://doi.org/10.1007/978-3-319-89878-0_4


 
 

 

2018. Novel anti-inflammatory surface coatings combining GAGs and amphiphilic 

copolymer-based nanoparticles multilayers  

Eva Espinosa Cano; Hala Al-Khoury; María Rosa Aguilar; Álvaro Gonzalez Gómez; Frank 

Syrowatka; Schmidt; Thomas Groth; Julio San Román 

XV Reunión del Grupo Especializado de Polímeros (GEP), Punta Umbría, Spain 

2018. Immobilization strategies with glycosaminoglycans-polymeric drug conjugate on 

biomaterials for anti-inflammatory purposes  

Eva Espinosa-Cano; Hala Al-Khoury  

XLV annual meeting of the young European Society for Artificial Organs  

2018. Layer-by-layer implant coating of cationic polymer drug nanoparticles and heparin 

with dual anti-inflammatory properties  

Eva Espinosa Cano; Hala Al-Khoury; María Rosa Aguilar; Alvaro Gonzalez Gómez; Frank 

Syrowatka; Schmidt; Thomas Groth; Julio San Roman 

2018. Optimization of the preparation conditions of NSAID-containing nanoparticles based 

on amphiphilic copolymers obtained by RAFT copolymerization  

Eva Espinosa-Cano; Maria Rosa Aguilar; Raquel Palao-Suay; Julio San Roman.  

Comprehensive Summer School on Tissue Engineering, Trento, Italy 

2018. Naproxen-based nanoparticles for the controlled release of dexamethasone at 

inflammation sites 

Eva Espinosa-Cano; Maria Rosa Aguilar; Julio San Roman 

3rd Young Polymer Scientist Seminar (ICTP-CSIC) Madrid, Spain 

2019. Long-term anti-inflammatory capacity of layer-by-layer coatings embedding 

naproxen-based polymeric nanoparticles 

Eva Espinosa-Cano; Hala AlKhoury; Maria Rosa Aguilar; Juliao San Román; Frank Syrowatka 

George Schmidt; Thomas Groth 

4th Young Polymer Scientist Seminar (ICTP-CSIC) Madrid, Spain 

2019. Nanoparticles based on dexamethasone and naproxen for the combined treatment 

of inflammatory processes 

Eva Espinosa-Cano; Maria Rosa Aguilar; Yadileiny Portilla; Domingo Barber; Julio San Román 

30th Annual Conference of the European Society for Biomaterials (ESB) Dresden, Germany 

2019. Long-term anti-inflammatory capacity of layer-by-layer coatings embedding 

naproxen-based polymeric nanoparticles  

Eva Espinosa Cano; Hala Al-Khoury; Maria Rosa Aguilar; Frank Syrowatka; Thomas Groth; Georg 

Schmidt; Julio San Roman. 

13th International Conference on Frontiers in Biomedical Polymers, Puerto de la Cruz, Spain 

2020.  Supramolecular self-assembly of tripeptide hydrogels from polymer nanoparticles 

for biomedical applications 

Miryam Criado-Gonzalez; Eva Espinosa-Cano; Loïc Jierry; Pierre Schaaf; Luis Rojo; Maria Rosa 

Aguilar; Rebeca Hernández; Fouzia Boulmedais 



   

 
 

European Materials Research Society (EMRS) Fall Meeting 2020, Poland 

Seminars, conference organization and courses: 

2016. Seminar. 1st Young Polymer Scientist Seminar (ICTP-CSIC) Madrid, Spain 

2016. Course. “Curso teórico-práctico de Reología” (TA Instruments) Madrid, Spain 

2017. Organization Committee. FIFTH EUROPEAN MOOCs STAKEHOLDERS SUMMIT (UC3M) 

Madrid, Spain 

2017. Seminar. XV Conference on Biomaterials and Cellular Environment. Ávila, Spain 

2018. Seminar. 3rd Young Polymer Scientist Seminar (ICTP-CSIC) Madrid, Spain 

2019. Seminar. 4th Young Polymer Scientist Seminar (ICTP-CSIC) Madrid, Spain 

2019. Organization Committee. 13th International Conference on Frontiers in Biomedical 

Polymers. Puerto de la Cruz, Spain 

2019. Seminar.  “Seminario El Almendro” (UC3M) 

Awards: 

2018. yESAO exchange award winner  

Immobilization strategies with glycosaminoglycans-polymeric drug conjugate on biomaterials 

for anti-inflammatory purposes  

(https://www.esao.org/young-esao/awards/) 

Short international stays: 

September 2017 – December 2017. Biomedical materials group, Interdisciplinary Centre of 

Materials Science, Martin Luther University Halle-Wittenberg (Halle-Saale, Germany)  

Supervisor: Prof. Dr. Thomas Groth 

Projects and collaborations: 

This work lead to collaborations with national and international research groups (Annex I) 

including: 

 The Institut National de la Santé et de la Recherche Médicale, INSERM Unité 1121 

(Strasbourg, France) and the Université de Strasbourg, CNRS, Institut Charles Sadron 

(Strasbourg, France) in the frame of the PICS project 

 The Health Research Institute of Getafe Hospital (Madrid, Spain) 

 The Max-Bergmann-Zentrum für Biomaterialien of the TU (Dresden, Germany).  

Proposal COVID-19: 

The genetic vector potential of the cationic nanoparticles described in this thesis (Annex I) lead 

to a joint proposal against COVID-19 presented in March 2020 that involved several research 

groups from CIBER-BBN and the company Sylentis©, a biotechnology company focused on the 

development of novel therapies based on RNAi (gene silencig) technology. Dexamethasone-



 
 

 

loaded nanoparticles (Chapter 3) were presented as part of another COVID-19 project involving 

CSIC groups in May 2020. Details are presented in Annex I.  

 

 

  



   

 
 

Table of Contents 

Resumen 

Abstract  

Abbreviations 

Chapter 1. Introduction                                                                                                  

1. The Anti-Inflammatory Process  

2. Acute Inflammation 

3. Chronic Inflammation 

4. Chronic Inflammatory Diseases 

5. Nanoparticles Over Free Drugs for the Treatment of Chronic Inflammatory 

Diseases 

6. Antiinflammatory Startegies for the Treatment of Autoimmune 

Inflammatory Diseases. State of the Art. Focus on Historically Used Anti-

Inflammatory Drugs. New Anti-Cytokine Therapy and IL12-p40 Subunit as 

a Target 

7. Antiinflammatory Startegies for the Treatment of Foreign Body Reaction. 

State of the Art. Focus on the Role of Macrophages and NPs-Based Layer-

By-Layer (LbL) Coatings 

8. Antiinflammatory Startegies for the Treatment of Breast Cancer. State of 

the art. Strategies to target Breast Cancer Stem Cells (BCSCs) and the role 

of NSAIDs in anti-cancer therapy 

Chapter 2. Objectives 

Chapter 3. Research Paper 1. Polymeric Nanoparticles that Combine 

Dexamethasone and Naproxen for the Synergistic Inhibition of Il12b 

Transcription in Macrophages 

Chapter 4. Research Paper 2. Anti-Inflammatory Polymeric Nanoparticles 

Based on Ketoprofen and Dexamethasone 

Chapter 5. Research Paper 3. Anti-inflammatory Surface Coatings Based on 

Polyelectrolyte Multilayers of Heparin and Polycationic Nanoparticles of 

Naproxen-Bearing Polymeric Drugs 

Chapter 6. Research Paper 4. HA-Coated Naproxen-Bearing Nanoparticles 

Against Breast Cancer Stem Cells Through COX-Independent Pathways  

Chapter 7. Conclusions 

Annex I. Ongoing Projects involving the systems described in this thesis 

Annex II. Smart Polymers and Their Applications. Chapter 7. Inflammation-

Responsive Polymers 

Annex III. Revista de Plásticos Modernos 2020, 118(752), 32-37  

1 

 

 

 

 

 

 

 

 

 
 

 
79 
 

89 

 

129 

 

165 
 
 

 

 

199 

 

239 
 

 

245 
 

 

 

 

 

 

253 

 
 

293 
 

250 



 
 

 

 

 

  



   

 
 

Resumen 

La inflamación, en su forma controlada, es un mecanismo crucial para la 

supervivencia de un organismo. Sin embargo, alteraciones en esta respuesta biológica 

provocan un estado de inflamación crónica, el cual es el principal componente de las 

denominadas enfermedades crónicas inflamatorias. Estas enfermedades son la principal 

causa de mortalidad en el mundo; causando también discapacidad, pérdida de calidad 

de vida y altos costes económicos. Los fármacos actuales para el tratamiento de estas 

enfermedades tienen efectos adversos importantes que limitan su uso prolongado. 

Además, su hidrofobicidad, baja biodisponibilidad y falta de vectorización activa 

reducen su efectividad. Para resolver este problema, los investigadores se han centrado 

en la preparación de derivados más eficientes de estos fármacos, terapias combinadas 

con efecto sinérgico, o sistemas de liberación controlada nanométricos. Estos últimos, 

son la alternativa más adecuada a las formulaciones tradicionales ya que permite reducir 

las dosis aumentando el efecto terapéutico de los fármacos. Además, los protegen de 

ambientes hostiles, facilitan su liberación a través de distintas barreras anatómicas y 

permiten una co-liberación vectorizada y controlada de los mismos. Esta tesis se centra 

en el diseño y preparación de sistemas de liberación controlada catiónicos basados en 

anti-inflamatorios no esteroideos (AINEs) para mejorar las actuales terapias contra 

diferentes enfermedades inflamatorias crónicas.  

 

Resumen gráfico: Presentación esquemática del trabajo presentado en esta tesis. 



 
 

 

Los capítulos 3 y 4 se centran en testar la capacidad de nuevos sistemas de co-

liberación controlada de AINEs, naproxeno o ketoprofeno, anclado covalentemente, y 

dexametasona, encapsulada físicamente, para controlar la respuesta inflamatoria y, más 

específicamente, reducir la expresión génica de marcadores de enfermedades 

inflamatorias autoinmunes (i.e. IL12, IL23 y TNF-α). Con este objetivo, estos capítulos 

describen la síntesis de dos derivados metacrílicos de AINEs y su copolimerización con 

un monómero hidrofílico, 1-vinyl-imidazol, para obtener estructuras anfifílicas de 

pseudo-gradiente que se autoensamblen formando nanoparticulas en medio acuoso. La 

citotoxicidad y capacidad de reducir la expresión de marcadores de inflamación de los 

sistemas se evaluó in vitro, utilizando macrófagos como célula modelo del sistema 

inmune. De estos capítulos concluimos que la terapia combinada con naproxeno y 

dexametasona tiene efecto sinérgico en la reducción de la expresión génica de la 

interleuquina (IL)12-p40 en macrófagos mediante mecanismos independientes de 

ciclooxigenasas (COX), ya que este efecto no se observó para la combinación de la 

dexametasona con el ketoprofeno, el cual es un inhibidor de COX más potente. Este 

sistema ofrece una alternativa más económica a las actuales terapias anti-IL12-p40 para 

el tratamiento de enfermedades inflamatorias autoinmunes. 

El capítulo 5 se centra en la preparación de recubrimientos anti-inflamatorios para 

modular la respuesta de los macrófagos a un cuerpo extraño como, por ejemplo, un 

implante. Los recubrimientos se prepararon mediante la técnica de deposición capa a 

capa combinando heparina (Hep, polianión), un glicosaminoglicano con capacidad anti-

inflamatoria inmediata demostrada, con las nanopartículas catiónicas basadas en 

naproxeno previamente descritas. Se realizó una extensa caracterización físico-química 

de los sistemas para correlacionar sus propiedades (mojabilidad, comportamiento 

elástico, carga superficial…) con el comportamiento celular. Además, se estudió in vitro, 

a corto plazo, el efecto en la adhesión de macrófagos y la producción de IL1β y, a largo 

plazo, en la formación de células gigantes a partir de macrófagos.  

Las nanopartículas se inmovilizaron de forma efectiva dando lugar a una superficie 

hidrofílica y aniónica que comprometía la adhesión de macrófagos a corto plazo. Se 

atribuyó a la heparina la capacidad de los recubrimientos de reducir la producción de 

IL1β a corto plazo, mientras que la liberación controlada en el tiempo de las 



   

 
 

nanopartículas permitió reducir la formación de células gigantes a largo plazo. En 

definitiva, este capítulo sirve como prueba de concepto para establecer nuevos 

recubrimientos que puedan suprimir la respuesta inflamatoria a cuerpo extraño y 

modular la reacción de los macrófagos a los biomateriales a más largo plazo que las 

terapias actuales. 

El capítulo 6 se centra en la preparación de nanopartículas basadas en naproxeno 

recubiertas con ácido hialurónico para su vectorización activa a las células madre 

cancerígenas de mama que sobre expresen el CD44 mejorando la capacidad anti-

cancerígena del fármaco libre y la hemocompatibilidad del sistema. Con este objetivo, 

describimos el recubrimiento electroestático de las nanopartículas con ácido hialurónico 

mediante la técnica de deposición capa a capa. Se obtuvieron partículas recubiertas y 

sin recubrir de distintos tamaños (i.e. 300 y 350 nm ó 100 y 130 nm de diámetro, 

respectivamente). El recubrimiento mejoraba la hemocompatibilidad, estabilidad, 

vectorización y actividad anti-cancerígena del sistema. Mientras que, la reducción del 

diámetro de los sistemas en 50 ó 30 nm, también aceleró la internalización de los 

mismos. Además, el sistema demostró inducir la apoptosis y reducir la migración de las 

células cancerígenas de mama de forma más efectiva que el fármaco libre mediante 

mecanismos COX-independientes. Por tanto, esta estrategia podría mejorar la terapia 

actual contra el cáncer de mama donde las células madre son el principal objetivo.   

Como conclusión, esta tesis describe la preparación de fármacos poliméricos basados 

en AINEs, su copolimerización con 1-vinyl-imidazol para la obtención de una familia de 

copolímeros anfifílicos con microestructura de pseudo-gradiente que se autoensamblen 

en medio acuoso formando sistemas de liberación controlada nanométricos. Además, 

en los distintos capítulos se describen tres estrategias diferentes para su utilización en 

el tratamiento de: enfermedades inflamatorias autoinmunes, la respuesta a cuerpo 

extraño y el cáncer de mama, respectivamente. Su gran potencial en el campo de la 

inflamación queda patente en el amplio abanico de aplicaciones y proyectos en los que 

están actualmente implicadas estas nanopartículas (Anexo I). 

  



 
 

 

 

  



   

 
 

Abstract 

Inflammation, on its controlled acute form, is a crucial defense mechanism for the 

survival of an organism. However, an impairment of this natural response leads to a 

chronic inflammation state, which is an underlying component and major contributor to 

chronic inflammatory diseases (CID). CIDs are currently ranked as the first cause of 

morbidity and mortality worldwide. They also cause long-term suffering, disability, 

reduction on the quality of life and high costs on society. Current drugs for the treatment 

of these diseases have important adverse effect limiting their long-term use. Moreover, 

their hydrophobicity, low bioavailability and, lack of specific targeting hamper their 

effectiveness. To address these issues, researchers have focused on the preparation of 

more efficient derivatives of these drugs, drug combinations showing synergistic effects, 

drug conjugates or nano-metric drug delivery systems (NDDS). NDDS are the most 

suitable alternatives for traditional formulation approaches. They allow to reduce drugs 

doses while increasing their therapeutic effect by protecting the drug from hostile 

environments, facilitating drugs delivery through anatomical barriers, drugs co-delivery 

and targeted and controlled release. This thesis aims to properly design and prepare 

NSAID-based cationic NDDS to improve the current strategies for the treatment of 

different CIDs. 

 

Graphical Abstract: Schematic presentation of the work presented in this thesis 



 
 

 

Chapters 3 and 4 focus on testing the capacity of a newly prepare NDDS co-delivering 

a covalently-linked NSAIDs, naproxen (NAP) or ketoprofen (KT), and physically 

entrapped dexamethasone (Dx) to control de inflammatory response and, more 

specifically, reduce the expression of key genes in autoimmune inflammatory diseases 

(AIDs) (i.e. Il12b, Il23a and, Tnfa). For this purpose, these chapters describe the synthesis 

of novel hydrophobic methacrylic derivates of the NSAIDs and, their copolymerization 

with a hydrophilic monomer, 1-vinyl-imidazole, to obtain pseudo-gradient amphiphilic 

microstructures that self-assembled into nanoparticles (NPs) in aqueous media.  The 

cytotoxicity and capacity to reduce the expression of inflammatory markers of the 

obtained NDDS was tested in vitro, using macrophages as model immune cells. From 

these chapters, we concluded that the combined therapy based on NAP/Dx has a 

synergistic effect on the reduction of IL12-p40 gene expression by macrophages through 

cyclooxygenase (COX)-independent mechanisms, as the synergistic effect was not 

observed for the KT/Dx combination even though, KT is a stronger COX inhibitor. This 

system offers a more cost-effective alternative to current anti-IL12-p40 biological 

therapies in AIDs. 

Chapter 5 focuses on the preparation of anti-inflammatory surface coatings to 

modulate machropages response to foreign bodies, like implants. The coating was 

prepared by the layer-by-layer (LbL) technique combining Heparin (Hep, polyanion), a 

glycosaminoglycan (GAG) with demonstrated inmediate anti-inflammatory capacity, 

with the previously described NAP-bearing cationic NPs. An extensive physicochemical 

characterization of the system was carried out to correlate coating properties 

(wettability, elastic behavior, surface charge…) with cellular behavior. Moreover, its 

short-term effect in macrophages adhesion and cytokine expression, and the long-term 

foreign body giant cells (FBGCs) formation was evaluated in vitro.  

NPs were successfully inmobilized forming highly hydrophilic, anionic surfaces that 

compromise short-term macrophages adhesion. Heparin reduced the release of IL1β, 

demonstrating that its immediate anti-inflammatory capacity was preserved after 

immobilization. Moreover, the long-term reduction of the FBGCs formation after 14 

days was attributed to the NPs released from the surface. Therefore, this chapter served 

as a proof-of-concept to establish novel surface coatings that can control inflammatory 



   

 
 

reactions of macrophages to biomaterials, which may pave the way to modulate or 

reduce foreign body reaction (FBR) overcoming the long-term problems of current 

therapies. 

Chapter 6 focuses on the preparation of hyaluronic acid (HA)-coated NAP NPs to 

achieve breast cancer stem cells (BCSCs) CD44-mediated active-targeting capacity 

improving the anti-cancer properties of free administered NAP and the 

hemocompatibility of the system. For this purpose, we describe the electrostatic coating 

of NAP-bearing NPs with HA via LbL technique. HA-coated and uncoated NAP-bearing 

NPs with different sizes were obtained (i.e. 300 and 350 nm or 100 and 130 nm in 

diameter, respectively). The HA coating improved hemocompatibility, stability, BCSCs 

specific targeting and anti-cancer activity of the system while the size reduction in 50 

nm or 30 nm resulted into faster internalization. Moreover, the small HA-coated system 

demonstrated to enhance reduction of MCF-7 cells proliferation and migration when 

compared to the free drug through COX-independent mechanisms. Hence, the strategy 

described in this chapter might improve current breast cancer (BC) therapy in which 

BCSCs are a main concern.  

As a conclusion, this thesis describes the synthesis of NSAID-bearing polymeric drugs 

and their copolymerization with 1-vinyl-imidazole for the preparation of a family of 

amphiphilic copolymers with pseudo-block microstructure that can self-assemble into 

cationic polymeric NDDS in aqueous media. Moreover, on each chapter, it describes 

three different novel strategies that use the newly prepared system for the treatment 

of: AIDs, FBR and BC, respectively. The great potential of these systems in the field of 

inflammation is evident from the wide range of applications and ongoing projects that 

are currently exploiting them (Annex I).  
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ELISA Enzyme linked immunosorbent assay 
ELVIS Enhanced leaky vasculature and inflammatory cells sequestration 
EMA European medicines agency 
EPR Enhanced permeability and retention 
ERK Extracellular-signal-regulated kinase 
FBGCs Foreign body giant cells 
FBR Foreign body reaction 
FBS Fetal bovine serum 
FDA Food and drug administration 
Fn Feed molar content on n 
fn Polymer molar content on n  
GAGs Glycosaminoglycans 
GC Glucocorticoid 
GCR Glucocorticoid resistance 
GI Gastrointestinal 
GM-CSF Granulocyte-macrophage colony stimulating factor 
GR Glucocorticoid receptor 
GSK3b Glycogen synthase kinase 3 beta 
H2S Hydrogen sulfide  
HA Hyaluronic acid 
HEMA 2-Hydroxyethyl methacrylate 
Hep Heparin 
HepG2 Liver hepatocellular carcinoma cell line 
HKT Methacrylic derivative of ketoprofen 
HMW High molecular weight 
HNAP Methacrylic derivative of naproxen 
1H-NMR Hydrogen-nuclear magnetic resonance 
HPLC High performance liquid chromatograpy 
HUVEC Human umbilical vein endothelial cell 
IBDs Inflammatory bowel diseases 
IC,U Inflammatory condition, untreated  
ICAM-1 Intercellular adhesion molecule 1 
IKK Iκb kinase 
IL Interleukin 
IDs Implantable devices 
IMDs Immunomodulatory drugs 
INF Interferon 
JAK-STAT Janus kinase - signal transducer and activator of transcription 
JNK C-Jun N-terminal kinases 
KT Ketoprofen 
KT NPs Unloaded ketoprofen nanoparticles 



   

 
 

LbL Layer-by-layer 
LC Loading capacity 
L-HA NPs Large hyaluronic acid-coated nanoparticles 
LMW Low molecular weight 
LO Lipoxygenase 
LPS Lipopolysaccharide 
LT Leukotrienes 
LX Lipoxins 
M1 Pro-inflammatory macrophages 
M2 Anti-inflammatory macrophages 
mAb Monoclonal antibody 
MAPK Mitogen-activated protein kinase 
MAPKK Mitogen-activated protein kinase kinase  
MAPKKK Mitogen-activated protein kinase kinase kinase 
MCF-7 Michigan cancer foundation-7: breast cancer cell positive for estrogen 

and progesterone receptors 
MMP Matrix metalloproteinase 
Mø Macrophages 
Mw Molecular weight 
NAP Naproxen 
NAP NPs Unloaded naproxen nanoparticles 
NDDS Nanometric drug delivery systems 
NF-κB Nuclear factor kappa-B 
NIC Non-inflammatory conditions 
NKs Natural killers 
NO Nitric oxide 
NPs Nanoparticles 
NSAIDs Non-steroidal anti-inflammatory drugs 
NYST Nystatine 
O.P. Organic phase 
PAF Platelet-associated factor 
PAMPs Pathogen-associated molecular patterns 
PARs Protease-activated receptors 
PBS Phosphate buffer saline 
PdI Polydispersity index (nanoparticles size) 
PEG  Poly(ethylene glycol) 
PEI Poly(ethylene imine) 
PEM Polyelectrolyte multilayer 
PG Prostaglandin 
PI3K Phosphatidylinositol 3-kinase 
PLA2 Phospholipase A2 
PMA Phorbol-12-myristate-13-acetate 
PMN Polymorphonuclear 
PP Plaque psoriasis 
PRRs Pattern-recognition receptors 
PsA Psoriatic arthritis 
PSS Polystyrene sulfonate 



 
 

 

QCM-D Quartz crystal microbalance with dissipation monitoring 
RA Rheumatoid arthritis 
RAW264.7 Murine macrophages 
RBCs Red blood cells 
RES Reticuloendothelial system 
rn Reactivity ratio of n 
RNS Reactive nitrogen species 
ROS Reactive oxygen species 
RT-qPCR Reverse transform-quantitative polymerase chain reaction 
SEC Size exclusion chromatography 
SEM Scanning electron microscopy 
S-HA NPs Small hyaluronic acid-coated nanoparticles 
SJIA Systemic juvenile idiopathic arthritis 
SLE Systemic lupus erythematosus 
SS Systemic sclerosis 
Tg Glass transition temperature 
TGF-β Transforming growth factor-beta 
Th1 T-helper cells type 1 
Th17 T-helper cells type 17 
THP-1 Human monocytic cells 
TLRs Toll-like receptors 
TNF Tumor necrosis factor 
TX Tromboxane 
UC Ulcerative colitis 
VEGF Vascular endothelial growth factor 
VF Final volume 
VI Vinyl-imidazole 
YLDs Years lived with disability 
YLLs Years of life lost 
ΔD Dissipation change 
Δf Cumulative frequency shift 
ξ Zeta potential 
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Introduction 

The aim of this thesis is the development of polymeric drug delivery systems that can 

be exploited for the treatment of different chronic inflammatory diseases. Here, it is 

described the preparation of inflammation-responsive polymeric drugs based on non-

steroidal anti-inflammatory drugs, naproxen or ketoprofen, and their copolymerization 

with a hydrophilic monomer to obtain two families of amphiphilic pseudo-block 

copolymers that self-assembled into nanoparticles in aqueous media. These highly 

versatile NPs were modified through different strategies (i.e. drug encapsulation, 

surface modification, layer-by-layer deposition, hydrogels formation) for them to be 

suitable for the treatment of specific chronic inflammatory diseases.  

For a proper design and to select the most suitable strategy in each case, it is 

important to introduce the different players in the inflammatory process that lead to 

chronic inflammation as well as, the pros and cons of currently used anti-inflammatory 

drugs or strategies. Therefore, this introduction will summarize the current knowledge 

about: a) the inflammatory process and its key players, to set therapeutic targets; b) the 

socio-economic burden of chronic inflammatory diseases, to highlight the importance 

of new therapies; c) the current anti-inflammatory drugs, to establish the strengths and 

limitations that need to be addressed; d) the use and design of inflammation-targeted 

or inflammation-responsive nanometric drug delivery systems and; e) the main 

challenges and strategies in the treatment of three specific diseases: autoimmune 

inflammatory diseases, foreign body reaction and cancer.    

1. THE INFLAMMATORY PROCESS 

Inflammation, on its controlled acute form, is the defense mechanism of an organism 

against microbial infections (e.g. bacteria, virus, fungi, etc.), physical agents (e.g. burns, 

stress, trauma from cuts, implantable materials, radiation), chemicals (e.g. drugs, toxins, 

alcohol) or, even, to immunologic reactions (e.g. rheumatoid arthritis). 1-3 The 

inflammatory process is characterized by a sequence of events comprising an induction 

phase, which leads to the peak of inflammation (i.e. influx of immune system cells and 

release of mediators to the site of assault) and, if properly controlled, is gradually 
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followed by a resolution phase during which basal levels of inflammatory markers, cells 

or chemical mediators, are recovered. 4 Its usual outcome is the removal of offending 

factors, restoration of tissue structure and physiological function and resolution of acute 

inflammation. 1, 5 However, an impairment of this regulatory mechanism leads to a 

prolonged exposure to high levels of inflammatory markers. This chronic inflammation 

state is recognized as a contributing factor in the pathology of severe diseases like 

autoimmune/inflammatory disorders, cancer or implant rejections, among others 5-8 

(Figure 1). 

 

Figure 1. Dynamics of the inflammatory response. Levels of inflammatory markers vs. 

time in a controlled inflammatory process (acute inflammation) and uncontrolled 

inflammatory reaction (chronic inflammation). PAMPs and DMAPs refer to pathogen-

associated molecular patterns and damage-associated molecular patterns, respectively  

2. ACUTE INFLAMMATION 

2.1. The Induction Phase 

The induction phase is triggered by cell-surface receptors sensing of an exogenous 

or endogenous stimuli resulting from mechanically, chemically, or biologically induced 

tissue damage. This leads to the coordinate activation of signaling pathways that 

regulate inflammatory mediators release by resident tissue cells and inflammatory cells 

recruited from the blood. 4 Therefore, cell-surface receptors, inflammatory pathways, 

inflammatory mediators and inflammatory cells are key players in inflammation; and 
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their regulation and interplay are crucial for the development of a successful resolution 

phase. 

2.1.1. Cell-Surface Receptors 

Exogenous microbial structures known as pathogen-associated molecular patterns 

(PAMPs) (e.g. lipopolysaccharide (LPS)) or endogenous indicators of tissue or cell 

damage known as danger-associated molecular patterns (DAMPS) (e.g. interleukin 

(IL)1α) interact and, hence, activate germline-encoded pattern-recognition receptors 

(PRRs) (e.g. Toll-like receptors (TLRs) or protease-activated receptors (PARs)). 1, 9 TLRs 

are the most well-studied PRRs and; signaling through them activates intracellular 

signaling cascades that regulates the inflammatory response. In fact, one of the most 

commonly used in vitro models of inflammation are LPS-activated macrophages. 6, 10-12 

Treatment with LPS bacterial endotoxin stimulates TLR4 receptors in macrophages 

activating inflammatory pathways leading to the subsequent release of endogenous 

inflammatory mediators such as pro-inflammatory cytokines, lipid mediators or nitric 

oxide (NO) which further modulate the inflammatory process. 6 

2.1.2. Inflammatory Pathways 

The three main intracellular signaling pathways activated after PRRs stimulation are: 

(A) nuclear factor kappa-B (NF-κB), (B) mitogen-activated protein kinase (MAPK), and 

(C) Janus kinase (JAK)- signal transducer and activator of transcription (STAT) pathways. 

1 They play a major role in inflammation and dysregulation of one or more of these 

pathways may lead to chronic inflammation-associated diseases. 1, 13  

1. NF-κB pathway 

In a resting state, the NF-κB transcription factor is located in the cytoplasm in an 

inactive form allied with the inhibitory protein, IκB. Whenever a pro-inflammatory 

stimulus (i.e. pathogen-derived substances like LPS, intercellular inflammatory 

cytokines, and some enzymes) activates PRRs, a cascade reaction is initiated resulting in 

the phosphorylation and degradation of IκB through a IκB kinase (IKK). As a 

consequence, the cytoplasmic NF-κB transcription factor is free to translocate into the 

nucleus leading to activation of pro-inflammatory genes transcription (Figure 2a). 6 In 
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this manner, this pathway contributes to the inflammatory response by directly 

regulating pro-inflammatory cytokine production and indirectly enabling inflammatory 

cell recruitment. Moreover, it plays a role in cell survival and apoptosis processes. 1 

 

Figure 2. Schematic presentation of the inflammatory pathways, NF-κB, MAPK and 

JAK/STAT, that lead to transcription of pro-inflammatory genes after an inflammatory 

stimulus (PAMPs or DAMPs). 

2. MAPK pathways 

MAPKs are a family of serine/threonine protein kinases. They are the main 

component of the MAPK inflammatory pathways. The ERK-MAPK pathway is comprised 

by extracellular-signal-regulated kinase (ERK1/2), the p38-MAPK pathway by p38 MAP 

Kinase, and the JNK-MAPK pathway by c-Jun N-terminal kinases (JNK). 13 They all have 

a common activation mechanism. First, an inflammatory stimulus is sensed by cell-

surface receptor and activates intracellular proteins called activators. ERKs are generally 

activated by mitogens and differentiation signals, while JNK and p38 by inflammatory 

stimuli and stress. The activation stimuli lead to phosphorylation and activation of MAPK 
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kinase kinase (MAPKKK), which in turn phosphorylate and activate MAPK kinases 

(MAPKKs). In a final step, phosphorylation and activation of the MAPKs, including 

Erk1/2, JNK and p38 leads to phosphorylation and activation of transcription factors 

present in the cytoplasm or nucleus, which initiates the inflammatory response (Figure 

2b). 1 These pathways mainly regulate cell proliferation, apoptosis and immune 

response playing crucial opposite roles in allograft rejection and immunity or in cancer. 

13  

3. JAK-STAT pathway 

The JAK-STAT pathway functions in a similar manner as the previously described 

ones. An extracellular inflammatory signal activates the receptor-associated JAKs which 

phosphorylate one other, creating docking sites for STATs, which are latent, cytoplasmic 

transcription factors. Then, cytoplasmic STATs undergo phosphorylation and 

dimerization before translocating to the nucleus where they are dephosphorylated and 

activate transcription of pro-inflammatory cytokines (Figure 2c). 1 

2.1.3. Endogenous Inflammatory Mediators 

The term inflammatory mediator englobes any messenger that acts on blood vessels, 

inflammatory cells or other cells to contribute to the inflammatory response. The main 

functions of these soluble factors are the recruitment of leukocytes through increased 

expression of cellular adhesion molecules and chemoattraction and, the regulation of 

the activation of resident cells (such as fibroblasts, endothelial cells, tissue 

macrophages, and mast cells) and newly recruited inflammatory cells (such as 

monocytes, lymphocytes, neutrophils, and eosinophils). 14 Furthermore, their origin is 

mainly plasmatic or cellular. 2 Plasma-derived mediators result from the complement 

system activation or the factor XII (Hageman factor) activation whereas cell-derived 

mediators are preformed, present in secretory granules or newly synthesized 

mediators, which are secreted by inflammatory cells in response to extracellular stimuli. 

1, 7, 14 Table 1 summarizes the most important chemical mediators of inflammation 

derived from plasma or cells and their main source. 7 
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Table 1. Important mediators of inflammation derived from plasma, or cells/tissue injury 

Origin Mediator Source 

Plasma 

Complement 
system activation 

Fragments of complement system 
proteins (C3a, C3b, C5a and C5b-
C9) 

Liver 
Factor XII 
(Hageman factor) 
activation 

Proteins of the 
coagulation/fibrinolysis system 
(thrombin, fibrin, and plasmin) 

Proteins of the kinin system 
(bradykinin and kallikrein) 

Cells 

Preformed in 
secretory 
granules 

• Histamine 
• Serotonin 

• Granules of mast cells and basophils  
• Granules of plasma platelets  

Lysosomal products (cationic 
proteins and enzymes) Neutrophils and macrophages 

Newly 
synthesized 

Lipid mediators: 
• Prostaglandins and 
thromboxane 
• Leukotrienes and lipoxins 
• Platelet-activating factor (PAF) 

• Leukocytes, mast cells 
• Leukocytes, mast cells 
• Leukocytes, endothelial cells (EC), 
mast cells 

Cytokines Macrophages, lymphocytes, EC, mast 
cells 

Nitric Oxide Macrophages, EC  

Reactive oxygen species (ROS) All leukocytes 
 

A. Plasma-derived mediators 

Complement system activation. The complement system is recognized as one of 

the first inflammatory mediators activated throughout the body. 15 It consists of 

membrane-bound regulators and receptors as well as a number of small proteins 

synthesized by the liver which are present in an inactive form in plasma. 16 Activation 

(cleavage) of the main components of the complement system, C3 and C5, might occur 

through the antibody (Ab)-dependent classical pathway (i.e. Ab binding to antigen or 

foreign molecule), via the alternative pathway (i.e. exposure to LPS and other non-

protein agents) or through the so-called lectin pathway (i.e. sugars in plasma bind to 

lectin in the surface of microbes). 15 In terms of inflammation, this activation implies: a) 

the increased removal of pathogens via deposition of fragments of complement proteins 

on their surface, a process known as opsonisation, which favors recognition and 

phagocytosis by inflammatory cells; b) stimulation of the release of histamine increasing 

vascular permeability and vasodilation, c) chemoattraction of inflammatory cells, and d) 

formation of the mitogen attack complex (MAC) to directly lysate pathogens. 15-17 
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Factor XII or Hageman factor activation. The factor XII is also produced by the liver 

and it is activated by collagen, platelets, or exposed basement membranes. Its activation 

subsequently stimulates three interconnected plasma systems: the kinin system, the 

fibrinolysis system, and the coagulation system. 18 The kinin system plays a role in 

inflammation by generating proteins like bradykinin or kallikrein, capable of sustaining 

vasodilation and other physical inflammatory effects. 19 In addition, coagulant and 

fibrinolytic proteases are crucial mediators of inflammation in diseases like asthma, 

atherosclerosis, rheumatoid arthritis, and cancer. During and inflammatory process, the 

increased vascular permeability allows the extravasation of coagulation factors into 

inflamed or damaged tissue where they become activated. On their activated form, they 

interact with PARs on the surface of structural or inflammatory cells inducing increase 

vascular permeability, chemotaxis, anticoagulation and production of cytokines and 

other inflammatory mediators like NO. Another coagulation factor, thrombin, when 

activated leads to the conversion of fibrinogen into fibrin, which accumulation at the 

site of inflammation is a marker of numerous diseases. The main fibrinolytic protease, 

plasmin, mediates the activation of complement and kinin systems and via the 

formation of TLR4-activating fibrin degradation products (FDPs) or by the activation of 

metalloproteases (MMPs) and/or PAR-1, contributes to inflammation and remodeling in 

inflamed tissue. 18 

 
B. Cell-derived mediators 

Cell-derived mediators are soluble factors secreted by activated cells that modulate 

the inflammatory response 20 playing a crucial role in the initiation and resolution of the 

inflammatory process.  

Histamine and serotonin. Histamine and serotonin are potent vasoactive 

inflammatory mediators released in response to extracellular stimuli that activate 

degranulation. Histamine main sources are granules of mast cells and basophils 20-23 

while serotonin is mainly found in granules of platelets. Their primary functions in acute 

inflammation are to increase vasodilation, vascular permeability and smooth muscle 

contraction being key players in asthma. 21, 24 Moreover, as well as bradykinin, they are 

able to increase the synthesis of prostaglandins and produce local pain. 25 In addition to 
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their pro-inflammatory actions, they possess anti-inflammatory and 

immunosuppressive effects. 22-24, 26 

Lysosomal products. During phagocytosis of pathogens, during cell lysis or, after 

certain extracellular stimulation, the lysosomal content of neutrophils and macrophages 

is released into the extracellular microenvironment. These lysosomal products include 

cationic proteins which mainly trigger mast cells degranulation and histamine release, 

and lysosomal enzymes and proteases that, in the acute phase, activate kinin and 

complement systems while, during the chronic phase, damage host tissues through 

degradation of collagen, elastin, and other structural elements causing severe 

disorders.27-29 

Lipid mediators. Inflammatory lipid metabolites are 20-carbon unsaturated fatty 

acids derived from phospholipid in the plasma membrane by the enzymes 

phospholipase A2 (PLA2), cyclooxygenase (COX) and lipoxygenase (LO). The direct action 

of PLA2 on membrane phospholipids results on production of platelet-activating factor 

(PAF) and arachidonic acid (AA). Further metabolism of AA through COXs or LOs leads to 

the production of prostaglandins (PGs) and thromboxane (TXs), or leukotrienes (LTs) and 

lipoxins (LXs), respectively (Figure 3). 30, 31 In humans, PAF is mainly synthesized in 

leukocytes, endothelial cells, and mast cells. 30, 32 Some of its main functions in 

inflammation include platelet aggregation activation through release of vasoactive 

amines, chemotaxis for leukocytes, increase vascular permeability and edema. 27, 32 PAF 

levels are usually tightly regulated. However, dysregulation of its metabolism during 

chronic inflammation play a major role in the pathogenesis of sepsis, atherosclerosis, 

asthma allergic, inflammatory skin, and autoimmune disorders such as multiple 

sclerosis. 30, 32 Among the AA metabolites, PGs, TXs, and LTs have diverse pro-

inflammatory roles 5, 27, 33-35 whereas LXs are recognized as anti-inflammatory agents 

playing their main role during the resolution phase of acute inflammation. 36 PGs and 

TXA2 production depends on the activity of COXs, bifunctional enzymes with both 

cyclooxygenase and peroxidase activity that exist as distinct isoforms, COX-1 and COX-

2. COX-1 is commonly known as the one helping to keep homeostasis in healthy tissue 

and COX-2 appears to be the dominant source of prostaglandin formation in 



Chapter 1 - Introduction 

   
11 

 

inflammation. However, there is recent evidence that both isoforms of the human 

enzyme may contribute to the acute inflammatory response.  5, 25    

 

Figure 3. Arachidonic acid metabolism. Production of inflammatory lipid mediators.

In normal tissue conditions, principal bioactive PGs (i.e. prostaglandin D2 (PGD2), 

prostaglandin E2 (PGD2), prostaglandin F2 (PGF2), and prostacyclin (PGI2)), are 

ubiquitously produced acting as autocrine and paracrine lipid mediators to maintain 

local homeostasis. Their levels are low in uninflamed tissues, but leukocytes and mast 

cells start overproducing them in acute inflammatory conditions. 5 They interact with 

different receptors exerting pro- and anti-inflammatory functions and, hence, playing a 

key role in initiation and resolution phase of inflammation. 37 PGD2 interaction with TP, 

DP1 and DP2 receptors leads to bronchoconstriction, vasodilation and bronchodilation, 

and chemotaxis, respectively. 38, 39 PGE2 is the most abundant PG in humans 40, It 

exacerbates acute inflammation via interaction with EP2 and EP4 in smooth muscle cells, 

causing relaxation of vascular smooth muscle and vasodilatation; or interacting with EP3 

in mast cells inducing vascular permeability and swelling. 41 It is also involved in 

pathogenesis of cancer, mainly by interacting with EP4 receptor, as it regulates 

migration, proliferation, angiogenesis, immunosuppression, and apoptosis; 42 and it has 

also effect on platelet aggregation, pain signaling, and cytokine production. 27, 43 PGI2 

interacts with the IP receptor found on a variety of cell types. It plays a crucial role on 
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cardiovascular (CV) homeostasis via vasodilation, relaxation of smooth muscle and 

inhibiting of platelet aggregation; and it functions mostly as an immune-inhibitor 

molecule during the resolution phase. 44, 45 Finally, PGF2 interacts with FP receptors and 

its role in inflammation is not fully understood. TXA2 activation causes platelet 

aggregation, as well as, severe vasoconstriction, and oxidative injury. 33 The LTs and LXs 

are lipid mediators derived from AA via the 5-LO pathway and, during acute 

inflammation, they are mainly produced by leukocytes and mast cells. The cysteinyl 

leukotrienes, LTC4, LTD4, and LTE4, play a crucial role in asthma. They account for the so-

called slow-reacting substance of anaphylaxis (SRS-A) 35 and their main effects include 

contraction of smooth muscle, vasodilation and vascular permeability. 46 On the other 

hand, LTB4 is a potent leukocyte chemoattractant while it can also induce degranulation 

and lysosomal enzyme release in neutrophils and provoke neutrophil-dependent 

abnormally heightened sensitivity to pain. 34, 46 

Cytokines. Cytokines are cell-derived small proteins that modulate inflammation via 

a complex network of interactions and communications between cells. 1, 14, 47, 48 They 

can be classified as: lymphokine (secreted by lymphocytes), monokine (secreted by 

monocytes), chemokine (present chemotactic activity), and interleukin (IL, secreted by 

one leukocyte and acting on other leukocytes). They are mainly secreted by immune 

cells and exert autocrine, paracrine, or even, endocrine action. Different cell types may 

secrete the same cytokine, as well as, the same cytokine may act on different cell types 

(pleiotropy). They play a critical role in immune cell differentiation, migration, and 

polarization into functional subtypes and in directing their biological functions being 

possible for different cytokines to have similar functions. 14, 47, 48 Previously, it was 

believed that each cytokine exerts immune stimulatory or inhibitory activities. Because 

of that, cytokines are usually classified as pro-inflammatory and anti-inflammatory 

cytokines. However, recent studies have demonstrated that multiple cytokines can 

mediate both inhibitory and stimulatory effects depending on the scenario. 48 The main 

pro-inflammatory cytokines responsible for early response are interleukin-1 (IL1) family 

(IL1α, IL1β or IL18), Tumor Necrosis Factor-alpha (TNFα), and IL6. 2 Interferon-gamma 

(IFN-γ), granulocyte-macrophage colony stimulating factor (GM-CSF), IL11, IL12, IL17, 

and IL8 are examples of other pro-inflammatory cytokines or chemokines. These 
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cytokines may serve as endogenous DAMPs like IL1α, which is passively released from 

injured cell or tissue. 9 They are mainly produced by DAMP or PAMP-activated 

macrophages (M1 pro-inflammatory phenotype) in order to upregulate the production 

of pro-inflammatory cytokines and secondary mediators by both mesenchymal cells 

(including fibroblasts and epithelial and endothelial cells) and macrophages, activate the 

production of some acute-phase proteins from hepatocytes, or attract diverse 

inflammatory cells. 9, 14, 47 The anti-inflammatory cytokines usually limit the 

inflammatory response and are upregulated during the resolution phase of 

inflammation. Major anti-inflammatory cytokines include IL4, IL10, and transforming 

growth factor-beta (TGF-β). 47, 48 The final effect of an inflammatory response is decided 

by the balance between anti-inflammatory and pro-inflammatory cytokines. In fact, 

dysregulation of cytokines has been associated with autoimmune/inflammatory 

disorders, cancer, or age-related diseases. 49-54 

Nitric Oxide. In mammalian cells, under homeostatic conditions, nitric oxide is 

produced by two constitutively expressed isoforms of the nitric oxide synthase (NOS) 

enzyme. At physiological levels, NO is a molecule of key importance for the vascular and 

central nervous system and it shows anti-inflammatory properties. 27, 55 For example, 

NO suppresses the LPS-induced increase in intercellular adhesion molecule 1 (ICAM-1) 

expression and, hence, decreases the rolling and adhesion of the neutrophils on the 

endothelium. 56 However, a third inducible isoform (iNOS) is upregulated in response to 

bacterial products and pro-inflammatory cytokines. Aberrant high levels of NO are 

related to undesired effects including in short: vasoconstriction, inflammation, and 

tissue damage. 27, 55 In fact, overproduction of NO is involved in cancer and chronic 

inflammatory diseases (CIDs), such as rheumatoid arthritis and inflammatory bowel 

diseases (IBDs). 57 

Reactive Oxygen Species. Reactive oxygen species are small molecules derived from 

oxygen molecules including free oxygen radicals, such as superoxide (O2⋅), hydroxyl 

(⋅OH), peroxyl (RO2⋅), and alkoxyl (RO⋅), and non-radicals like hypochlorous acid (HOCl), 

ozone (O3), singlet oxygen (O2), and hydrogen peroxide (H2O2). 57 Production of ROS by 

activated leukocytes is central to the progression of many inflammatory diseases. 

Elevated ROS production as a result of inflammatory signaling can mediate apoptosis 
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through the JNK pathway, NF-κB activation and downstream inflammatory gene 

induction, antioxidant gene transcription, and cytokine secretion. 58 They can rapidly 

combine with NO to form reactive nitrogen species (RNS) like peroxynitrite. 56 

Overproduction of ROS or RNS results in "oxidative" or "nitrosative" stress which 

contributes to variety of pathological processes typical for different cancer, 

neurodegenerative, viral, toxic or inflammatory diseases. 59 

2.1.4. Inflammatory cells  

The inflammatory response involves a highly coordinated network of several cell 

types. Immune or non-immune resident cells that present PRRs on their surface like 

dendritic cells (DCs), macrophages, Kupffer cells, or mast cells initiate the acute 

response in a specific tissue. Via these PRRs, cells recognize certain PAMPs (expressed 

on the outer surface of pathogens) or DAMPs (signals produced by resident endothelial 

and epithelial cells in response to damage) and they start releasing soluble inflammatory 

mediators. 1 At this point, the cardinal signs of inflammation (pain, redness, swelling, 

and heat) become visible. The produced soluble factors cause vasodilation and 

increased permeability resulting in exudation of fluid (edema) and plasma-derived 

mediators into the inflamed area whereas, at the same time, they create a chemotactic 

gradient and favor leukocytes migration, adhesion, and extravasation to the site of 

inflammation. 2 The main effector cells in acute inflammation are cells from the innate 

immune system: neutrophils and monocyte/macrophages. Neutrophils, also known as 

polymorphonuclear (PMN) leukocytes, are recognized as the first line of defense. 

Although, in homeostatic conditions, they reside mainly in the peripheral vasculature, 

they are the first cell type reaching the inflamed tissue in response to an inflammatory 

stimulus. Their major role involves rapid and non-specific phagocytosis of 

microorganisms and foreign material. However, they can also perform pro- and anti-

inflammatory functions via generation of oxidative bursts (ROS production), 

degranulation, the release of nuclear material in the form of neutrophil extracellular 

traps (NETs), or by interacting, directly, or indirectly through cytokines and chemokines, 

with other immune cells to modulate immune responses. 60, 61 As a clear example, it has 

been recently demonstrated that neutrophil granular contents are responsible for the 

polarizing of macrophage to pro- or anti-inflammatory phenotypes (M1 or M2, 
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respectively). 61 Moreover, mice depleted of neutrophils demonstrated their important 

role in the subsequent recruitment of mononuclear inflammatory cells including 

monocytes, that can differentiate to macrophages or DCs, and lymphocytes (natural 

killers (NKs), T and B cells) to the site of inflammation. Neutrophils help increasing 

vascular permeability and, together with resident cells, they stimulate endothelial cells 

during the early phase of the inflammatory response to express these adhesion 

molecule counter-receptors crucial in the general paradigm of the leukocyte 

recruitment cascade, involving rolling, adhesion, and transmigration. 2, 62 In particular, 

among the mononuclear leukocytes, macrophages (Mø) and their interaction with 

neutrophils are critical in inflammation initiation, maintenance, and resolution. 1, 62  Mø 

have lower bactericidal activity than neutrophils but present a more specific phagocytic 

activity being able to digest and present antigens to other immune cells, thereby 

allowing them to interact with the adaptive immune system. In response to an 

inflammatory stimulus, Mø polarize to their M1 pro-inflammatory phenotype which 

mainly contribute to pathogen clearance by phagocytosis and to the onset and 

maintenance of the immune response by producing pro-inflammatory lipid mediators, 

cytokines, and growth factors (e.g. PGE2, TNFα or IL1β) as well as toxic molecules (e.g. 

NO). 1, 4, 6, 63 Regarding their interaction with PMNs, Mø are able to increase their short 

life-span to efficiently defend the organism or induce their apoptosis when the 

pathogen/damage has been eliminated. Moreover, it has been demonstrated that 

phagocytosis of apoptotic PMNs polarizes macrophages to their M2 anti-inflammatory 

phenotype which switch their production of pro-inflammatory soluble factors to anti-

inflammatory mediators like LX, resolvins, and anti-inflammatory cytokines (i.e. IL10 or 

TGF-β), among others. 62-64 Altogether highlights the importance of a tight equilibrium 

in neutrophils/macrophages interactions that if not properly regulate can result in 

unsuccessful resolution and chronic inflammation.  

2.2. The Resolution Phase 

The onset or initiation phase of an acute inflammatory process is followed, in health, 

by an active resolution phase during which the cause of inflammation (e.g. tissue 

damage, pathogen, foreign material) is neutralized and the inflammatory markers 
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recover their homeostatic levels. Successful resolution phase implies cessation of 

leukocyte infiltration to inflamed tissue, elimination of recruited leukocytes which have 

already performed their function, clearance of edema via lymphatic drainage, and 

shifting the production of pro-inflammatory mediators to the production of anti-

inflammatory or pro-resolving mediators. 1, 53, 64-66 Figure 4 summarizes main players and 

mechanisms involved in each phase of a successful acute inflammatory process.  

 

Figure 4. The coordinated temporal events of a controlled acute inflammatory process 

and the main cells and mechanisms involved.  

Reduction of leukocytes recruitment is achieved by terminating the chemotactic 

gradient through proteolytic cleavage or sequestration of chemokines. 65 PMNs 

elimination from the inflamed tissue is possible thanks to the macrophage-dependent 

induction of apoptosis and subsequent elimination by efferocytosis (i.e. phagocytosis by 

macrophages) whereas non-apoptotic cells return to vascular or lymphatic circulation. 

During the process of efferocytosis, PMNs mediate the reprogramming of Mø from their 

pro-inflammatory phenotype (M1) to their anti-inflammatory/pro-resolving phenotype 

(M2). Hence, in this phase anti-inflammatory and pro-resolving mediators dominate over 

pro-inflammatory ones. Basically, anti-inflammatory mediators modulate the 

production of pro-inflammatory signaling molecules while pro-resolving factors target 

specific resolution mechanisms like the previously described ones. Anti-inflammatory 

and pro-resolving mediators are mainly produced by PMNs and Mø and they include 

proteins and peptides (e.g. IL10, TGF-β, annexin A1, or galectins), specialized pro-
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resolving mediators (SPMs) derived from lipids (i.e. LX, resolvins, protectins, and 

maresins), gaseous mediators (e.g. H2S and CO), nucleotides (e.g. adenosine), as well as 

neuromodulators such as acetylcholine and neuropeptides released from non-

adrenergic non-cholinergic neurons. 1, 53, 64-66 Therefore, it is evident that the resolution 

process is tightly controlled and imbalance between pro-inflammatory and pro-resolving 

mediators and mechanisms may lead to a number of CIDs. 1, 2, 4   

3. CHRONIC INFLAMMATION  

Chronic inflammation is an inflammatory response of prolonged duration (weeks, 

months or, even, indefinite). It may develop as a progression from not properly resolved 

acute inflammation due to: a) persistence of causative stimulus like a pathogen or 

implantable devices (IDs) that cannot be removed by enzymatic breakdown or 

phagocytosis, b) interference with the healing process, or c) repeated episodes of acute 

inflammation. However, an inflammatory process could also be chronic from the outset 

without a clinically apparent acute phase. For example, if the infectious organisms can 

avoid host defense either because of an intrinsic immune resistance or because they are 

located in damaged areas, like cavities or abscess, where they are not accessible, they 

remain for prolonged periods of time in the organism originating a chronic inflammatory 

process. 67-69 In other cases, the cause is unknown like in psoriasis, atherosclerosis, 

Alzheimer’s, or Crohns’ diseases, among others. 67 Chronic phase is histologically 

differentiated from its acute form by the predominance of mononuclear cells, including 

Mø, lymphocytes, and plasma cells, over PMNs at the injured tissue. Mø is the most 

important cell type in chronic inflammation because they are the main source of 

biologically active inflammatory mediators that contribute to perpetuate inflammation 

including neutral proteases, chemotactic factors, AA metabolites, ROS; complement 

components, coagulation factors, growth-promoting factors, and cytokines. 69, 70  For 

instance, the production of chemokines further activates the influx of other cell types, 

whereas the release of IL12, IL23 or IL6, as well as their antigen-presenting capacity, 

activates lymphocytes differentiation and production of pro-inflammatory mediators. 

Activated lymphocytes, in turn, produce lymphokines which are cytokines that recruit 



Chapter 1 - Introduction 

 
18 

 

macrophages (i.e. TNFα, IL17, chemokines) or activate them (i.e. IFN-γ). 71 The main 

cellular events in chronic inflammation are summarized in Figure 5.  

 

Figure 5. Main cellular events that takes place during a chronic inflammatory reaction. 

The prolonged exposure to high levels of inflammatory mediators during a chronic 

inflammation process ultimately leads to tissue damage and subsequent healing and 

repair attempts accomplished by the formation of granulation tissue, which involves the 

proliferation of small blood vessels (angiogenesis) and fibroblasts, the overproduction 

of collage, and the accumulation of connective tissue (fibrosis). 67, 69 Chronic 

granulomatous inflammation is recognized as a distinctive pattern of chronic 

inflammation that may occur in response to indigestible organisms or materials, as 

exemplified in the foreign body reaction (FBR) to biomaterials. The predominant cells in 

granulomatous inflammation are Mø, epithelioid cells, and multinucleated giant cells 

like the foreign body giant cells (FBGCs) formed as a result of the fusion of macrophages 

in their attempt to phagocyte the foreign biomaterial during a FBR. 69, 72, 73  

As a conclusion, innate immune cells are major actors in the inflammatory response, 

of which, Mø play the most important role. They are the only cell type involved in all 

steps of inflammation (Figure 4), their high sensitivity to external stimuli allow them to 

change their phenotype and function on demand and, as illustrated in Figure 5 they have 

a central role in cell-cell interactions involved in chronic inflammation. Therefore, they 

appear to be the ideal cellular target of anti-inflammatory drugs in CIDs. This thesis is 
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focused on the development of polymeric nanoparticles based on non-steroidal anti-

inflammatory drugs, naproxen or ketoprofen, and their modification through different 

strategies to modulate macrophages response in chronic inflammatory diseases. In 

chapter 3 and 4, naproxen or ketoprofen, respectively, are combined with 

dexamethasone to reduce macrophages production of key cytokines in autoimmune 

inflammatory diseases and; in chapter 5 naproxen-based nanoparticles are incorporated 

as building blocks on a surface coating to modulate macrophages’ long-term response 

to IDs. 

4. CHRONIC INFLAMMATORY DISEASES 

4.1. Socio-Economic Burden of Chronic Inflammatory Diseases 

Throughout history, infectious diseases have been the greatest threat to human 

health. During the 19th and 20th centuries, and especially after the Industrial Revolution, 

the economic development together with medical and public health advances 

contributed to a decline in infections and an increase in life expectancy of world 

population. 74 However, at the same time, these advances supposed an epidemiological 

transition implying the prevalence of chronic diseases and conditions over infections as 

the major source of morbidity and mortality worldwide. It is now widely recognized the 

role of chronic inflammation as an underlying component and major contributor to 

several chronic diseases also known, nowadays, as CIDs or non-communicable chronic 

diseases. 75-78 There is evidence of a dramatic increase in the number of people suffering 

from chronic diseases over the last three decades. In fact, they are already ranked by 

the World Health Organization as the first cause of morbidity and mortality worldwide, 

with 3 out of 5 deaths being attributable to inflammation-related diseases including 

cardiovascular diseases (CVD), cancer, diabetes mellitus, chronic kidney disease, and 

autoimmune and neurodegenerative conditions, among others. 8, 74, 77-79 Moreover, if 

not leading to death, CIDs cause great and long-term suffering, disability, reduction on 

the quality of life and high costs on society. 78, 80  

This thesis is focused on the development of polymeric systems based on non-

steroidal anti-inflammatory drugs for the treatment of chronic inflammation, and more 
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specifically on the treatment of autoimmune inflammatory diseases (AIDs), FBR and 

cancer.  

4.1.1. Autoimmune-Inflammatory Diseases (AIDs) 

Autoimmune-inflammatory diseases (AIDs), also known as immune‐mediated 

inflammatory diseases, englobes clinically diverse conditions that share common 

inflammatory pathways and immunological dysregulations. 81 Some AIDs include 

ankylosing spondylitis (AS), psoriasis, psoriatic arthritis (PsA), rheumatoid arthritis (RA), 

systemic lupus erythematosus (SLE), systemic sclerosis (SS), and inflammatory bowel 

diseases (IBDs). The latter includes Crohn’s disease (CD) and ulcerative colitis (UC). Each 

of them presents a unique epidemiology and pathophysiology, however, in all of them 

an imbalance in inflammatory cytokines plays a key role on their pathogenesis. 8, 81 AIDs 

are found in approximately 5–10% of the population worldwide. These patients suffer 

from a great deal of pain, distress, loss of function and, in some cases, early death. 82, 83 

They are usually more prevalent in women being one of the 10 leading causes of death 

among them. 84, 85 A clear example is RA, a disease accounting for the highest limitations 

in quality of life reported in comparison to other CIDs. It has a prevalence in the western 

world of 1–2%, and approximately 1% worldwide with female 66%-86% dominance. 86, 

87 However, there are some highly prevalent AIDs whose incidence does not vary with 

gender. 87 That is the case of IBDs (i.e. ulcerative colitis and Crohn’s disease), which affect 

500 in every 100,000 people worldwide. 88 All these numbers are expected to increase 

with population aging.  

AIDs economic impact extend from direct high annual expenses related to their 

treatments and palliation. 89-92, indirect money loss generated from them being one of 

the major leading causes of work disability; and intangible costs resulting from their 

great impact on quality of life.  86, 93-95 Furthermore, AIDs patients have been reported 

to be more prone to suffer from another AID. This, so-called, co-occurrence together 

with a recently described high co-morbidity rates, especially CVD, add to the already 

high socio-economic burden of these diseases. 96-98 

In chapter 3, this thesis describes the preparation of a polymeric nanoparticle system 

for co-delivery of two traditional drugs (i.e. naproxen and dexamethasone) that inhibits 
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the production of a key cytokine in these diseases (i.e. IL12 and IL23) by macrophages. 

The novel drug delivery system offers a cost-effective alternative to current expensive 

treatments. Moreover, in chapter 4, the thesis investigated further solutions by 

combining dexamethasone with a more potent COX-inhibitor (i.e. ketoprofen). 

However, the system reduced but not inhibited cytokines production confirming that 

not all non-steroidal anti-inflammatory drugs/dexamethasone combinations are valid 

for AIDs treatment. 

4.1.2. Foreign body reaction (FBR) 

A direct consequence of the prevalence of chronic diseases and rapid increase in 

elderly population is the rise in the need of implantable devices to restore body 

functions, improve the quality of life, and increasing life expectancy. 99 Currently, it is 

estimated that tens of millions of people live with IDs worldwide 100 and about 5- 6% of 

people in industrialized countries in 2010 101, a number that keeps increasing yearly. IDs 

primarily include reconstructive joint replacements, dental implants, cardiac 

pacemakers, defibrillators, stents, valves, electrical leads/batteries, tissue-engineered 

constructs, and drug delivery systems. 100 However, their long-term performance is 

often hampered by the, so-called, FBR or inflammatory response elicited after 

implantation in which Mø are the key players. 99, 102-104 As an example, early failures 

account for approximately 2–6% of dental implants placed 105 and the major causes of 

premature failure are recognized to be inflammation and overloading. 106 Other authors 

claim that inflammatory response could predict the incidence of complications after 

total hip arthroplasties 107 or percutaneous coronary interventions 108 needed for 

implantation of hip replacements or coronary stents, respectively. Premature failure of 

IDs implies high social costs in terms of patients’ quality of life and fatalities 102 and huge 

economic investments derived from second surgeries, hospital healthcare, and work 

disabilities. Moreover, the fibrotic encapsulation occurring at the end of a FBR might 

also limit diffusion in drug delivery implantable devices, signal transduction in sensors 

or peacemakers, vascularization and integration of biomaterials, etc. 109 

In chapter 5, a novel anti-inflammatory polymeric surface coating that pave the way 

for long-term control of this foreign body response to implants is described. This 
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strategy might help increase implants’ half-life reducing the socio-economic burden of 

FBR.  

4.1.3. Cancer 

It is estimated that 15-20% of human cancers are associated with chronic 

inflammation. 1, 110 In general, the longer the inflammation persists, the higher the risk 

of cancer because the long-term overproduction of inflammatory mediators generates 

a favorable microenvironment for tumor initiation, progression, and migration (e.g. 

stomach, colon, skin, liver, breast, lung, and head/neck). 111, 112 According to the World 

Health Oorganization, cancer is the second leading cause of death globally accounting 

for about 1 in 6 deaths in 2018. 113 In fact, the chances of developing cancer during a 

lifetime were 1 in 3 for men and 1 in 4 for women worldwide. 114 Its incidence and 

mortality are growing so fast that it is expected to overcome CVD as the leading cause 

of death, and become the most important barrier to rise life expectancy of world 

population in the current century. 113 Moreover, cancer caused 233.5 million of 

disability-adjusted life-years (DALYs, years of "healthy" life lost) in 2017, of which 97% 

came from years of life lost (YLLs) and 3% came from years lived with disability (YLDs). 

114 This has a huge indirect economic impact which adds to the direct economic impact 

arising from costly treatments and office and hospital outpatient visits. Specifically, in 

2010, the worldwide annual economic cost of cancer was estimated at $1.16 trillion 

(USD) while in 2015, only in United States, $80.2 billion were invested per year in this 

disease. 115 The top 10 most prevalent cancers worldwide are non-melanoma skin 

cancer, lung cancer, breast, colon and rectum, prostate, stomach, liver, cervical, non-

hodkin lymphoma and bladder cancer. 114 Among them, those responsible for deaths in 

men are predominately lung (23%), liver (11%), stomach (9%), colon (8%), and prostate 

(7%) whereas, in women, breast cancer (BC) predominates (15%), followed by lung 

(13%), colon (9%), cervical (7%), and stomach (7%). 115  

Chapter 6 describes the surface modification of previously synthesized anti-

inflammatory polymeric systems based on naproxen for them to be used as therapeutic 

solutions to breast cancer, the most concerning cancer among women. 
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4.2. Current Drugs for the Treatment of Chronic Inflammatory 
Diseases 

Historically, the quintessential anti-inflammatory drugs include non-steroidal anti-

inflammatory drugs (NSAIDs) and glucocorticoids (GCs). 116-121 They act on inflammatory 

routes that are common to most inflammatory diseases mainly inhibiting the production 

of cytokines and lipid mediators. However, they usually fail on completely inhibiting 

inflammation and present important side effects. 116 Because of that, drugs against 

specific targets, immunomodulatory or disease modifying anti-rheumatic drugs 

(DMARDs), 119-126 emerged as more effective, specific treatments to CIDs. Moreover, 

nowadays, natural alternatives like phenolic compounds, spices or, flavonoids; 118, 127-129 

are emerging for the treatment of chronic diseases.  

The aim of this thesis is the preparation of new therapeutic polymeric nanoparticles 

(NPs) that combine a NSAID (naproxen (NAP) or ketoprofen (KT)) and a GC 

(dexamethasone (Dx)) for the treatment of AIDs; NAP and heparin (Hep) for the 

treatment of FBR or; NAP and hyaluronic acid for the treatment of cancer. Different 

strategies were used depending on the chronic-inflammation condition to be treated. 

4.2.1. Traditional drugs 

A. NSAIDs  

Currently, NSAIDs are the most prescribed drugs with about 30 million daily users 

worldwide. 130 They are a structurally diverse group of compounds that exhibit anti-

inflammatory, anti-pyretic and, analgesic activity. 131 Their main mechanism of action is 

COX-dependent as they are able to inhibit COXs activity, the rate limiting enzyme in 

prostaglandin synthesis from AA (Figure 3) 5, 63, 132 As previously mentioned, COX 

presents two main isoforms, COX-1 and COX-2, that are overexpressed in inflammation-

related diseases. NSAIDs can be classified according to their COX selectivity into 

traditional non-selective NSAIDs, introduced in the 1950s, which reversibly inhibit both 

COX isoforms, such as aspirin, which irreversibly inhibits COX-1 and COX-2 and, COX-2 

selective NSAIDs or coxibs, introduced in 1990’s, in an attempt to reduce 

gastrointestinal side effects of NSAIDs related to COX-1 inhibition. Traditional NSAIDs 

could be non-selective or relatively COX-1 or COX-2 selective. However, absolute 
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selectivity cannot be achieved and, if the concentration is high enough, even coxibs will 

also inhibit COX-1. 133 

Table 2. COX-1/2 inhibitory potencies and selectivity indexes (ratio of COX-1 IC50/COX-2 

IC50 = Selectivity Index) of relevant NSAIDs determined using a whole blood assay. Data 

retrieved from 132. 

NSAID  Whole blood assay IC50 (µM) Selectivity index 

 COX-1 COX-2 COX-1 IC50/COX-2 IC50 

Idometahacin 0.01 1.00 0.01 

Flubiprofen 0.08 5.50 0.01 

Ketoprofen 0.05 2.90 0.02 

Aspirin 1.70 >100.00 0.02 

Naproxen 9.30 28.00 0.33 

Ibuprofen 7.60 7.20 1.05 

Diclofenac 0.08 0.04 1.97 

Meloxicam 5.70 2.10 2.70 

Nimesulide 10.00 1.90 5.26 

Celecoxib 6.70 0.87 7.70 

Valdecoxib 26.00 0.87 29.80 

Rofecoxib 19.00 0.53 35.80 

Etoricoxib 116.00 1.10 105.40 

Luminacoxib 67.00 0.13 515.00 

Therefore, although at different effective doses, all NSAIDs have in common their 

capacity to inhibit COX enzymes. Table 2 summarizes COX-1/2 inhibitory potencies and 

selectivity indexes (ratio of COX-1 IC50/COX-2 IC50 = Selectivity Index) of relevant NSAIDs 

determined using a whole blood assay. In the last decades, the reported variability in 

the clinical response of patients to different NSAIDs raised the attention on alternative 

mechanisms of action. Several studies attribute beneficial effects of NSAIDs also to COX-

independent pathways. 134-137 The first evidences on these mechanisms date from the 

beginning of the 21st century and, since then, there are reports of different NSAIDs 

interacting with other complex molecular pathways like NF-κB. 138, 139, ERK, JNK and p38 

MAPK, PI3K/AKT or NO/cGMP, among others. 140-144 These interactions result on 

therapeutic effects including (a) immunosuppression, via inhibition of T-cells 

proliferation; 145 (b) reduction of neutrophil recruitment in acute inflammation, via 

downregulate L-selectin expression; 146 (c) anti-neoplastic properties via inhibition of 
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tumor cells proliferation and migration, or induction of apoptosis 140, 143, 147. and; (d) 

suppression of AP-1 transcription factor or activation of PPARγ, which are critical for 

induction or repression of multiple genes involved in inflammation (e.g. iNOS, COX-2 or 

adhesion molecules like ICAM-1), respectively. 134, 142, 148, 149  

 

Figure 6. Graphical summary of some reported COX-dependent and COX-independent 

mechanisms responsible for the therapeutic activity of NSAIDs. 

Figure 6 summarizes some of the reported COX-dependent and COX-independent 

mechanisms of action of NSAIDs. Their time- and dose-dependent severe adverse effects 

including gastrointestinal bleeding, elevated cardiovascular risk or, renal problems are 

the main challenge for NSAIDs to be considered a definite solution for inflammation-

related diseases. 150-153 Drugs with greater selectivity for COX-1 usually present higher 

gastrointestinal toxicity while, COX-2 inhibitors are associated with an increased risk of 

cardiovascular events. 154 Side effects and off-target effects are difficult to overcome 

with traditional drug administration strategies. 155, 156 NSAIDs high hydrophobicity and 

lack of targeting moieties translates into low bioavailability and, hence, high effective 

doses or prolonged treatments are required to achieve relevant therapeutic outcomes.  

Naproxen. Naproxen is a well-known propionic acid derivative NSAID patented in 

1967. It was firstly approved as a prescription drug in 1976 and, as an over-the-counter 

medication in 1994 by the food and drug administration (FDA). 126 In 2018, 
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approximately 100 medicinal products with NAP as active compound were already 

authorized by the European medicines agency (EMA). 157 NAP is currently approved for 

the relief of pain in acute diseases that might become chronic like primary 

dysmenorrhea, 158 acute gout, 159 bursitis or tendonitis 126 and; also for a variety of 

chronic inflammatory conditions including osteoarthritis 160-162 and, AIDs like ankylosing 

spondylitis, 161, 163 polyarticular juvenile idiopathic arthritis 164 and, rheumatoid arthritis. 

165, 166 Although it has long been used as first-line therapy in arthritic diseases, it has 

been overcome by recently discovered disease-modifying anti-rheumatic drugs 

(DMARDs) due to its side effects and, its lack of capacity to alter the course of the 

disease. 126 Combined therapy (i.e. the combination of different drugs/compounds) and 

drug repurposing (i.e. identification of new uses) have emerged as potential therapeutic 

options for naproxen. Preclinical and clinical studies have recently described interesting 

results when NAP and its derivatives are used in combination with other drugs in the 

treatment of inflammatory diseases like migraines 167, 168 or rheumatoid arthritis; or 

when they are used, alone or in combination, for the treatment and/or prevention of 

Alzheimer’s disease 169, 170 and different types of cancer like melanoma, 171 colorectal 

cancer, 172-174 leukemia 175 and, BC. 176, 177 Historically, its therapeutic properties were 

attributed to COX-dependent mechanisms, as for others NSAIDs. However, other 

molecular targets of NAP responsible for its anti-proliferative, pro-apoptosis, and anti-

inflammatory effects have been described including c-Myc, NF-κB and β-catenin in 

colorectal cancer 172, 174 and NF-κB in prostate cancer, 178 PI3K in urinary bladder cancer, 

179 C/EBP homologous protein, or CHOP, in basal cell carcinoma and squamous cell 

carcinoma, 180 GSK3b in BC, 176 or caspases in either cancer or inflammation, 181 among 

others. NAP is readily absorbed in the GI tract and has a bioavailability of 95% and it is 

the only NSAID with S- and R- enantiomers that is only commercialized in the pure (S) 

form enantiomer to maximize the desired effects and minimize possible risks of R 

enantiomer administration. 182 Its main advantages over other NSAIDs are its long half-

life and prolonged duration of action, up to 12-17 hours, 27, 183 and; the low CV risk which 

makes it the better option for patients with cardiac pathologies. 152, 161, 163, 184, 185 

However, its use is mainly limited by its higher GI risk, 185-188 probably due to its 
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selectivity index (ratio of COX-1 IC50/COX-2 IC50) below 1 (Table 2) 185, production of 

oxygen free radicals and lipid peroxidation.  172, 186, 189  

 

Figure 7. Chemical structure of a) (S)-naproxen and b) (S)-ketoprofen. The carboxylic 

group associated to GI toxicity is highlighted in red. 

The presence of -COOH on its structure (Figure 7a) is also related to higher GI risk 

and, because of that, efforts have been made to develop safer NAP derivatives by 

chemical modification of this carboxylic group. 169, 173, 190 Chemical modifications on its 

structure (NO and/or hydrogen sulfide (H2S) releasing NSAIDs 171, 174, 191, 192, COOH- 

chemical modifications 169, 173, 190), as well as, the reduction of doses achieved by using 

targeted and/or stimuli-responsive drug delivery systems 169, 175, 190, 193-195 or by 

discovering synergistic or additive effects when use in combination with other drugs or 

compounds 166, 167, 189, 196-198 have been investigated as new therapeutic alternatives for 

NAP. 

Ketoprofen. KT is a highly-potent non-selective NSAID firstly synthesized in France 

by Rhône‐Poulenc chemists in 1967. It was introduced in France and the United Kingdom 

in 1973 for anti-inflammatory use and approved by the FDA in 1986. 199 In 2018, EMA 

listed more than 200 topical 200 and non-topical 201 approved products that contained 

KT as active compound. KT is a painkiller indicated for mild to moderate musculoskeletal, 

post-operative or post-partum pain 202, 203 and; for the symptomatic management of 

acute dysmenorrhea 158, 204 and CIDs like rheumatoid arthritis, 205 osteoarthritis, 206, 207 

and, ankylosing spondylitis. 208 It has recently demonstrated promising results in the 



Chapter 1 - Introduction 

 
28 

 

treatment of lymphedema in clinical trials 209 and there is ongoing investigation on KT 

therapeutic benefits in the prevention and treatment of various cancers including 

osteosarcoma, 210 colorectal, 211, 212 skin, 212 cervical, 211 breast 213 and lung cancers, as 

well as in the treatment of neurotoxicity and neurodegenerative diseases. 214, 215 Like 

the others propionic acid derivatives, its therapeutic activity has been historically 

attributed to their capacity to inhibit PG synthesis via COX-dependent pathways. In 

addition to its effects on COX, ketoprofen inhibits the LO pathway of the AA cascade 216 

and it is a powerful inhibitor of bradykinin, an important peptidic mediator of pain and 

inflammation. 212 COX-independent mechanisms have also been discovered to play a 

role in anti-cancer properties. 136 According to some authors, the anti-cancer properties 

of KT are limited when compared to other NSAIDs 217 and, that might be the reason why 

NAP anti-cancer literature is more extensive than that of KT. KT is commercially available 

in oral, parenteral and topical form as a mixture of both (S) and (R) enantiomer. 218 When 

administered orally, it reaches its peak plasma level in 0.5 to 2 hours, 183 faster than NAP 

(2 to 4 hours). 182 Its half-life is 2.4 hours, 7 times lower than that of NAP, with an 

analgesic duration of 4 to 6 hours. 183 Although its bioavailability is slightly lower than 

for NAP (90% and 95%, respectively), its superiority over other NSAIDs comes from null 

or very little addictive potential and no effect on sedation and depression of respiration 

202 and; its high effectiveness in terms of COXs inhibition. When compared to NAP, KT is 

more than 100 or 10 times more effective in COX-1 and COX-2 inhibition, respectively 

(Table 2). 132, 219 Moreover, pain relief using topical KT formulations has demonstrated 

to be more effective than other NSAIDs due to KT lipophilicity and more rapid 

absorption. 220, 221 However, as in the case of NAP and other NSAIDs, KT long-term use is 

limited by its hydrophobicity and low bioavailability which translate into important 

adverse effects at GI, 222 renal, 223 cerebrovascular 224 and CV level, among others. 225 As 

in the case of NAP, KT is a propionic acid-derived NSAID (Figure 7b) and the non-selective 

inhibition of both COXs, its carboxylic group and uncoupling of mitochondrial oxidative 

phosphorylation, among other non-prostaglandin related effects have been reported to 

aggravate GI problems. 222 Safer derivatives that reduced ulcerogenic properties have 

already been described including NO- 212, 226 and H2S-releasing KT analogues 227 and 

those with chemical modifications on the carboxylic group. 228 Moreover, as the (R) 
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enantiomer is associated to GI problems, a pure (S) homologous is also available 

(dexketoprofen). 229 Topical KT reduces the adverse effect of oral formulation. However, 

contact allergic and photosensitization skin reactions have also been reported in Europe 

and Asia. 221, 230, 231 These reactions have been attributed to the benzophenone core on 

its structure. 230, 232 Apart from reducing the gastric side-effects, researchers have also 

done chemical modifications in the structure of ketoprofen to improve its solubility (e.g. 

ketoprofen lysinate), 233 to alter its blood brain-barrier permeability, 234, 235 to improve 

its pharmacodynamic profile and to get derivatives possessing antioxidant, 236, 237 

anticancer 212, 238-240 and immunomodulatory activities. 241 Physical modifications have 

also been use to improve its solubility and bioavailability 242 Furthermore, recent 

literature focuses on KT-based drug delivery systems, drug repurposing and combined 

therapies as novel therapeutic strategies. For example, stimuli-responsive tumor-

targeted drug delivery systems that help on the repurposing of KT as therapeutic agents 

for cancer, 243, 244 drugs delivery systems (lipid nanoparticles, polymeric nanoparticles or 

microparticles, hydrogels, nanofibers…) that improve KT solubility, photo-stability, 

transdermal penetration or reduce its adverse effects improving pharmacodynamics 245-

254 and; drug combinations that potentiate KT anti-inflammatory, analgesic or, recently 

described, anti-cancer properties. 136, 244, 255-257 

In this thesis the carboxilic group of NSAIDs (i.e. naproxen and ketoprofen) was 

conjugated to a methacrylic group with multiple purposes: a) to reduce side effects 

associated to the carboxylic group; b) to obtain a highly reactive NSAID-produg that may 

serve as a hydrophobic monomer that, copolymerized with a hydrophilic unit, might 

form amphiphilic microstructures that self-assemble into nanoparticles in aqueous 

media and; c) to link the NSAID to this polymeric structure through an enzyme-labile 

bond, an ester bond, that might contribute to an inflammation-controlled release of the 

drug. 

Glucocorticoids  

In 1946, Edward Calvin Kendall firstly isolated steroidal compounds from adrenal 

extracts and, few years later, their therapeutic potential was discovered by Philip Hench 

in a patient suffering from rheumatoid arthritis. 258, 259 Glucocorticoids are one type of 
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steroidal compounds produced endogenously in the adrenal cortex of mammals from 

cholesterol, their precursor. They play crucial roles in several tightly related 

physiological and pharmacological functions that are summarized in Table 3. 258, 260 

Table 3. Physiological effects of glucocorticoids and the subsequent pharmacological 

effects after administration of supra-physiologic doses. 

Physiological Pharmacological 
Temper immune and inflammatory processes Anti-inflammatory/Immunosuppression 

Gluconeogenesis Hyperglycemia 
Potentiate catechol-amines Hypertension 

Increase RBCs Erythrocytosis 
Mild Na+/water retention Edema/Puffiness 

Since the discovery of their therapeutic relevance, the pharmaceutical industry has 

developed various synthetic GCs (e.g. Prednisolone, Methylprednisolone, Fluticasone, 

Budesonide, and Dx) based on the structure of endogenous GCs, corticosterone and 

hydrocortisone, but with superior potency, specificity towards the GC receptor and, 

bioavailability. 261, 262 The GC receptor (GR), an ubiquitously expressed intracellular 

receptor belonging to the nuclear receptor (NR) family, was identified in 1966 as the 

main responsible for physiological and pharmacological effects of GCs through genomic 

and non-genomic pathways that involve either the classic cytosolic GR or a non-classic 

membrane GR. 258, 263-265 Basically, genomic signaling (Figure 8) consists on the binding 

of GCs to inactive cytosolic GR which leads to its activation (i.e. conformational changes 

and phosphorylation) and, translocation to the nucleus. Once in the nucleus, the GR can 

directly or indirectly interact with DNA. By direct DNA-binding, it causes transcriptional 

activation (transactivation) of anti-inflammatory protein coding genes such as TSC22D3 

(coding for GC induced leucine zipper, GILZ) and DUSP1 (coding for Map Kinase 

Phosphatase 1, MKP1) or transcriptional repression of other genes; while indirect 

interaction occurs through binding to specific transcription factors like NF-κB, STAT and 

activator protein 1 (AP-1) leading to transrepression of pro-inflammatory genes. 258, 263-

266 However, all steroids effects cannot be explained only by their genomic mechanisms 

of action and, hence, non-genomic effects have also been described. They occur faster 

than genomic signaling and they can be GR-dependent or GR–independent effects. 265 

Some examples include the activation of kinase signaling pathways influencing 

mitochondrial DNA transcription, 264 the rapid suppression of adrenocorticotropic 
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hormone (ACTH) release, the inhibition of exocytosis in inflammatory cell types, the 

strong inhibition of growth hormone (GH) release and, the inhibition of PLA2, which is 

critical for the production of inflammatory cytokines and, impaired release of AA. 263, 267  

GCs are more potent than NSAIDs in terms of anti-inflammatory capacity. Moreover, 

unlike NSAIDs, they present immunosuppressant activity by inhibiting certain aspects of 

leukocyte function like phagocytosis in macrophages and proliferation and activity of 

specific subsets of T lymphocytes. 260 Because of their potent anti-inflammatory and 

immunosuppression capacity, GCs are the cornerstone drugs in chronic diseases and, 

specially, in AIDs. 268 Some of those diseases include asthma, 269, 270 RA, 271 IBD, 272 SLE 

273 and, neurologic diseases including multiple sclerosis, autoimmune encephalitis 274 or 

Parkinson disease. 275 They are also commonly prescribed to prevent organ transplant 

rejection 276 and to treat cancers of the lymphoid system. 277 Their therapeutic outcome 

is much better than that of NSAIDs. However, their prolonged use is restrained by the 

risk of developing side effects (e.g. osteoporosis, compromised immune status that 

leads to infections, adrenal atrophy, cardiovascular problems and, hyperglycemia) 258, 

274 and the occurrence of glucocorticoid resistance (GCR). 258, 263  

 

Figure 8. Genomic effects of glucocorticoids. GC = glucocorticoid, GR = glucocorticoid 

receptor, AP-1 = activator protein 1, and, TF = transcription factor. 

In spite of these drawbacks and the appearance of biologic therapies, GCs are widely 

used in rheumatic disorders as they are considered DMARDs 268, 271 and, they are one of 

the most widely prescribed drug classes worldwide. 263, 278 However, important efforts 
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have been made to reduce or prevent GCs’ side effects. Increased solubility, 

bioavailability, reduced doses and active targeting can be achieved via Ab- or peptide-

GC conjugates 279-282 or via drug delivery systems including PEGylated liposomes, 

polymeric micelles, polymer-drug conjugates, inorganic scaffolds, and hybrid 

nanoparticles. 283 Combined therapy is another investigated strategy to reduce GCs’ 

dose without compromising therapeutic outcomes.  277, 284, 285 

Dexamethasone. Developed in 1950s, dexamethasone (Dx), is a corticosteroid 

fluorinated at position 9 (Figure 9) with strong anti-inflammatory and 

immunosuppressant activity. 286 Among synthetic GCs, it presents the most potent anti-

inflammatory activity, high GR affinity, the lowest therapeutic dose and the longest 

therapeutic life (48 h). 287 Because of that, Dx is the most commonly prescribed GC for 

the treatment of CIDs, especially if they have an autoimmune component, 288, 289 

including asthma, 83 myeloid leukemia, 290 chronic inflammatory demyelinating 

polyradiculoneuropathy, 291 chronic obstructive pulmonary disease 292 and, rheumatoid 

arthritis, 293 among others.  

 

Figure 9. Chemical structure of Dexamethasone 

Moreover, it has recently been recommended as effective in COVID-19 patients with 

severe respiratory symptoms. 294 Studies have revealed that therapeutic doses of Dx can 

block naïve T-cells proliferation and differentiation in murine and human T lymphocytes 

with little to no effect on memory T cells. 295 “Dx at low doses (i.e. below 100 × 10−9 M) 

polarize Mø to their anti-inflammatory phenotype (M2) while, at doses above this value, 

it has no effect on Mø polarization state but has demonstrated to be involved on the 

expression of M1-phenotype markers like NO and on the transrepression of genes 

encoding for pro-inflammatory cytokines like IL12-p40 subunit and reduces vascular 

endothelial growth factors (VEGF) expression, a major contributor to macrophages-
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derived angiogenic activity.” 296 Dx also reduces LPS-induced Mø apoptosis, compromise 

Mø migration and increase their phagocytosis capacity. 297 Like NAP and KT, Dx has the 

capacity to inhibit COXs but, in this case, via transcriptional and post-transcriptional 

mechanisms. 298 The transcriptional via is NF-κB-dependent and the post-transcriptional 

results from the directly action on PLA2. 299 PLA2 inhibition compromises PAF and AA 

synthesis (Figure 3) affecting the expression of PGs but also other inflammatory 

mediators like LXs or PAF. Other described effects of Dx treatment include repression of 

the transcriptional activation of NF-κB and AP-1, reduction expression of other pro-

inflammatory cytokines and inflammatory mediators like IL1β, GM-CSF, IL6, IL8, 

interferon γ, increase anti-inflammatory cytokines like IL10 299, 300 and, inhibition of 

MAPK pathways. 301 However, its high anti-inflammatory and immunosuppressant 

potential imply life-threatening side effects that hamper its long-term use including 

infections, hyperglycemia, Cushing syndrome, GI bleeding or thromboembolism. 288 

The recent literature focuses on different strategies that may reduce the adverse 

effects of Dx without compromising its potent activity. Improved anti-inflammatory 

activity was demonstrated for a recently described (NO)-releasing derivative of 

dexamethasone, 302 an Ab-Dx conjugate targeting the scavenging receptor 

overexpressed in Mø, 282 a polymer-Dx conjugate with mucoadhesive properties that 

showed improved mucosal delivery over free drug 303 and, carbon nanotubes-Dx 

conjugates. 304 Targeted or non-targeted drug delivery systems are also extensively 

described including lipid nanoparticles or nanoemulsions, 281, 293, 305-309 polymer-based 

nanoparticles, 310-315 microparticles 316 or gels, 317 and peptide-based gels. 318 In this 

regard, it is worth highlighting the recent approval by EMA (2010) of Ozurdex, a slow-

release Dx intravitreal implant based on a lactic acid and glycolic acid biodegradable 

polymeric capsule for the treatment of macular edema. 319 Regarding drug combination, 

co-administration of Dx and Ginsenoside Rh1 can reduced Dx-induced resistance; 320 co-

delivery of Dx and a disease-associated peptide enhance therapeutic outcome in a 

murine model of autoimmune encephalomyelitis; 316 IL4 and Dx co-administration 

synergistically reduce inflammation in arthritis 321 and; Dx in combination with other 

immunomodulatory drugs were recently approved by FDA and EMA for the treatment 

of multiple myeloma. 322, 323  
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The combination of NSAIDs and GC, in particular naproxen and Dx on their free form, 

has recently demonstrated interesting potential for the treatment of RA 196 and 

nanoparticles combining salicylic acid and Dx demonstrated improved therapeutic effect 

than the drugs alone. 311 This demonstrates that, although the combined NSAIDs/GC 

therapy is contraindicated because of high GI risks, the already described new strategies 

(i.e. combined therapy and NDDS) may reduce NSAIDs/GC adverse effects achieving 

interesting therapeutic outcomes.  

This thesis described the physical encapsulation of Dx in the hydrophobic inner core 

of two different NSAID-based drug delivery systems to achieve a combined therapy with 

better spatiotemporal control over the co-delivery of both drugs. The expression of AIDs 

key genes was evaluated because the combination NAP/Dx had already demonstrated 

potential for the treatment of RA. This thesis shed light on the mechanism of action of 

this drug combination. 

4.2.2. Biologicals as immunomodulatory drugs (IMDs) 

Traditional drugs are unspecific and, administered alone, they rarely are definitive 

solution for CIDs. In the case of NSAIDs, they have palliative effect with no disease-

modifying capacity and, therefore, they are usually administered in combination with 

other drugs. On the contrary, GCs have immunosuppressant capacity and they are 

considered DMARDs. However, some patients develop GCR hampering their therapeutic 

activity. Because of that, in the last two decades, biologicals against specific immune 

targets have emerged as alternative effective treatments to CIDs and, especially, to AIDs. 

These biological agents, usually antibodies (Ab), act by reducing the activity of specific 

cytokines or their receptors (anticytokine therapies), or directly blocking specific 

functions of T- or B-cells. As summarized in Figure 5, cytokines play a key role in the 

cross-talk among immune cells during inflammation. The pioneer biologicals of this type 

were the anti-TNFα monoclonal Ab (mAb). 83, 125 Etanercept was the first TNF-targeting 

drug approved (FDA, 1998; EMA, 2000) followed by infliximab, adalimumab, golimumab, 

and certolizumab pegol for the treatment of CS, RA, and many other AIDs like psoriasis, 

AS, or UC. 83, 123 Ab against other cytokines, including IL12/IL23 (i.e. against IL12-p40 

subunit; ustekinumab), 324 IL17 (secukinumab, ixekizumab), 325 IL1 (anakinra, 326, 327 
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rilonacept, 328 canakinumab 329), and IL6 (siltuximab) 330 and its receptor (tocilizumab), 

331 or against B-cells (target = CD20, rituximab, 332 ocrelizumab, 333 ofatumumab) 334 or 

T-cells (CD80 and CD86, abatacept; 83 alpha-4 integrin, natalizumab 335) are nowadays 

approved for the treatment of CIDs, especially AIDs, in combination with other drugs or 

anti-TNF therapy or as an alternative to them when they fail as definitive solutions. Some 

anti-cytokine therapeutics and their approved uses are summarized in Table 4. Several 

clinical trials are being conducted to expand the application of these drugs 336, 337 or to 

introduce new ones like briakinumab, an anti-IL12/IL23 drug. 338 However, their clinical 

application have been impaired by their adverse effects (i.e. immunosuppression, 

infections, heart failure, exacerbation of latent tuberculosis, and cancer progression), 

primary or secondary non-response and their high cost. 339, 340  

Table 4. Biologic anti-cytokine therapeutics currently used in the clinical. 

Drug  Target Type of molecule Indications 

Etanercept 

TNFα 

TNF receptor 2 and Fc portion of 
IgG1 RA 341, Plaque Psoriasis (PP) 342 

Infliximab Recombinant chimeric Ab RA, AS, PsA, UC, CD, and PP 83 
Adalimumab IgG1 monoclonal Ab (mAb) RA, PsA, AS, and CD 343 
Golimumab IgG1 mAb RA, UC 344 
Certolizumab 
pegol 

Human mAb RA, CD, PsA 345 

Ustekinumab 
IL12-p40 
(IL12/IL23) IgG1 mAb PsA, PP, CD 324 

Secukinumab 
IL17 

Human mAb PsA, AS, PP 325 

Ixekizumab Human mAb PsA, Psoriasis 325 

Canakinumab 
IL1β 

Human mAb 
Periodic Fever Syndromes, Adult-Onset 
Still’s Disease (AOSD) and Systemic 
Juvenile Idiopathic Arthritis (SJIA) 329 

Rilonacept Dimeric fusion protein 
cryopyrin-associated periodic 
syndromes (CAPS) 328 

Anakinra IL1-receptor Human recombinant protein RA, 346 CAPS, Still’s disease326 

Siltuximab IL6 Chimeric mAb 
Idiopathic multicentric Castleman 
disease 330 

Tocilizumab IL6 receptor Human mAb RA, SJIA 331 

In chapter 3, this thesis demonstrated that combining two traditional drugs, NAP and 

Dx, it is possible to achieve a IL12-p40 subunit inhibition in macrophages. Interestingly, 

the drugs are either covalently linked or encapsulated in a polymeric nanoparticle inner 

core and administered in low doses. Therefore, this strategy is a cost-effective 

alternative to anti-IL12p40 biologicals that might reduce adverse effect. Moreover, as 
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the combination of Dx with a more potent NSAID, KT, was not successful in IL12-p40 

inhibition, it was confirmed that the mechanism of action was COX-independent and 

that not all NSAID/Dx combination serve as alternatives to biologicals in AIDs therapy. 

5. NANOVEHICLES OVER FREE DRUGS FOR THE TREATMENT OF 

CHRONIC INFLAMMATORY DISEASES 

The main problem of current drugs for the treatment of CIDs is their hydrophobicity, 

low bioavailability and lack of specific targeting. In fact, the main causes of undesirable 

effects are the administration of high doses required to achieve a therapeutic activity 

and, the systemic distribution in non-targeted tissues and cells. 347 Nanometric drug 

delivery systems (NDDS) have emerged, in the last decades, as the most suitable 

alternatives for traditional formulation approaches. When compared to free drugs, they 

can offer important advantages that include: more efficient delivery of water insoluble 

drugs maximizing the bioavailability and the treatment efficacy and reducing the side 

effects, protection for the drug from hostile environments (e.g. acidic pH in the digestive 

tract or degradation enzymes), facilitation of drugs delivery through anatomical barriers, 

multiple drug co-delivery and targeted and controlled release. 347-349 To date, different 

inorganic (e.g. gold or silver nanoparticles) 350 or organic (i.e. liposomes or polymeric 

nanoparticles, micelles, dendrimers, nanogels…) synthetic NDDS, 351-353 as well as 

biomimetic systems (e.g. exosomes), 354-357 have been examined for single drug delivery 

350, 353 or drugs co-delivery 351, 352 in inflammatory diseases. They have been administered 

locally 358 or systemically 352, 353 exploiting the distinctive features of inflamed tissue to 

favor their accumulation and drug controlled release in these areas. 155, 358-361 When 

compared to healthy tissue, the inflammatory microenvironment is characterized by a 

leaky vasculature, acidic pH, oxidative stress (i.e. ROS accumulation), overexpression of 

specific enzymes (e.g., esterase or matrix metalloproteinase (MMP)) or overexpression 

of specific surface receptors by inflammatory cells, specially by activated macrophages, 

(e.g. CD44, folate receptor or scavenger receptor). 3 Therefore, a proper design is crucial 

to achieve preferentially accumulation and controlled release in the pathological 

inflamed tissue providing a better spatial and temporal localization of drugs, improving 

their therapeutic activity and reducing the possible adverse effects. In this regard, 
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polymeric systems have demonstrated to provide a highly versatile platform as their 

size, surface properties and chemical structure can be easily tailored. 155, 362 

Nanoparticles, 363-365 dendrimers 366 and micelles 353, 367 are some of the polymer-based 

structures commonly described in the literature for the treatment of inflammation-

related diseases such as atherosclerosis, 363 RA, 353, 364 IBD, 365 asthma, 368 or cancer. 367 

The different strategies for the design of synthetic inflammation-responsive polymers 

are summarized in a book chapter published last year by our group (Annex II). 3  

After systemic administration, passive targeting of macromolecular or nanometric 

systems to the inflamed area is achieved by exploiting the so-called enhanced leaky 

vasculature and inflammatory cells sequestration (ELVIS) effect (Figure 10). This name 

owes to the leaky vasculature that allows preferential accumulation at inflamed areas 

and, once there, to the need of sequestration by inflammatory cells to avoid rapid 

clearance by lymphatic drainage. 369 Consequently, retention at inflamed tissue can be 

passively achieved by tailoring nanoparticles surface and hydrodynamic properties (e.g. 

size and surface charge) so that they increase their circulation time and favor 

phagocytosis by inflammatory cells, preferentially macrophages. PEGylation is the most 

common strategy used to increase circulation time of nanocarriers and passive 

accumulation at inflammation site. 362 It consists on decorating the outermost layer of 

NDDS with poly(ethylene glycol) (PEG), a highly hydrophilic synthetic polymer, to stealth 

the system, avoiding opsonization, a protein adsorption process that facilitates carrier 

elimination through the Reticuloendothelial System (RES). However, PEGylation also 

prevents sequestration by inflammatory cells and might cause immunogenicity (PEG 

dilemma). 370 To overcome this problem, natural polymers that are degraded in 

response to hallmarks of the inflammatory microenvironment like hyaluronic acid (HA) 

are currently substituting PEG, 370 and novel inflammation-dependent dePEGylation 

strategies have been described. 371, 372 Once accumulated in the inflamed area, passive 

sequestration of the NDDS by inflammatory cells can be achieved by tailoring 

hydrodynamic and surface properties of NPs. In this regard, “Cheng et al. reported that 

NPs with diameter below 100 nm are easily cleared by lymphatic vessels and Awaad et 

al. concluded that 95-200 nm is the ideal size for increased cellular uptake. Moreover, 

NPs presenting positive surface charge showed higher cellular uptake when compared 
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to neutral or anionic particles due to the ionic attraction between cationic charges and 

negatively charged phospholipids that compose the cell membrane.” 296  

 

Figure 10. Passive and active targeting after systemic administration of nanoparticulated 

drug delivery systems (NDDS) to inflamed tissue.  

Active targeting of NDDS to the inflamed area has been reported to be possible by 

functionalizing them with ligands for specific surface receptor overexpressed by 

inflammatory cells or for cell adhesion molecules of the vascular epithelium (Figure 10). 

The main ligands and receptors used for active-targeting to inflamed areas are 

summarized in Table 5 (included in Annex II as Table 7.1). 3 Finally, the novelest strategy 

to target inflammation site, cell-mediated targeting, “relies on the increase in the 

number of leukocytes in the bloodstream, their recruitment to the diseased tissue and 

the phagocytic capacity of some of these cells (e.g. macrophages)”. 373 In spite of the 

administration route, the delivery of the cargo can also be passive or active. Passive 

delivery occurs when the drug is entrapped or encapsulated in the NDDS and it diffuses 

out of the nanocarrier or when cargo release is facilitated by erosion of the nanovehicle. 

Active delivery refers to a better controlled release mechanism, in which the drug is 

either entrapped or covalently linked to the NDDS structure through liable forces (e.g. 
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electrostatic 364) or bonds that respond to one 353, 366-368 or several 365, 374 external stimuli 

(e.g. light or heat) or specific stimuli in the inflamed tissue (e.g. acidic pH, ROS or specific 

enzymes). 155 The main pH-responsive, ROS-responsive, and enzyme-responsive 

structures used for the design of stimuli-responsive polymeric nanocarriers are 

summarized in Table 6 and Table 7 (included in Annex II as Table 7.2, Table 7.3 and 

Table 7.4, respectively). Dual-responsive polymers have also been described. 3 

Table 5. Receptor-ligand pairs used for active-targeting of polymeric structures to the 

site of inflammation. 

Table 6. pH-responsive and ROS-responsive polymeric structures used for inflammation-

responsive polymers synthesis. 

 

This thesis describes the synthesis of a highly reactive methacrylic derivative of 

NSAID, naproxen or ketoprofen, and its copolymerization with a hydrophilic monomer 

(i.e. 1-vinyl-imidazole). The pseudo-gradient amphiphilic structure self-assemble into 

NDDS in aqueous media. These NDDS demonstrated to be versatile inflammation-
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targeted and enzyme-responsive NSAID-based NDDS. In the different chapters of this 

thesis, different strategies are described to combined them with drugs or polymers to 

treat three different chronic-inflammatory diseases: AIDs, FBR and cancer.  

Table 7. Enzyme-cleavable sites incorporated to enzyme-responsive polymers targeting 

inflamed areas.  

Enzyme Cleavable structure 

Cathepsin Phe-Phe 

Human Neutrophil Elastase (HNE) Ala-Ala-Pro-Val 

MMP-9 Cys-Gly-Pro-Leu-Arg-Ser-Ahx-Glu-Lys-Ahx-Pra-NH2 

Azoredutase Azo group 

Urease Urea linkage 

6. ANTI-INFLAMMATORY STRATEGIES FOR THE 

TREATMENT OF AUTOIMMUNE INFLAMMATORY DISEASES.  

State of the Art. Focus on Historically Used Anti-Inflammatory Drugs. 

New Anti-Cytokine Therapy and IL12-p40 Subunit as a Target. 

According to literature, the anti-inflammatory drugs used for the treatment of AIDs 

include: GCs, NSAIDs and DMARDs. GCs, among which Dx is the most commonly 

prescribed, are crucial on the treatment of AIDs as they present strong anti-

inflammatory and immunosuppressive effects on several immune cells. They are able to 

inhibit leukocyte proliferation and migration to the inflamed area while, at the same 

time, they reduce the production of pro-inflammatory cytokines crucial in the 

development of AIDs (e.g. IL12 and IL23 by inhibiting expression of IL12-p40 subunit). 

375, 376  

NSAIDs present anti-inflammatory but not immunosuppressive activity. Therefore, 

they are mainly used for pain and symptomatic management of AIDs and, due to their 

lack of disease-modifying capacity, they are frequently used in combination with other 

drugs. 83 As an example, a promising additive therapeutic effect was observed when 

administering a combination of Dx and NAP to Collagen-Induced Arthritis (CIA) rats, a 

murine model of rheumatoid arthritis. 377 Although both drugs are used in the treatment 
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of AIDs, the mechanism of action of this specific combination in CIA rats has not been 

elucidated yet.  

The term DMARDs emerged in 1970s to described drugs that might be capable of 

altering the long-term course of RA. 378 Nowadays, this term refers to a set of drugs with 

immunosuppressive and immunomodulatory properties used for the treatment of RA 

and other AIDs. They are classified as either conventional DMARDs or biologic DMARDs. 

379 Methotrexate, leflunomide, hydroxychloroquine and sulfasalazine are among the 

most commonly used conventional DMARDs. They are first-line therapy in AIDs used 

alone or in combination; however, biological DMARDs emerged in the early 1990s, as 

an alternative treatment to patients that have shown resistance to these conventional 

DMARDs.  83, 379 The first developed biological DMARDs were the anti-TNFα therapeutics, 

as TNFα was recognized as a critical cytokine in AIDs. Currently, there are five anti-TNFα 

biologics approved for AIDs treatment, which have demonstrated great therapeutic 

success representing the most profitable drug class in history. 380, 381 However, there are 

still some patients that fail to respond to anti-TNFα therapy and, hence, biologics 

targeting other inflammatory cytokines and pathways with relevance in AIDs have 

gained importance as alternative treatments (table 4).  

 

Figure 11. Interleukin (IL) 12 and IL23 structure and receptors. Ustekinumab (Sterala©), 

a monoclonal antibody, binds to the IL12-p40 subunit of both interleukins to block the 

interaction of IL12 and IL23 with their receptor. 



Chapter 1 - Introduction 

 
42 

 

Among biological therapies, monoclonal antibodies blocking IL12-p40 subunit have 

recently demonstrated promising results and low side effects when compared with 

traditional TNFα inhibitors. IL12-p40 is encoded by Il12b gene, which is recognized as 

one of the susceptibility loci in several AIDs, 382 and it is a cytokine-like subunit factor 

shared by heterodimeric IL12 and IL23 (Figure 11) cytokines. 383 IL12 and IL23 are 

comprised of two subunits (IL12-p40/IL12-p35 and IL12-p40/IL23-p19, respectively) that 

need to be co-expressed to secrete the bioactive cytokine. They are mainly secreted by 

antigen presenting cells like DCs and Mø and they both stimulate the production of IFN-

γ. IL12 mediates the differentiation of naïve T cells into T-helper type 1 (Th1 cells), a T-

helper subset that plays a pathological role in AIDs; 384 whereas IL23 amplifies and 

stabilizes the proliferation of Th17 cells, another pro-inflammatory T-helper subtype. 

Th17 cells produce IL17, a pro-inflammatory cytokine that stimulates the production of 

other pro-inflammatory cytokines like IL1, IL6, TNFα, nitric oxide synthase-2 and 

chemokines. 385 The most studied anti-IL12-p40 antibodies are briakinumab (Abbott 

Laboratories), which has reported promising therapeutic potential in phase II clinical 

trials to treat active Crohn’s disease; 386 and ustekinumab (Janssen Biotech) which, is 

already FDA- and EMA-approved to treat Crohn’s disease (2016), ulcerative colitis 

(2019), 387, 388 plaque psoriasis (2008 by FDA, 2009 by EMA) and psoriatic arthritis (2013) 

389 and studies are underway to assess its use in treating rheumatoid arthritis 390 and 

noninfectious uveitis. 391 However, therapeutics based on antibodies are highly 

expensive and non-cell specific, hence, there exist the need of more cost-effective 

targeted therapies.  

Chapter 3 and 4 focused on finding cost-effective alternatives to biological DMARDs. 

With this purpose, they describe a combined therapy based on a novel polymeric NDDS 

including currently FDA-approved drugs, NAP/Dx or KT/Dx, respectively. The chapters 

described, step by step, the NDDS preparation from the free drug to a polymeric drug of 

NAP or KT, so that the NSAIDs are linked to the polymeric structure through an enzyme-

labile bond, an ester bond. Then, the methacrylic derivative of the NSAIDs is 

copolymerized with a hydrophilic monomer 1-vinyl-imidazole (VI) to obtain amphiphilic 

microstructures that allow self-assembly into nanoparticles when in aqueous media 

and; finally, Dx is physically entrapped on the inner core of the nanoparticles.   
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7. ANTI-INFLAMMATORY STRATEGIES FOR THE 

TREATMENT OF FOREIGN BODY REACTION.  

State of the Art. Focus on the Role of Macrophages and NPs-Based 

Layer-By-Layer (LbL) Coatings.  

The FBR is the adverse immune reaction elicited by a biomaterial when it is implanted 

in the body that, if not properly controlled, results into important problems, such as 

peri-implantitis, osteolysis, aseptic loosening, and abrupt implant failure. 104 The FBR is 

a cascade of host responses that starts with protein adsorption on the biomaterials 

surface and subsequent complement activation, followed by an acute inflammatory 

phase governed by neutrophils, monocytes and monocyte-derived macrophages. The 

acute inflammation may develop into a chronic phase during which macrophages, 

adhered on the surface of the material and, start to fuse forming FBGCs. Finally, the 

persistent inflammatory stimuli lead to fibroblasts activation and collagen production to 

form a fibrotic capsule, that isolate and compromise biomaterials’ performance (Figure 

12). 104, 392-394  

 

Figure 12. Schematic presentation of the key steps and main cellular players of the 

innate immune response to biomaterials: the foreign body reaction.  
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The recent literature highlights the role of immune cells, and especially 

macrophages, in this cascade of responses. The severity of the elicited immune reaction, 

as well as, the phenotype and cytokine profile of implant-associated macrophages 

predetermine the fate of implanted devices. 104, 392, 394 Because of that, the current state 

of the art points out to the use of immunomodulatory materials that, regarding 

macrophages, aim to reduce their adhesion and overproduction of pro-inflammatory 

cytokines (i.e. M2-re-polarization) at early stages (hours or days) and, their fusion into 

FBGCs at the later stages (days or weeks) of implantation. 104, 393 In vitro models using 

human monocyte-derived macrophages, human monocyte cell lines, mouse bone 

marrow-derived macrophages, and murine macrophage cell lines have been used to 

interrogate the macrophage response, provoked by biomaterials, with reasonable 

prediction of the complex FBR. 392 

Current immunomodulatory strategies focus on tailoring surface properties, which 

have demonstrated to play a crucial role in modulating the FBR in the first 14 days after 

implantation. 394 These body-implant interfaces can be design to exert a passive 

immunomodulatory effect through its physicochemical properties and/or to actively 

interact with immune cells by incorporating anti-inflammatory molecules. Regarding 

physicochemical properties, several studies have revealed the important influence of 

surface topography, texture, wettability, chemical moieties and charge in adhesion and 

polarization state of macrophages. 104, 392, 393, 395 In general, surfaces presenting high 

wettability, low elastic modulus and anionic charge are the most suitable to reduce 

protein adsorption and subsequent adhesion and fusion of macrophages. 396 However, 

usually, the bulk properties that ensure the appropriate mechanical behavior of the 

implant, do not correspond with the surface properties desired to reduced its 

immunogenicity. 104 Therefore, in the last decades, the use of anti-inflammatory 

implant coatings has gained attention. Passive anti-fouling coatings based on highly 

hydrophilic synthetic polymers like PEG have been used as a way to reduce protein 

adsorption by creating strong steric repulsion and hydration forces that eventually limit 

leukocyte adhesion and host inflammatory responses. 104, 393, 397 Although this kind of 

coating efficiently retarded the onset of the FBR, their long-term anti-inflammatory 

effect was limited. 104, 397 To date, the most effective strategies to suppress FBR are 
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based on the immobilization and controlled release of drugs with anti-inflammatory 

effects such as GCs or NSAIDs, or biomolecules such as cytokines, growth factors or 

glycosaminoglycans (GAGs) (e.g. heparin). 393, 398-400 Previous studies have demonstrated 

the immediate anti-inflammatory capacity of coatings based on GAGs. 397, 401 Hep-based 

coatings have been proven to be the better choice when compared to other GAGs-based 

systems due to high wettability, negative surface charge, and intrinsic anti-inflammatory 

activity. 398 Regarding anti-inflammatory drugs, the simplest approach represents the 

incorporation of these bioactive molecules embedded in the coating, covalently linked 

to components of the coating or adsorbed on the top layer after their preparation. 402-

404 However, this strategy has some limitations like drug loading capacity, as many anti-

inflammatory drugs are highly hydrophobic, or short-term release of the drugs. In the 

last decades, the incorporation of nano- and micro-scale DDS into anti-inflammatory 

surface coatings has emerged as a way to prolong immunomodulatory activity of 

implant coatings. 393 

The layer-by-layer (LbL) technique, which is based on the alternate deposition of 

oppositely charged polyelectrolytes, has emerged as an interesting strategy for the 

preparation of anti-inflammatory coatings because of its simplicity, applicability to a 

variety of materials (i.e. metals, glasses, ceramics, and polymers), and control of surface 

properties at the nanometer scale. 405 LbL coatings incorporating inorganic (e.g. ZrO2 or 

SiO2) 406 or organic (e.g. liposomes, 407, 408 polymer-based 405, 409-411) NPs as building 

blocks have already been described. pH- 409, 410 and T-dependent 407, 411 controlled 

release was demonstrated to be possible using polymeric nanoparticles in this kind of 

systems. Neutrally charged nanoparticles have been incorporated by means of hydrogen 

forces 405, 410 while anionic and cationic NPs by electrostatic interaction 409, 412, 413 as 

building block. Among the cationic NPs, chitosan is the most commonly used polymer 

412, 413 with no reports of NPs-based on synthetic polymers with high positive charge 

density that are widely used for electrostatic interaction in other fields like VI or 

poly(ethylene imine) (PEI) in gene therapy. 414 In LbL systems, NPs are either combined 

with oppositely charged synthetic polymers, 411 natural polymers 405, 412, 413 or NPs. 406 

Few recent works describe anti-inflammatory coatings based on natural polymers and 

polymeric nanoparticles physically entrapping anti-inflammatory drugs, like aspirin or 
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Dx, in their hydrophobic core with promising results in vitro and in vivo. 405, 413 However, 

to the best of our knowledge, there are no reports of LbL systems incorporating DDS 

with covalently-linked drugs on their hydrophobic core. This strategy might offer a 

better controlled and prolonged release of anti-inflammatory drugs.  

In chapter 5 of this thesis, the NSAID-based NDDS with naproxen covalently linked 

through an ester bond to its structure was use as a building block in a LbL system in 

combination with Hep. The system was aimed to: a) reduce adhesion of macrophages 

at early stages, because of its hydrophilicity and negative surface charge; b) have short-

term anti-inflammatory capacity due to fast Hep release and; c) show long-term 

reduction of FBGCs formation because of the NAP prolonged controlled released. 

Therefore, this coating is presented as an interesting therapy for long-term modulation 

of macrophages response to implantable devices. 

8. ANTI-INFLAMMATORY STRATEGIES FOR THE 

TREATMENT OF BREAST CANCER.  

State of the art. Strategies to target Breast Cancer Stem Cells 
(BCSCs) and the role of NSAIDs in anti-cancer therapy 

BC is the second leading cause of cancer death in women worldwide. Nowadays, one 

of the main challenges for a successful BC therapy is to effectively target and eliminate 

breast cancer stem cells (BCSCs). The presence of these cells in the cancer niche is a 

marker of poor prognosis due to their self-renewal capacity, multidirectional 

differentiation and proliferative potential, and their crucial role in drug resistance. 415, 

416 Conventional chemotherapy and radiotherapy cannot eradicate BCSCs effectively 

due to their drug resistance capacity and, hence, they are the main cause of cancer 

relapse. 417 Numerous works focused on targeting BCSCs in order to improve the efficacy 

for the treatment of breast cancer, while reducing the incidence of therapy resistance 

and cancer recurrence. 415, 418 BCSCs-targeting therapies are based on two main 

strategies: targeting overexpressed receptor on the surface of BCSCs (e.g. CD44, CD133, 

CD24, or ALDH1) and/or inhibition of aberrantly activated signaling pathways, like 

Notch, Wnt/Frizzled/ β-catenin, Hedgehog and Hippo signaling. The main drugs and 
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strategies are described in recent reviews. 415, 418 This thesis will focus on HA-coated 

NDDS and the role of NSAIDs, particularly naproxen, in breast cancer therapy. 

 
NDDS are ideal platform for successful BCSCs-specific therapies as they can easily 

combine multiple elements in the same system, such as HA and naproxen. They present 

high drug loading capacity and increase drugs solubility, being perfect reservoirs for anti-

cancer drugs that can inhibit over-activated signaling pathways. Moreover, if properly 

design, they allow a controlled release of drugs by passively targeting tumor sites and 

actively targeting BCSCs. 417, 419 NDDS passive targeting strategies to cancer sites exploit 

the EPR effect, which “consists on the preferential accumulation in tumor beds of long-

circulating large molecules through the leaky vasculature” and retention thanks to the 

lack of lymphatic drainage. 3 To achieve safe long-circulating NDDS it is crucial for the 

nanocarriers to be stable at physiological conditions and to prevent blood cells (RBCs) 

damage and opsonization. A highly hydrophilic corona stealth the nanoparticles 

avoiding recognition by the RES and rapid clearance and improves hemocompatibility. 

Historically, PEG has been used as a coating polymer to increase blood circulation of 

nanocarriers. However, the recurrent use of PEG-based therapies may lead to 

immunogenicity or formation of anti-PEG antibodies so that the PEGylated 

nanocarriers/drugs are no longer stealth. 370 Another important drawback is known as 

the PEG dilemma: “PEGylation increases circulation time of NDDS favoring passive 

accumulation in cancer sites by EPR effect. However, PEGylation also prevents 

internalization by cells at the targeted tissue.” 3 GAGs have emerged as one of the most 

successful aternatives to PEG-coating. GAGs are long, unbranched and negatively 

charged polysaccharide chains that are endogenously located at the cell surface and/or 

extracellular matrix. They are biocompatible, biodegradable, non-immunogenic, non-

inflammatory, and non-toxic. 370 Among GAGs, HA-coated systems have gained 

attention because HA increases nanocarriers blood circulation time and, serves as 

active-targeting moiety to BCSCs as it is the primary ligand of the highly overexpress 

CD44 receptor. 370, 417-419 HA-based CD44-targeted BCSCs therapies include HA-drug 

conjugates, 420 HA-coated liposomes, 421 HA-coated inorganic nanoparticles, 422 hybrid 

nanoparticles 423 and, HA-coated polymeric nanoparticles, 424 among others.  HA-coated 

NDDS have been prepared through covalent linkage of HA 425 or through LbL technique 
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relying on reversible attracting forces to immobilize HA on the NPs surface. 424 They have 

already demonstrated to be interesting drug delivery systems for direct targeting of 

drugs to breast cancer cells both in vivo and in vitro. 426 

In 1863, Rudolf Virchow brought into picture the tight functional relationship 

between inflammation and cancer. 427 Since then, several studies have emphasized on 

the involvement of chronic inflammation in carcinogenesis and the promising role of 

anti-inflammatory treatments for cancer. 428 Among traditional anti-inflammatory 

drugs, NSAIDs have demonstrated potential to restrict tumor progression in breast 

cancer patients in clinical trials. 429 Moreover, improved outcomes had been reported 

when NSAIDs are used in combination with anti-tumor drugs in preclinical studies. 430 

NSAIDs and their derivatives have demonstrated potential to target BCSCs through 

different pathways on their free form 431, 432 or encapsulated. 433  

NAP, a well-known NSAID, and its derivatives have been proven effective in the 

treatment of several cancer types like colorectal cancer, 434 urinary bladder cancer 179 

and, breast cancer. 177 NAP derivatives have also demonstrated potential for BCSCs-

targeted therapy also in either their free form 435 or encapsulated in NDDS. 436 NAP anti-

cancer properties are mainly attributed to the reduction of PGE2 levels, the major 

product of the COX1/COX2 activation cascade 177. PGE2 overexpression by breast cancer 

cells stimulates proliferation and invasion 177, angiogenesis by promoting VEGF 

expression 437 and, immunosuppression. 438 However, there is increasing evidence of 

COX-independent mechanisms that also play a role in anti-tumorigenic activity of 

NSAIDs. 185, 439 A summary of the most described effects of NSAIDs in tumors is depicted 

in figure 13. One of the COX-independent pathways of NSAIDs anti-cancer activity is the 

inhibition of Wnt/β-catenin pathway that is over-activated in BC and BCSCs, 

representing a good target in BCSCs-targeted therapies. 418 As previously described, 

NSAIDs acts as PPARγ agonists in a COX-independent manner reducing inflammation and 

oxidative stress markers (figure 6). As PPAR agonists they can also downregulate the 

aberrant WNT/ β-catenin pathway in cancers inducing apoptosis, reducing angiogenesis 

and migration, etc. 428 In fact, several NSAIDs or derivatives of NSAIDs have 

demonstrated capacity to effectively target BCSCs through this pathway. 431, 432  
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Figure 13. Most commonly described anti-cancer mechanisms of NSAIDs.  

Therefore, it is evident the need of new therapeutic strategies to increase efficiency 

of BC treatment. BCSCs are a major concern and, in chapter 6 of this thesis, we describe 

the preparation of a HA-coated NAP-bearing NDDS as an alternative BCSCs-targeting 

therapeutic through the overexpressed CD44 receptor that might improve the anti-

cancer properties of free drug. 
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Objectives 

The general objective of this thesis was to properly design and prepare NSAID-based 

NDDS for the treatment of different CIDs. Each chapter describes a novel strategy 

involving these cationic nanoparticles for the treatment of: AIDs (Chapter 3 and 4), FBR 

(Chapter 5) and breast cancer (Chapter 6). 

Chapter 3 and 4 

Objective 1. NSAID/Dx co-delivery to reduce the expression of key genes in AIDs.  

Chapter 3, entitled “Polymeric Nanoparticles that Combine Dexamethasone and 

Naproxen for the Synergistic Inhibition of Il12b Transcription in Macrophages”, is a work 

carried out in collaboration with the Department of Immunology and Oncology, and 

NanoBiomedicine Initiative of CNB-CSIC that was published in Macromolecular 

Bioscience Q1 journal (Macromolecular Bioscience 2019, 20(7):2000002). The specific 

aims of this work were: 

 Synthesize a highly reactive methacrylic derivative of NAP (HNAP) by an 

esterification reaction with the –COOH group to reduce adverse effects and, 

prepare an enzyme-responsive polymeric drug for NSAID controlled release.  

 Copolymerization of HNAP with a low reactive hydrophilic monomer (i.e. 1-vinyl-

imidazole) to obtain pseudo-gradeint amphiphilic polymeric microstructures.  

 Preparation of NAP-based polymeric nanoparticles (NPs) and encapsulation of 

dexamethasone to obtain a drug delivery system for the controlled co-delivery 

of NAP+Dx 

 In vitro testing of: a) NPs uptake by macrophages, b) macrophages viability and 

expression of M1 or M2 markers after treatment with NPs in non-inflammatory 

conditions and; c) NPs capacity to reduce NO production and, the expression of 

AIDs related genes under inflammatory conditions (LPS-stimulated 

macrophages). 

Based on the promising results reported for the combined therapy NAP/Dx in CIA 

rats, we hypothesized that this system will have some influence on the Mø expression 

of key genes involved in AIDs like Tnfa, Il12b and Il23a. These nanoparticles are a cost-
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effective alternative to current biological therapies like anti-TNF or anti-IL12-p40 

antibodies. 

  Chapter 4, entitled “Anti-Inflammatory Polymeric Nanoparticles Based on 

Ketoprofen and Dexamethasone”, is a work also carried out in collaboration with the 

Department of Immunology and Oncology, and NanoBiomedicine Initiative of CNB-CSIC 

and published in Pharmaceutics Q1 journal (Pharmaceutics 2020; 12(8):723). The 

specific aims of this work were: 

 Synthesize a highly reactive methacrylic derivative of KT (HKT) by an 

esterification reaction with the –COOH group to reduce adverse effects and, 

prepare an enzyme-responsive polymeric prodrug for KT controlled release.  

 Copolymerization of HKT with a low reactive hydrophilic monomer (i.e. 1-vinyl-

imidazole) to obtain a family of copolymers with pseudo-gradient amphiphilic 

microstructures.  

 Preparation of KT-based polymeric nanoparticles and encapsulation of 

dexamethasone to obtain a drug delivery system for the controlled co-delivery 

of KT+Dx 

 In vitro testing of: a) the NPs internalization route by macrophages, b) 

macrophages viability and expression of M1 or M2 markers after treatment with 

NPs in non-inflammatory conditions and; c) NPs capacity to reduce NO 

production and, the expression of AIDs related genes under inflammatory 

conditions (LPS-stimulated macrophages). 

We hypothesized that the stronger COX-inhibition capacity of KT will allow us to 

obtain a system with a potent anti-inflammatory capacity and will elucidate if the COX-

dependent mechanism plays a key role in the synergistic Il12b repression observed for 

the Dx/NAP system.  
 

Chapter 5 

Objective 2. Control of Foreign Body Reaction by new surface coating based on the 

combination of Hep and NSAID-based cationic NPs by LbL technique. 
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Chapter 5, entitled “Anti-inflammatory Surface Coatings Based on Polyelectrolyte 

Multilayers of Heparin and Polycationic Nanoparticles of Naproxen-Bearing Polymeric 

Drugs”, is a research work carried out in collaboration with the Biomedical materials 

group of the Interdisciplinary Centre of Materials Science in Martin Luther University 

Halle-Wittenberg (Halle-Saale, Germany) during my PhD stay (September 2017-

December 2017). This project was awarded with the yESAO exchange award 2018 

leading to a second short stay (1 week, June 2018). This work was published in 

Biomacromolecules Q1 journal (Biomacromolecules 2019, 20, 10, 4015–4025). The 

specific aims of this work were: 

 Preparation of layer-by-layer surface coatings combining heparin, an anti-

inflammatory GAG, and cationic NAP-based NPs. 

 Study the physicochemical properties of the coating to correlate them with the 

cellular behavior: topography by SEM and AFM, wettability by water contact 

angle, surface charge by zeta potential measurements, thickness and viscoelastic 

properties by quartz crystal microbalance with dissipation monitoring. 

 Study the macrophages response in vitro: short-term adhesion and IL1β release 

and long-term formation of FBGCs. 

We hypothesized that this system will solve the problems of current anti-

inflammatory surface coatings for the treatment of FBR. The rapid release and cell 

internalization of Hep will provide the system with short-term anti-inflammatory 

capacity. Moreover, the long-term release of covalently-linked NAP from the inner core 

of the cationic NPs will result on a long-term anti-inflammatory effect that might retard 

and reduce the FBR to biomaterials. To the best of our knowledge, this was the first 

description of a system combining a GAG, with demonstrated immediate anti-

inflammatory capacity, and cationic polymeric nanoparticles based on a synthetic 

cationic monomer 1-vinyl-imidazole (VI) and a covalently-linked NSAID.    

Chapter 6 

Objective 3. Active targeting of BCSCs that overexpress CD44 by HA-coated NAP-

bearing cationic NPs.  



Chapter 2 - Objectives 
 

 
 

84 
 

Chapter 6, entitled “HA-coated naproxen-bearing nanoparticles against breast 

cancer stem cells through COX-independent pathways”, is a research work carried out in 

collaboration with the Functional Validation & Preclinical Research group of Vall 

d’Hebron Hospital in Barcelona (Spain). This work was submitted for publication to 

Journal of Controlled Release Q1 journal (October 2020). The specific aims of this work 

were: 

 Layer-by-layer coating of NAP-based nanoparticles with hyaluronic acid at 

different ionic strengths to obtain NPs with different sizes.  

 Evaluation of the effect of size and HA-coating on the stability, 

hemocompatibility and CD44-mediated targeting of NAP-based systems. 

 Evaluate in vitro the superiority of the NPs over free drug in terms of MCF-7 

breast cancer cells apoptosis induction and reduction of their migration 

capacity.  

We hypothesize that the coating of the cationic NAP-bearing NPs with HA, the most 

common ligand for CD44, will enhance their hemocompatibility and will allow a specific 

active targeting to highly CD44-expressing BCSCs. This strategy might improve current 

breast cancer therapy in which BCSCs are a main concern.   
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E. Espinosa-Cano1,2, Dr. M. R. Aguilar1,2*, Y. Portilla3, Dr. D. F. Barber3, Prof. Dr. J. San Román1,2 

 
Macromolecular Bioscience 2020, 20, 2000002. 

Abstract 

Recent studies have demonstrated in vivo synergistic immunosuppressive and anti-

inflammatory capacity of dexamethasone (Dx) and naproxen (NAP) in collagen-induced arthritis 

(CIA) rats. However, the molecular basis of this synergistic effect is barely understood. The low 

solubility of these drugs and their adverse effects hamper their efficacy on the treatment of 

inflammatory processes making nanoparticulated systems promising candidates to overcome 

these drawbacks. The aim of this work is the preparation of polymeric nanoparticles (NPs) that 

combine NAP and Dx in different concentrations, and the evaluation of the expression of key 

genes related to autoimmune diseases like CIA. To do so, self-assembled polymeric NPs that 

incorporate covalently-linked NAP and physically entrapped Dx are designed to have 

hydrodynamic properties that, according to bibliography, may improve retention and co-

localization of both drugs at inflammation sites. The rapid uptake of NPs by macrophages is 

demonstrated using coumarine-6-loaded NPs. Dx is efficiently encapsulated and in vitro 

biological studies demonstrate that the Dx-loaded NAP-bearing NPs are non-cytotoxic and 

reduce lipopolysaccharide-induced NO released levels at any of the tested concentrations. 

Moreover, at the molecular level, a significant synergistic reduction of Il12b transcript gene 

expression when combining Dx and NAP is demonstrated. 

 

Keywords: polymeric nanoparticles, naproxen, dexamethasone, synergy, and interleukin12-

p40 subunit 
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Introduction 

A recent study demonstrated the additive immunosuppressive and anti-

inflammatory effect of dexamethasone (Dx) and naproxen (NAP) combined treatment 

with in vitro and in vivo studies on paw edema in female and male Lewis rats with 

collagen-induced arthritis (CIA). 1 Through mathematical models and model simulations 

authors demonstrated a promising steroid-sparing potential of NAP in CIA rats. 

However, to better understand these results, authors emphasize on the need of 

studying the effect of Dx/NAP combinations at a molecular level. CIA is a murine model 

of rheumatoid arthritis (RA), an autoimmune/inflammatory disorder, in which T cells are 

the primary dysfunctional cells. 2 Interleukin-12 (IL12) and interleukin-23 (IL23) are 

secreted by macrophages and dendritic cells in response to antigen presentation to 

naïve T cells playing a key role in the differentiation and maintenance of autoreactive T 

cells. 2 These ILs are dimeric cytokines sharing IL12-p40 subunit which is encoded by 

Il12b gene. 3 Actual biological treatments based on monoclonal antibodies blocking IL12-

p40 subunit (e.g. ustekinumab) have demonstrated promising results and low side 

effects if compared with traditional tumor necrosis factor-alpha (TNF-α) inhibitors. 2 NAP 

is a well-known non-steroidal anti-inflammatory drug (NSAID) with anti-inflammatory, 

antipyretic, and analgesic properties.  It is associated to the lowest cardiovascular risk 

of all NSAIDs 4 and its half-life is more than ten times higher than that of other NSAIDs. 
5, 6 NAP derivatives have recently demonstrated capacity to inhibit IL12 production. 7 

However, NAP is not a disease modifying drug when used alone, thus it is frequently 

combined with other drugs for the treatment of inflammatory processes. Dx is one of 

the most frequently used therapeutic glucocorticoids. Owing to its immunosuppressive, 

and anti-inflammatory capacity, it has demonstrated great potential for the treatment 

of RA, 1 Alzheimer, 8 or inflammatory Bowel disease. 9 At low doses (i.e. below 100nм) 

Dx treatment leads to polarization of in vitro cultured macrophages to M2 anti-

inflammatory phenotype 10, 11 whereas at higher doses Dx (approx. 1 μM) treatment 

leads to trans-repression of genes encoding pro-inflammatory cytokines like IL12-p40 

subunit 12 and reduces vascular endothelial growth factor (VEGF) expression, 13-15 a 

major contributor to macrophages-derived angiogenic activity. 16 Both drugs are first-
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line therapies for inflammation-related diseases because of their rapid symptomatic 

effects. 4, 17 However, their sustained use is limited by their high hydrophobicity, the 

rapid clearance of free drug from inflammation sites by the lymphatic system and the 

dose and time-dependent adverse effects. 4, 17, 18 It has been well-established the 

enhanced therapeutic potential of nanomedicines over freely administered drugs. If 

they are properly designed, they preferentially accumulate in the pathological tissue 

providing a better spatial and temporal localization of the drug, and increasing its 

activity while reducing its adverse effects. 19 Features like leaky vasculature or acidic pH 

characterize the inflamed microenvironment when compared with healthy tissue and 

they can be exploited to favor drug accumulation at inflamed areas. 18 Matsumura et al. 

described for the first time that long-circulating macromolecules undergo passive 

accumulation in the inflamed tissue as they do in tumor sites through a mechanism 

similar to Enhanced Permeability and Retention (EPR) effect known as Enhanced Leaky 

Vasculature and Inflammatory cells Sequestration (ELVIS) effect. 20 This name owes to 

the leaky vasculature that allows preferential accumulation at inflamed areas and the 

need of sequestration by inflammatory cells to avoid rapid clearance of the 

macromolecules or nanocarriers by lymphatic drainage which is not present in tumors. 

Consequently, retention at inflamed tissue can be improved by tailoring nanoparticles 

(NPs) hydrodynamic properties (e.g. size and surface charge). Cheng et al. 21 reported 

that NPs with diameter below 100 nm are easily cleared by lymphatic vessels and Awaad 

et al. 22 concluded that 95-200 nm is the ideal size for increased cellular uptake.  

Moreover, NPs presenting positive surface charge showed higher cellular uptake when 

compared to neutral or anionic particles due to the ionic attraction between cationic 

charges and negatively charged phospholipids that composes the cell membrane. 23, 24 

Therefore, the aim of this work was the preparation of polymeric NPs that combine NAP 

and Dx in different concentrations, and the evaluation of the expression of key genes 

related to autoimmune diseases like CIA. Self-assembled polymeric NPs that incorporate 

covalently-linked NAP and physically entrapped Dx were obtained with amphiphilic 

gradient copolymers presenting appropriate microstructure and 

hydrophilic/hydrophobic balance to self-assemble in aqueous media. Hydrodynamic 

properties of the NPs (i.e. size, polydispersity and, surface charge) were optimized as a 
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function of pH, NPs final concentration ([NPs]F), and final volume (VF) to favor retention 

and co-localization of both drugs at inflammation sites. Stability studies over time were 

also carried out. Dx was encapsulated and the encapsulation efficacy and loading 

capacity were determined by HPLC. Finally, RAW264.7 murine macrophages were used 

as model inflammatory cells. With no further stimuli, they are inactivated macrophages 

with predominant M0 phenotype. Activation with pro-inflammatory molecules such as 

lipopolysaccharide (LPS) leads to polarization to M1 and overproduction of NO, TNF-α, 

and, in particular, IL23, and IL12, which are associated to the pathogenesis of 

autoimmune diseases like CIA. On the contrary, activation with molecules such as Dx 

polarize macrophages to M2-phenotype 10 leading to overproduction of VEGF, 

interleukin-10 (IL10) or tumor growth factor-beta (TGF-β) (Scheme 1). 25 According to 

that, in vitro biological studies with RAW264.7 macrophages were carried out to 

evaluate rapid uptake of NPs, cytotoxicity and anti-inflammatory capacity of the system. 

Anti-inflammatory properties were evaluated via NO-released levels quantification 

using Griess reagent and levels of expression of Il12b, Il23a and Tnfa transcripts by RT-

qPCR (Scheme 1).  

 

Scheme 1. Schematic presentation of the polarization of murine macrophages in 

response to lipopolysaccharide (LPS) or dexamethasone (Dx) activation and the relation 

of M1- and M2-marker genes under study in this work. 
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The transcript expression levels were assessed under non-activated normal tissue 

conditions to discard that the positively charged NPs could induce M1-like polarization 

through toll-like receptor 4 signaling causing toxicity by interacting with cellular 

components. 25, 26 Additionally, levels of expression of M2 and angiogenesis markers 

were evaluated after treatment with Dx-loaded systems. And finally, the expression 

levels of M1 markers were assessed under simulated inflammatory tissue conditions (i.e. 

after LPS activation of macrophages). 

Materials and methods 

Synthesis and characterization of the methacrylic derivative of 
naproxen (HNAP) 

The synthesis of the HNAP was carried out through a carbodiimide mediated Steglich 

esterification reaction 36 (Scheme 1) as previously described by our group for the 

methacrylic derivative of ibuprofen. 5 Briefly, NAP (1 equiv) was dissolved in 

dichloromethane (DCM, Aldrich) and subsequently, purified hydroxyethyl methacrylate 

(HEMA, Aldrich, 1 equiv) and 4-dimethylaminopyridine (DMAP, Aldrich, 0.1 equiv) were 

also added to the reaction mixture. Dicyclohexylcarbodiimide (DCC, Fluka, 1 equiv) was 

then added dropwise under continuous stirring and N2 (g) atmosphere. The resultant 

solution was stirred for 24 h at room temperature. The reaction product was filtered to 

eliminate N,N’-diciclohexylurea formed salt and the organic phase was washed with 

water and a saturated solution of NaHCO3 (Panreac). Formerly, the resultant solution 

was dried with a saturated NaCl (Panreac) solution and anhydrous MgSO4 (Qemical) and 

finally, DCM was evaporated under reduced pressure. The chemical structure and purity 

of HNAP was elucidated by 1H-NMR spectroscopy dissolving sample in deuterated 

chloroform (CDCl3, Sigma-Aldrich).  

Synthesis and characterization of copolymers of naproxen-based 

methacrylic monomer and 1-vinyl imidazole, poly(HNAP-co-VI) 

Copolymeric systems based on HNAP were synthesized by free radical polymerization 

in solution using 1-vinyl-imidazole (VI, Aldrich) as co-monomer (Scheme 1). Three 
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HNAP:VI feed molar ratios (i.e. 20:80, 50:50, 80:20) were tested. Moreover, two initial 

monomers concentrations were used: 0.5 м and 0.25 м. The copolymers were named 

HNAP followed by their molar content in this monomer. Particularly, comonomers were 

dissolved in dimethylsulfoxide (DMSO, Scharlau) at a total monomer concentration of 

0.5 м or 0.25 м, and the reaction mixtures were deoxygenated with N2 (g) for 10 

minutes. Then, 2,2’-azobisisobutyronitrile (AIBN, Merck, 1.5 × 10-2 м) was to the solution 

and the reaction vessel was transferred to an oven at 60 °C for 12 hours. 

Copolymerization mixtures were purified by dialysis (Spectrum Laboratories, 3.5 KDa 

molecular weight cut-off) against distilled water for 72 hours. Copolymers were isolated 

by freeze-drying as a white powder. Copolymers molar composition, molecular weight 

and polidispersity of molecular weight distribution and, glass transition temperature 

were determined by 1H-NMR, SEC and DSC, respectively (Supplementary Information). 

Determination of reactivity ratios. Reactivity ratios of the comonomers were 

determined by “in situ” 1H-NMR monitorization of the copolymerization reaction 

according to a previously described protocol. 9 Briefly, copolymerization reactions (FHNAP 

= 0.20, 0.40 and 0.60; initial concentration of monomer ([M]) = 0.25 м and [AIBN] = 0.015 

м) were carried out inside a NMR tube in the same experimental conditions as described 

above but using deuterated DMSO (DMSO-d6, Merck) as a solvent. A solution of DMF (10 

mgmL-1) in DMSO-d6 in a thin wall capillary tube introduced in the NMR tube was used 

as reference. Temperature was maintained at 60 °C using the apparatus (Varian Mercury 

400 MHz) heat control system. Signals were integrated using MestreNova 9.0 software 

and reactivity ratios were determined using the methodology described by Aguilar, M.R. 

et al. in 2002. 9  

Preparation and characterization of self-assembled nanoparticles.  

Self-assembled NPs were prepared via nanoprecipitation method. Briefly, 

copolymers were dissolved in a 8:2 (v:v, acetone:ethanol, Scharlau) solvents mixture at 

a concentration of 10 mg mL-1 and then added dropwise over a continuously stirred 

aqueous buffer solution at pH 4 (0.1 м Acetic Acid and 100 mм NaCl), a pH below the 

reported pKb of VI (i.e. 5.5-6.1). 37, 38 The resultant suspension was stirred overnight to 
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evaporate remaining organic solvent. NPs were stored in suspension at 4 °C. 

Hydrodynamic properties of NP suspension obtained by nanoprecipitation of the high 

molecular weight and the low molecular weight copolymers (HNAP26, HNAP60, 

HNAP84, and HNAP24, HNAP71, HNAP85, respectively) were measured right after 

preparation of NPs to optimize hydrophobic-hydrophilic balance for NPs self-assembly 

in aqueous medium. In order to establish proper preparation conditions of NPs, NP-L-

HNAP71 hydrodynamic properties were also measured at different final concentrations 

of NPs in aqueous suspension ([NPs]F = 1 mgmL-1 and 5 mgmL-1) and final volumes of the 

aqueous phase (VF = 10 mL, 20 mL and 30 mL). In addition, to establish proper storage 

conditions, they were measured at different pH values (4.0, 4.5, 5.0 and, 5.5) and time-

points (0 days, 7 days, 14 days, 21 days and, 28 days) (see supplementary information 

for detailed explanation). In particular, the particle size distribution of the NP 

suspensionwas determined by dynamic light scattering (DLS) using a Malvern Nanosizer 

NanoZS Instrument equipped with a 4 mW He-Ne laser (λ = 633 nm) at a scattering angle 

of 173°. Measurements of NP dispersions were performed in square polystyrene 

cuvettes (SARSTEDT) and the temperature was kept constant at 25 °C. The 

autocorrelation function was converted in an intensity particle size distribution with 

ZetaSizer Software 7.10 version, to get the mean hydrodynamic diameter (Dh) and the 

particle dispersion index (PdI) between 0 (monodisperse particles) and 1 (polydisperse 

particles) based on the Stokes−Einstein equation, assuming the particles to be spherical. 

For each sample, the statistical average and standard deviation of data were calculated 

from 3 measurements of 11 runs each one. The zeta potential (ξ) of NP dispersions was 

determined by laser Doppler electrophoresis (LDE) using a Malvern Nanosizer NanoZS 

Instrument. The ξ statistical average and standard deviations were calculated from 3 

measurements of 20 runs each one. Finally, scanning electron macroscopy (SEM) 

analysis of HNAP71 unloaded NPs was performed (supplementary information). 

Dexamethasone encapsulation. Dexamethasone (Dx, ≥98% pure; Aldrich, CAS 

Number: 50-02-2)-loaded NPs were also prepared by nanoprecipitation method. Dx 

(15% w/w with respect to the polymer) and the corresponding polymer (10 mg mL-1) 

were dissolved in a mixture 8:2 (v:v) acetone:ethanol and added dropwise to the 

previously mentioned aqueous buffer solution at pH 4 under magnetic stirring. The final 
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polymer concentration was 3.0 mg mL-1. The solution was dialyzed against 0.1 м Acetic 

Acid, 100 mм NaCl aqueous solution at pH 4 for 72 h in order to eliminate the organic 

solvent and soluble non-encapsulated Dx. The resultant NPs were filtered through 1 μm 

Nylon filters to remove remaining insoluble Dx. 

Encapsulation efficiency (%EE) and Loading Capacity (%LC). Dx-loaded NPs were 

freeze dried in order to eliminate aqueous phase. The obtained white amorphous 

powder was dissolved in 2 mL of a mixture 8:2 (v:v) acetone:ethanol to disassembly the 

nanoparticulated structure and release the encapsulated drug; and the organic solvent 

is let to evaporate overnight. After that, the copolymer-Dx mixture was dissolved in a 

mixture acetonitrile:water (v:v, 8:2) to precipitate the polymer. Samples were 

centrifuged at 10,000 rpm for 5 minutes at RT and supernatant was analyzed by HPLC 

(Dx, λabs = 239 nm). The encapsulation efficiency (EE) was defined as the ratio of detected 

experimentally and original concentration of Dx encapsulated in the inner core of the 

NP (Equation 1) and the loading capacity as the ratio of mass of Dx detected and mass 

of NPs (Equation 2). 

 (1) 

 (2) 

Cellular studies 

Cell culture. The RAW264.7 (murine macrophages) cell line was purchased from 

Sigma-Aldrich. Cells were maintained over permissive conditions in high-glucose 

Dulbecco’s modified Eagle’s medium (DMEM; Sigma, Saint Louis, MO, USA) 

supplemented with 10% fetal bovine serum (FBS; Gibco, BRL), 2% L-Glutamine (Sigma, 

Saint Louis, MO, USA) and Penicillin-G (Sigma, Saint Louis, MO, USA) at 37 ˚C in a 

humidified incubator with 5% CO2. 

Uptake of c6-labelled NPs by macrophages. C6-loaded NPs were used as a model 

to study macrophage uptake of the NPs in cell culture. RAW264.7 cells were seeded into 

6 well-plates (1.7 x 105 cells mL-1), in complete DMEM. The cells were incubated 
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overnight at 37 ˚C and 5% CO2. The medium was replaced with the corresponding NP 

suspension in DMEM (NPs:DMEM (1:5)) and incubated over different times from 1 h to 

24 h at 37 ˚C. Cells were harvested (and counted to normalize fluorescence/cell) at 1, 2, 

4, 6, 8 and 24 h after NPs addition, and were washed with cold PBS and centrifuged at 

10,000 rpm. Supernatant was discarded and cell’s pellet was lysate with ethanol to free 

internalized c6. Fluorescence of supernatant at 458/540 nm (excitation/emission) was 

measured by a Multi-Detection Microplate Reader Synergy HT (BioTek Instruments; 

Vermont, USA).  

In vitro cytotoxicity assay of NPs. 2 x 105 live cells mL-1 (100 µL per well) were seeded 

in a 96 well-plate under permissive conditions. After 24 h, cells were exposed to 

different concentrations of unloaded NAP NPs, 8Dx-NAP NPs suspension (0.25, 0.125, 

0.09, 0.045, 0.023 and, 0.011 mg mL-1), or free Dx; and cell viability was determined after 

24h of incubation. AlamarBlue (Invitrogen) was used to determine cell viability. 

Absorbance at 570 nm was measured by a Multi-Detection Microplate Reader Synergy 

HT (BioTek Instruments; Vermont, USA). The treatments were done in replicates (n = 8). 

Results of the experiments were expressed as percentage of relative cell viability (% 

respect to the control). 

Nitric Oxide (NO) assay. Briefly, 2 x 105 live cellsmL-1 (100 µL per well) were seeded 

in a 96 well-plate under permissive conditions. After 24 h cells were treated with 

lipopolysaccharide (LPS, 5 μg mL-1; from Escherichia coli O111:B4; CAS Number: 297-

473-0, Aldrich) and with different [NPs]F (0.125, 0.09, 0.045, 0.023, 0.011 mg mL-1) of 

unloaded NAP NPs, 8Dx-NAP NPs or free Dx at the concentration that is encapsulated 

on each sample. 24 h after free Dx or NPs addition, LPS-induced NO release was 

evaluated using Griess reagent kit (Aldrich) in order to determine the anti-inflammatory 

capacity of the developed formulations. Basically, during the Griess reaction dinitrogen 

trioxide (N2O3) generated from the acid-catalyzed formation of nitrous acid from nitrite 

(or autoxidation of NO) reacts with sulfanilamide to produce a diazonium ion which is 

then coupled to N-(1-napthyl) ethylenediamine to form a chromophoric azo product 

that absorbs strongly at 540 nm. The treatments were done in replicates (n = 8). Results 

were expressed as percentage of relative NO released (% respect to the control, cell 
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activated with LPS (LPS+)) normalized by the number of cells obtained by Alamar Blue 

assay and considering NO level of cells activated with LPS (LPS+) 100%. 

RNA extraction, reverse transcription, real-time quantitative PCR (RT-qPCR). The 

transcription of M1 (Il12b, Il23a, and Tnfa), M2 (Tgfb1, and Il10) and pro-angiogenic 

(Vegfa) related genes were investigated by quantitative RT-PCR.  RAW264.7 cells were 

incubated 24 h with or without LPS (500 ng mL-1) and either non-treated (LPS-) or treated 

with unloaded NAP-NPs (0.045 mg mL-1), 8%Dx-NAP-NPs (2.55 μм Dx and 0.045 mg mL-

1 NPs) or free Dx (2.55 μм). After 24 h, macrophages were washed with medium to 

eliminate non-internalized NPs or free Dx from the culture media and incubated in 

culture medium up to seven days. At day 1 and day 7, total RNA was extracted from cells 

using the PureLink RNA Mini Kit (Applied Biosystems) following manufacturer's 

instructions. 39 RNA concentration was determined by absorbance measurements at 260 

and 280 nm in a NanoDrop 1000 spectrophotometer (Thermo Scientific) and 40 ng 

RNA/sample were converted into cDNA using a MultiScribe reverse transcription-based 

reaction kit (Applied Biosystems) in the presence of a RNAse inhibitor (N8080119, 

Applied Biosystems) in a MyCycler thermocycler (Bio-Rad; with the following 

temperature profile: 25 °C-10 min, 37 °C-2h, 85 °C-5 min, 4 °C ∞). Specific primers were 

used for quantitative PCR. The list of specific primers used (all from Sigma) is provided 

in Table 1.   

Table 1. RT-qPCR primer list 

The reaction was performed using the Power SYBR Green PCR Master Mix (Applied 

Biosystems), in an ABI PRISM 7900HT Real-Time PCR System (Applied Biosystems; with 
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the following temperature profile: 95 °C-15 s, 60 °C-60 s, 40 cycles). Melting curves were 

generated in order to verify the specificity of the amplification (15 s, from 60 °C to 95 

°C). RT-qPCR expression data were analyzed according to the 2−ΔΔCt method 39 or as 2−ΔCt 

normalized to β-actin.  For global analysis, x fold change values were translated to a heat 

map representation with MeV software (Institute for Genomic Research, Rockville MD). 

Two-way analysis of variance (ANOVA) and Tukey test were applied to calculate the 

differences between the values. Values of p < 0.05 were considered statistically 

significant. The levels of significance are presented as * (p < 0.05), ** (p < 0.01) and *** 

(p < 0.001). All quantifications were performed in triplicate. 

Results and Discussion 

Synthesis and characterization of the methacrylic derivative of 
naproxen (HNAP)  

A methacrylic derivative of NAP (HNAP) was successfully synthesized (Scheme 2a) in 

mild conditions with yields above 90% and high purity after a simple purification 

procedure as confirmed by 1H-NMR spectroscopy (Figure 1).  

Figure 1. 1H-NMR spectrum of the product of the naproxen-based monomer synthesis. 

HNAP: 1H NMR (400 MHz, CDCl3) δH 7.66 – 7.51 (m, 3H), 7.32 (dd, J = 8.5, 1.9 Hz, 1H), 

7.12 – 6.98 (m, 2H), 5.87 (dq, J = 1.9, 1.0 Hz, 1H), 5.37 (p, J = 1.6 Hz, 1H), 4.32 – 4.13 (m, 

4H), 3.84 (s, 4H), 1.74 (dd, J = 1.6, 1.0 Hz, 3H), 1.51 (d, J = 7.2 Hz, 3H). 



Chapter 3 – Research paper 1 

 
 

102 
 

The linkage of NAP through the carboxylic group might improve safety profile as it 

has been reported as the main contributor to gastrointestinal adverse effects. 28 The 

resultant ester linkage is prone to hydrolysis under acidic conditions encountered in 

inflamed tissues where the pH is one point lower than physiological pH (i.e. about 6.4) 
21 and in lumen of lysosomes whenever sequestration by inflammatory cells occurs. 29 

Altogether may provide a pH-accelerated release of NAP at the inflamed area. 

Synthesis and characterization of copolymers of naproxen-based 
methacrylic monomer and 1-vinyl imidazole, poly(HNAP-co-VI) 

Previous works in our group have demonstrated that an amphiphilic gradient 

microstructure is obtained when copolymerizing low reactive vinylic monomers (e.g. 

vinyl-imidazole (VI)) and highly reactive methacrylic ones (e.g. HNAP) by free radical 

copolymerization. 30-32  

  

Scheme 2. Synthesis of a) the hydrophobic methacrylic derivative of naproxen (HNAP) 

through a carbodiimide mediated Steglich esterification reaction and; b) the copolymer 

poly(HNAP-co-VI) via free radical polymerization reaction in solution. 

Moreover, if the hydrophobic-hydrophilic balance is the appropriate one this 

microstructure may self-assemble into NPs in aqueous media having a hydrophobic core 

mainly formed by covalently linked NAP and a hydrophilic shell mainly formed by VI. 31 

As VI also presents protonable amine groups it may provide the desired positive surface 

charge to favor internalization by inflammatory cells. Accordingly, macromolecules with 
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two different molecular weights and 0.2, 0.5 and 0.8 feed molar composition of HNAP 

were prepared in order to determine the most appropriate molecular weight and 

hydrophobic-hydrophilic balance. The obtained copolymers are labeled according to 

their molecular weight (HMW or LMW) followed by their molar content in HNAP 

obtained by 1H-NMR. The chemical reactions carried out for the synthesis of HNAP a) 

and the copolymers b) are illustrated in Scheme 2. HNAP was successfully co-

polymerized with VI by free radical polymerization for all feed molar ratios as confirmed 

by the disappearance of the  1H-NMR signals corresponding to the vinyl protons of both 

monomers (CH2-VI at 4.9 and 5.45 ppm and CH2-HNAP at 5.6 and 5.9 ppm), the new 1H-

NMR signals resultant from the methylene protons of the backbone chains (CH3-m, CH2-l 

and CH2-n between 0.1 and 2.8 ppm) and the broadening of the signals as a result of the 

macromolecular nature of the copolymer (Figure 2). The copolymers molar composition 

was quantitatively determined from their corresponding 1H-NMR spectra by considering 

the signals between 0.1 and 2.8 ppm assigned to 8 protons of HNAP (CH3-m, CH3-i and 

CH2-l) and 2 protons of VI (CH2-n) and the signals between 6.5 and 8.0 ppm resultant from 

6 aromatic protons of HNAP (CH-b-g) and 3 aromatic protons of VI (CH-p,q,r).  

Figure 2. 1H-NMR spectrum of HNAP71 copolymer and the integrals used to compute 

copolymer molar composition. p(HNAP-co-VI) (71-29; HNAP-71): 1H NMR (400 MHz, 

DMSOd6) δH 7.89−6.45 (m, 9H (3VI + 6HNAP)), 4.53−3.39 (m, 8H (8HNAP)), 3.22-2.73 (s, 

1H (1VI)), 2.28−0.10 (m, 10H (2VI + 8HNAP)) 
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HNAP feed molar composition (FHNAP), homopolymer and copolymer HNAP molar 

composition (fHNAP), reaction yields, average molecular weight (Mw), polydispersity index 

(Đ) and glass transition temperature (Tg) of the synthesized copolymers are summarized 

in Table 1.  

Table 1. Summary of the main results of the physicochemical characterization of high 

and low molecular weight copolymers and homopolymers. 

a)Molar fraction of HNAP in the feed, b)molar fraction of HNAP in the copolymer, c)Molecular weight, d)Polidispersity of 
molecular weight distribution and e)glass transition temperature 

The polymerization successfully occurred in the whole range of compositions and 

with both initial monomer concentrations tested. Copolymers with molecular weights 

below 100 KDa were obtained when using a monomer initial concentration of 0.25 м 

and copolymers with molecular weights above this value resulted when using twice this 

initial monomer concentration as expected for a free radical copolymerization reaction. 
33 The differences among copolymer HNAP molar content (fHNAP) and feed HNAP molar 

content (FHNAP) can be attributed to the differences on the chemical reactivity of the 

monomers (see next section), and because total conversion of the polymerization was 

not reached. Moreover, it has been reported that copolymerization at high 

concentrations of VI are accompanied by a mild degradative addition reaction that 

depends on the interaction of the VI ring with the propagating radicals. 34 These relative 

degradative addition reactions may explain the low yields and low polydispersity indexes 
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obtained for copolymers with higher FVI and the increasing trend of molecular weights 

as FHNAP increases being this effect more significant in high monomer concentration 

reactions (i.e. HMW). Polydispersity index values and yields approaches to the typical 

ones for a conventional radical polymerization process as FHNAP increases. According to 

the obtained reactivity ratios (see next section) a pseudoblock microstructure was 

obtained, however only one Tg between the range of the Tg values of both 

homopolymers (i.e. pHNAP and pVI) was detected for all copolymers. This result 

indicates that microphase segregation was not produced or was not detected by the 

applied DSC method.  

Determination of Reactivity Ratios: Microstructural Analysis 

Reactivity ratios are kinetic parameters which measure the relative rate of addition of 

each comonomer to a growing copolymer chain and they allow the estimation of the 

copolymer average composition and the monomer sequence distribution. Those 

comonomers that differ in hydrophilicity and present very different reactivity ratios give 

rise to amphiphilic gradient microstructure by free radical copolymerization. 30, 32 

Accordingly, the most reactive one is incorporated first and the least reactive one is 

incorporated at the last stages of the copolymerization reaction. These copolymers self-

assemble in aqueous media leading to supramolecular structures (e.g. NPs). Reactivity 

ratios of the co-monomers (rHNAP and rVI) were determined by in situ 1H-NMR 

monitorization of the copolymerization reaction at three different feed molar 

compositions by following the disappearance of the vinyl protons signals of both co-

monomers, as previously described by Aguilar et al. 35 The data obtained were fit to a 

well-known integrated form of the differential copolymer equation defining the terminal 

model:  

 

 

Being [M]t and [M]o the molar concentration of monomer M at time t and the initial 

monomer concentration, respectively; and rM the reactivity ratio of monomer M.  The 

obtained reactivity ratios were rHNAP = 3.16 ± 1.2 and rVI = 0.31 ± 0.06 meaning that active 
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radicals incorporate HNAP monomer around 10 times faster than VI. These values were 

consistent with previously reported copolymerization reactions between VI and 

methacrylic derivatives using AIBN as free radical initiator [8, 10] and they revealed that 

the desired gradient microstructure is obtained. Figure S1 shows the surface 

copolymerization diagram representing the instantaneous HNAP incorporation to the 

growing chain as a function of conversion and HNAP feed molar composition. 

Macromolecules rich in the most reactive monomer (HNAP) are formed at low 

conversions, and after most HNAP is consumed, VI-rich copolymer chains are formed. 

Few chains with intermediate compositions are obtained. 

Preparation and characterization of self-assembled polymeric 
nanoparticles 

NPs were obtained by nanoprecipitation method in aqueous media for all the 

prepared copolymers. Results of hydrodynamic diameter (Dh, by intensity) and 

polydispersity index (PdI) obtained by DLS and zeta potential (ξ) values obtained by LDE 

are summarized in Table 2.  

Table 2. Hydrodynamic properties of nanoparticles based on HNAP26, HNAP60, 

HNAP84, and HNAP24, HNAP71, and HNAP85 measured by Dynamic Light Scattering and 

Laser Doppler Electrophoresis. 

a)Hydrodynamic diameter, b)Polydispersity Index and c)z-potential 

NPs were labeled as the copolymers that were used in their preparation. High 

molecular weight copolymers did not lead to the formation of stable NP because of their 

poor solubility in the organic phase. Both copolymer composition and molecular weight 
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played a key role in the NP stability and polydispersity, being PdI>0.3 for all the NP 

obtained with HMW copolymers. The formation of stable NPs was only feasible for LMW 

formulations with fHNAP lower than 0.80. HNAP85-based NPs and NPs based on HMW 

copolymers presented high polydispersity indexes and precipitation of the copolymer 

was observed shortly after preparation. VI is located at the surface of the NPs as 

indicated by the positive surface charge. Moreover, the ξ values around + 30 mV for the 

HNAP71-based formulation are indicative of good stability in suspension. 37 NP-L-

HNAP71 showed spherical morphology (Figure 3), a hydrodynamic diameter of 140 nm 

(i.e. between 100 and 200 nm), and positive surface charge (ξ = +28.8 mV). Therefore, 

NP-L-HNAP71 presented the most suitable hydrodynamic properties for passive 

accumulation 22, 38 and improved retention at inflamed areas 24, 25 according to 

bibliography.  

 

Figure 3. Scanning Electron Microscopy micrograph showing morphology of NP-L-

HNAP71. 

Table 3. Hydrodynamic properties of nanoparticles based on HNAP71 at different final 

concentration of nanoparticles in the aqueous phase and at different final volumes. 
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a)Concentration of NPs in the aqueous phase and b)concentration of the copolymer in the organic phase c)hydrodynamic 
diameter, d)polydispersity and e)zeta potential 

NP diameter slightly varied (i.e. ± 5-10 nm) with [NPs] on the aqueous phase or with 

final volume keeping the values within the ranges that facilitate their sequestration by 

inflammatory cells. However, the particles diameter significantly increased up to 20 nm 

when the concentration of copolymer in the organic phase changes from 10 mg mL-1 to 

15 mg mL-1 (Table 3).   

VI ionizable groups played a key role in the NP stability as a function of pH. Figure 4a 

shows the size distribution and the ξ values of the HNAP71 nanoparticulated system at 

different pH. When pH 5.0 is reached, it is observed a broadening of the size distribution 

and a significant increase in the intensity of the peak in the microscale suggesting the 

agglomeration of NPs that may be attributed to the decrease in the surface charge and, 

hence, to the reduction of the electrostatic repulsion between particles as the pH 

approaches to the pKb of VI (pKb = 5.0-6.0). The phenomenon is partially reversible as 

when pH was reduced to 4.0 original hydrodynamic properties are recovered. Based on 

these results and on the previously reported strong buffering capacity of VI, 39, 40 it was 

necessary the use of 0.1 м Acetic Acid to keep pH value constant avoiding NPs 

agglomeration and maintaining their stability over time. Figure 4b shows that there are 

no significant changes on the hydrodynamic properties of HNAP71 NPs obtained at pH 

4 and stored during 4 weeks at 4 °C.  Furthermore, NPs recover their initial 

hydrodynamic properties after freeze-drying and dispersion in the buffer solution at pH 

4.0 only if they are sonicated for 10 minutes with an ultrasound tip (30% amplitude) 

(Figure 4c). Therefore, size and morphology of the particles could be modulated by 

controlling the molar composition of the copolymers and the concentration of 

copolymer in the organic phase and NPs can be stored at 4 °C and pH 4.0 for at least one 

month or in powder.  
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Figure 4. Size distribution (by intensity) and z-potential (ξ) of NPs based on HNAP71 

measured a) at different pH values, b) at pH 4 and 4 ºC for different periods of time and; 

c) before freeze-drying (dashed line) and after freeze-drying and tip sonication for 10 

minutes (solid line).  

Dexamethasone loaded NPs 

Dx was encapsulated in NP-L-HNAP71 with encapsulation efficacy of 8% and loading 

capacity of 2% showing a diameter increase of 18 nm which translates into a reduction 

on the surface area-to-volume ratio and hence, lead to a decrease of the surface charge 

(Table 4).  

Table 4. Summary of encapsulation efficiency, loading capacity and hydrodynamic 

properties of unloaded and, dexamethasone-loaded nanoparticles prepared with L-

HNAP71 copolymer 

 a)Encapsulation Efficiency, b)Loading capacity, c)hydrodynamic diameter, d)polydispersity and e)zeta potential 
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Uptake of c6-labelled NPs by macrophages 

 

Figure 5. a) Fluorescence micrograph of c6-NAP NP internalized by RAW264.7 

macrophages; and b) quantification of the internalized c6 by RAW264.7 when treated 

with c6-NAP NP for different periods of time. The diagram includes the mean and the 

standard deviation (n = 3). 

Fluorescent c6-loaded NPs (Table S1) were used to monitor cellular internalization by 

RAW264.7 macrophages over 24 h of exposure. Figure 5 shows that the NPs uptake by 

RAW264.7 macrophages increases linearly over time and fluorescence images 

confirmed the successful internalization of the NPs when in suspension. These results 

are in accordance with recently reported fast uptake of NAP-containing NPs by THP1-

derived macrophages. 41 The uptake of nanoparticles by inflammatory cells is critical to 

retain them in the inflamed tissue and, in this work, hydrodynamic properties were 

adjusted to enhance the ELVIS effect according to bibliography, i.e. hydrodynamic 

diameters between 100 and 200, positive zeta potential, and spherical shape. 22-25 

In vitro cytotoxicity assay of NPs 

Cytotoxicity of 8Dx-NAP NPs was studied and compared with the free Dx at a 

concentration equal to the Dx encapsulated in 8Dx-NAP (i.e. 56.66 μм of Dx per 1 mg 



Chapter 3 – Research Paper 1 

   
111 

 

mL-1 of NPs) and NAP NP using RAW264.7. None of the assayed NP or Dx concentrations 

resulted on a reduction in viability of RAW264.7 higher than 30% (ISO 10993-5:2009) 

after 24h. 8Dx-NAP NPs (dashed white) and unloaded NAP NPs (black) formulations 

showed non-statistically significant differences (*p < 0.05) with respect to the control 

(CP i.e. cells in culture medium, LPS-) at any of the tested concentrations but the highest 

one (0.25 mg mL-1) in case of NAP NPs and the two highest ones (0.25 and 0.125 mg mL-

1) in case of 8Dx-NAP NPs. However, free Dx (red) presented significant differences with 

the control at all tested concentrations.  These results suggest that encapsulated Dx 

presents lower cytotoxicity than free-Dx (Figure 6), however, no statistically significant 

differences were found between these two groups after 24 h of incubation.  

 

Figure 6. Cell viability of RAW264.7 macrophages treated with different concentrations 

of unloaded NPs (NAP NPs, black), Dx-loaded NAP NPs (8Dx-NAP NPs, white) or free Dx 

(red) over 24 h. The diagrams include the mean, the standard deviation (n = 8), and the 

ANOVA results (*p < 0.05 statistically significant difference with cells treated with media 

(LPS-, top of the bars) and between the different systems (brackets): NAP NPs, 8Dx-NAP 

NPs and free Dx). 
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In vitro anti-inflammatory and anti-angiogenic activity of NPs 

Nitric Oxide (NO) assay. LPS-induced NO release was measured after 24 h of LPS 

administration and challenged with different concentrations of 8Dx-NAP NPs, unloaded 

NAP NPs or free Dx (Figure 7). 

 

Figure 7. NO release by RAW264.7 macrophages after 24 h with no treatment (LPS-), 

treatment with LPS alone (LPS+), and treatment with LPS and different concentrations 

of unloaded NAP NPs (black), 8Dx-NAP NPs (white) or free Dx (red) suspension. The 

diagrams include the mean, the standard deviation (n = 8), and the ANOVA results (*p < 

0.05 and **p < 0.01 statistically significant difference with LPS+ cells (on top of the bars) 

or between NAP NPs, 8Dx-NAP NPs and free Dx (brackets)). 

After 24 h of incubation, free Dx and 8Dx-NAP reduced NO release in a statistically 

significant manner at all tested concentrations whereas unloaded NAP NPs counteract 

LPS-induced NO release in a statistically significant (*p < 0.05) way with respect to LPS 

treated cells (LPS+) at all concentrations but 0.09 and 0.045 mg mL-1 (Figure 7). At NPs 

concentration between 0.125 and 0.023 mg mL-1, it is observed a statistically significant 

(*p < 0.05) reduction of NO released levels when comparing unloaded NAP NPs and 8Dx-

NAP NPs. Moreover, for this range of concentrations 8Dx-NAP NPs and free Dx present 
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non-significant differences in terms of reduction of %NO-release. These results 

demonstrate that encapsulation does not diminish Dx capacity to reduce NO-release 

levels at NPs concentrations between 0.125 and 0.023 mg mL-1. A concentration of NP 

of 0.045 mg mL-1 was chosen for further experiments as it was the lowest non-toxic 

concentration of NPs in which most significant differences between unloaded NPs and 

Dx-loaded NPs were observed. 

Reverse transcription, real-time quantitative PCR (RT-qPCR) analysis. Figure 8a 

and Figure 8b, respectively, show the fold change in transcript levels of Tnfa, Il12b and 

Il23a (M1 markers) and Vegfa (angiogenesis and M2 marker), Tgfb1 and Il10 (M2 

markers) determined by RT-qPCR after 1 day and 7 days of treatment. Results are 

expressed relative to the corresponding level of expression of each transcript in the 

untreated sample (i.e. only culture media, LPS-) and they are the graphical presentation 

of the mean and standard deviation (mean ± SD, Table S2) of two independent samples 

(n = 2). The heat map in Figure 8c showed that after 24 h of treatment with 8Dx-NAP 

NPs or NAP NPs, all M1 markers were under-expressed (green) or equally expressed 

(black) when compared to the untreated sample showing no M1-polarization at this time 

point. In contrast, all genes but Il12b were overexpressed (red) after 7 days post 

treatment with any of the nanoparticulated systems tested. However, the statistical 

analysis revealed no significant differences in the expression of Tnfa or Il23a between 

systems and that only Tnfa expression and IL23a expression after 7 days of treatment 

with Dx-loaded NPs and free Dx, respectively, were significantly higher when compared 

to the untreated sample (LPS-). The Tnfa increased level after long-term treatment 

might be related with the presence of an NSAID in the system, an extensively reported 

effect related to important gastrointestinal side effects. 42 Basically, NSAIDs counteract 

prostraglandin-E2 (PGE2) overproduction and hence, reduce PGE2 positive feedback on 

TNF-α level. 43 This effect was not observed after 24 hours of treatment as with other 

previously described free NSAIDs treatments. 44 However, after 7 days, Tnfa levels 

increased in an evident and comparable manner for the three systems under study and 

significant differences with respect to the untreated control (LPS-) were only observed 

for the system combining NAP/Dx. Therefore, the linkage of the NSAID to the polymeric 

structure and its controlled release delays the onset of this response whereas Dx 
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encapsulation did not counteract it. In fact, this effect is even increased by NAP/Dx 

combination because Dx is a glucocorticoid that inhibits phospholipase A2, an upstream 

mediator in the production of prostaglandins from AA, and hence, it can ultimately 

contribute to a further reduction of PGE2 levels. 45 All in all, the most interesting result 

was the almost knockdown of Il12b expression when treating RAW264.7 macrophages 

with 8Dx-NAP NPs. According to the heat map, Dx in its free form inhibited Il12b 

expression levels at both time points tested. NAP NPs also inhibit Il12b expression (1 

day) or kept it at basal levels (7 days). However, statistically significant differences were 

only observed after treatment with the Dx/NAP nanoparticulated system. In fact, there 

was a clear synergistic effect in the trans-repression of this gene when encapsulating Dx 

in NAP-bearing NPs. It has been reported that Il12b-/- mice are completely protected 

from CIA. 46 Therefore, if this synergistic repression of Il12b occurs also under 

inflammatory conditions, it might be the reason for the Dx dose-sparing capacity of NAP 

in the treatment of this disease. On the other hand, Figure 8b shows that, as expected, 

no statistically significant over-expression of M2 markers is observed for either free Dx 

or encapsulated Dx (2.55 μм) as the concentration of Dx is higher than 100 nм which is 

the reported limit concentration for polarization. 12 At concentrations higher than 100 

nм, Dx is expected to reduce Vegf expression, a major contributor to macrophage-

derived angiogenic activity, 17 and also Il10 expression contributing to reduction of 

allergic inflammation in the treatment of allergic diseases. 47 This anti-angiogenic 

capacity described for Dx in several cell lines 15, 48 is clearly observed after 7 days when 

it is in its free form (free Dx) but not when encapsulated (8Dx-NAP-NPs). The same 

occurs with the Il10 transrepression which was clearly observed in Dx on its free form at 

both time points studied but was not occurring when cells were treated with 8Dx-NAP-

NPs instead. Therefore, encapsulation and controlled release of the drug or its 

combination with NAP is causing retardation or suppression of anti-angiogenic activity 

and transrepression of Il10. The reduction of Il10 repression caused by Dx when 

combining it with NAP might be related to the observed synergistic repression of Il12 as 

it has been reported that blockage of IL10 translates into IL12 overproduction. 
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Figure 8. Quantitative real-time PCR data. Fold change in gene expression levels with 

respect to control (cells treated with medium, LPS-) of a) M1 markers or b) M2 markers 

in non-inflamed samples treated with free dexamethasone (free Dx, 2.55 μм), Dx-loaded 

naproxen-bearing NPs (8Dx-NAP NPs, 2.55μм Dx and 0.045 mg mL-1 NPs) and unloaded 

naproxen-bearing NPs (NAP NPs, 0.045 mg mL-1) for 1 day or 7 days. Results are 

expressed relative to the corresponding level of expression of each transcript in the 

untreated sample (i.e. only culture media). Data are presented as mean fold changes in 

gene transcript levels (mean ± standard deviation) in two independent biological 

samples per system (three experimental replicates per biological sample), and the 

ANOVA results (# - comparison between day 1 and day 7 conditions, #p < 0.05 and ###p 

< 0.001; * - comparison between systems at the same time point, **p < 0.01 and ***p 

< 0.001). 

Finally, as Il12b is primarily produced by activated macrophages, to confirm Dx/NAP 

synergistic effect under simulated inflammatory conditions, macrophages are polarized 

to M1 pro-inflammatory phenotype by LPS-stimulation. 49 At the same time, they are 

treated with either culture media (LPS+), free Dx (2.55 μм), unloaded NPs (0.045 mg mL-

1) or Dx-loaded NPs (2.55μм Dx and 0.045 mg mL-1 NPs). Again, the expression of M1 
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marker genes was expressed relative to the corresponding level of expression of each 

transcript in the untreated sample (Figure 9). When comparing to the inflamed control 

(LPS+), after 24 hours of treatment with NAP NPs transcript levels of pro-inflammatory 

cytokines were not altered. However, free Dx and 8Dx-NAP NPs treatment significantly 

reverse M1 polarization. Therefore, the short-term activity of the system is attributed to 

Dx release. Moreover, the system combining covalently linked NAP and physically 

entrapped Dx (8Dx-NAP NPs) reduced in a highly significant manner the levels of Il12b 

at both time points reproducing the previously obtained results in normal tissue 

conditions. The significantly increased expression levels of Tnfa that is clearly observed 

in Dx/NAP combining system might also play a role on Il12b synergistic repression. Some 

authors reported that this increase in Tnfa is not necessarily pathogenic but it could be 

beneficial as it regulates adaptive immune response via inhibition of IL12 and IL23. 50 

These results support this affirmation and suggest that Tnfα induced inhibition of IL12 

and IL23 occurs through repression of Il12b gene, a gene codifying for IL12-p40 subunit. 

 

Figure 9. Quantitative real-time PCR data. Gene transcript levels of M1 markers in 

inflamed samples (500 ng/mL of LPS) treated with just LPS (LPS+) or LPS and free 

dexamethasone (free Dx, 2.55 μм), Dx-loaded naproxen-bearing NPs (8Dx-NAP NPs, 2.55 

μм Dx and 0.045 mg mL-1 NPs) and unloaded naproxen-bearing NPs (NAP NPs, 0.045 mg 

mL-1) for 1 day or 7 days. Results are expressed relative to the corresponding level of 

expression of each transcript in the untreated sample (LPS-). Data are presented as 

mean fold changes in gene transcript levels (mean ± standard deviation) in two 
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independent biological samples per system (three experimental replicates per biological 

sample), and the ANOVA results (# - comparison with LPS+ control, #p < 0.05 and ###p 

< 0.001; * - comparison with untreated LPS- control, *p < 0.05, **p < 0.01 and ***p < 

0.001) 

The study at the molecular level of the expression of specific markers of autoimmune 

diseases confirmed that the combination of NAP and Dx translates into a synergistic 

reduction of Il12b transcript levels either in normal or inflammatory conditions. Il12b 

gene transcribes for the IL12-p40 subunit that is common for IL12 and IL23. IL12 is 

decisive in regulating lineage commitment to T helper 1 cells (Th1) development, 

whereas IL23 is essential for the maturation and stability of IL17-producing T helper 17 

cells (Th17). 46 Therefore, Dx/NAP combination and, in particular, the newly described 

Dx-loaded NAP bearing NPs have potential for the treatment of diseases in which IL12 

and IL23 are overexpressed and Th1 and Th17 play a key role in pathogenesis. That is 

the case of autoimmune/inflammatory disorders like Crohn’s disease, ulcerative colitis, 

psoriatic arthritis, rheumatoid arthritis, human multiple sclerosis, psoriasis… 51, 52 This 

combination of FDA-approved drugs acts at a genetic level inhibiting Il12b expression 

levels by macrophages, a IL12-p40 subunit codifying gene, and, hence, decreasing IL12 

and IL23 levels. This could offer an alternative to an antibody (Sterala© (ustekinumab)) 

recently approved by the FDA for the treatment of Crohn’s disease, psoriasis, psoriatic 

arthritis and plaque psoriasis. This monoclonal antibody blocks IL12-p40 subunit 

preventing IL12 and IL23 binding to their receptors. 53, 54 

Conclusions 

New self-assembled bioactive NAP-containing polymeric NPs loaded with Dx were 

successfully prepared. Hydrodynamic properties and surface charge were optimized to 

favor accumulation and retention at inflamed areas. In vitro biological tests with 

RAW264.7 macrophages demonstrated fast sequestration of c6-loaded NPs. Moreover, 

the system was non-cytotoxic and Dx encapsulation does not compromise the NO 

reduction capacity at any of the tested concentrations. Finally, the most interesting 

result was the synergistic reduction of Il12b transcript levels when combining Dx and 

NAP. A clear Dx dose-sparing capacity of NAP was observed in terms of Il12b repression 
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which makes this combination highly interesting in the treatment of 

autoimmune/inflammatory diseases in which IL12 or IL23 are overexpressed and Th1 

and Th17 cells play a key role in pathogenesis. This drug delivery system has been 

designed, according to bibliography, to have potential to achieve better spatiotemporal 

localization of Dx/NAP combination at inflamed areas and, by the synergistic reduction 

of Il12b transcript levels, to improve the treatment of a wide range of autoimmune 

diseases. 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 

Detailed information of materials and methods; and results and discussion. Table S1. 

Summary of encapsulation efficiency, loading capacity and hydrodynamic properties of 

unloaded, coumarin-6-loaded and dexamethasone-loaded nanoparticles prepared with 

L-HNAP71 copolymer. Figure S1. Surface diagrams representing the variation of the 

instantaneous molar fraction of HNAP in the copolymer. Table S2. Quantitative real-time 

PCR data. Gene transcript levels of M1 and M2 markers (with or without LPS), treated 

with free dexamethasone (free Dx, 2.55 μм), Dx-loaded naproxen-bearing NPs (8Dx-NAP 

NPs, 2.55μм Dx and 0.045 mg mL-1 NPs) and unloaded naproxen-bearing NPs (NAP NPs, 

0.045 mg mL-1) for 1 day or 7 days. Data are presented as mean and standard deviation 

(mean ± SD) of the average log2 variation compared to untreated cells (LPS-) in 3 

independent experiments, each quantified in triplicate (see Figure 8 and 9). 
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Materials and methods 

Synthesis and characterization of copolymers of naproxen-based 
methacrylic monomer and 1-vinyl imidazole, poly(HNAP-co-VI). 

Proton Nuclear Magnetic Resonance (1H-NMR) of the obtained copolymers were 

performed in a Varian Mercury apparatus operating at 400 MHz. Spectra were recorded 

by dissolving the samples in DMSO-d6 at 25 ºC. Copolymers composition was calculated 

using MestreNova 9.0 from the 1H-NMR integral between 7.92-6.47 ppm corresponding 

to the aromatic protons of both monomers and the integral between 2.28-0.1 ppm 

which corresponds to protons of the methyl groups i and m of HNAP and protons l and 

n from the main hydrophobic carbon chain of HNAP and VI, respectively (Figure 2).  

Size exclusion chromatography (SEC). Copolymers apparent average molecular 

weight (Mn and Mw) and polydispersity index (Ð) were determined by size exclusion 

chromatography (SEC), using a Perkin-Elmer Isocratic LC pump 250 coupled to a 

refraction index detector (Series 200). Two Resipore columns (250 mm x 4.6 mm, Varian) 

were used as solid phase, and degassed chromatographic grade dimethylformamide 

(DMF, Scharlab, 0.7 mLmin-1) with LiBr (0.1 % w/v) was used as eluent and temperature 

was fixed at 70 ºC. Monodisperse PMMA standards (Scharlab) with molecular weights 

between 10,300 and 1,400,000 Da were used to obtain the calibration curve. Data was 

analyzed using the Perkin-Elmer LC solution program.  

Differential scanning calorimetry (DSC). Glass transition temperatures (Tg) were 

determined by differential scanning calorimetry (DSC) with a Perkin Elmer DSC8500 
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interfaced to a Pyris thermal analysis data system. Dried samples (3-5 mg) were placed 

in aluminium pans and heated from -20 to 120 ºC (200 ºC in case of poly(VI)) at a 

constant speed of 20 ºCmin-1. Tg was taken as the midpoint of the heat capacity 

transition. 

Preparation and characterization of self-assembled nanoparticles  

Scanning electron microscopy NPs morphology characterization. To determine 

NPs shape, a SEM analysis of HNAP71 unloaded NPs was performed with a Hitachi 

SU8000 TED, cold-emission FE-SEM microscope working with an accelerating voltage 1 

kV-D. Sample preparation consisted in the deposition of one drop of the corresponding 

NPs suspension (0.02 mgmL-1) over a small glass disk (12 mm diameter) and evaporation 

at room temperature. Gold palladium alloy (80:20) was used to coat the samples prior 

to examination by SEM. 

Optimization of final NP concentration ([NPs]F) and final volume (VF). Different 

final concentrations of NPs in aqueous suspension ([NPs]F = 1 mgmL-1 and 5 mgmL-1) and 

three different final volumes of the aqueous phase (VF = 10 mL, 20 mL and 30 mL) were 

tested. Hydrodynamic properties were measured to determine the largest volume and 

final concentration that can be prepared keeping hydrodynamic properties within the 

appropriate ranges for cell uptake by inflammatory cells. 

Optimization of storage conditions. A pH study was performed to determine the 

aggregation pH of the systems and set the appropriate storage pH. NPs were prepared 

at pH = 4.0 and hydrodynamic properties were measured. pH was increased by 0.5 via 

the addition of 1 м NaOH aqueous solution and size distribution and ξ were measured. 

The procedure was repeated until the aggregation pH was reached. After that, the pH 

was set to 4.0 again to check reversibility of the aggregation phenomenon. Samples size 

distribution and ξ were measured every week up to one month to demonstrate NPs 

stability when stored in suspension at 4 °C and at the most suitable storage pH. NPs were 

freeze-dried after preparation and dispersed in the same volume of 0.1 м acetic acid 

buffer solution. The suspension was then subjected to manual shaking and ultrasound 
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bath/tip sonication (30 % amplitude) for 10 minutes. After sonication, size distribution 

of NPs was measured to check redispersibility. 

Preparation of c6-loaded NPs. Coumarin-6(c6)-loaded NPs were also prepared by 

nanoprecipitation method. c6 (Aldrich, 1% w/w with respect to the polymer) and the 

corresponding polymer (10 mg mL-1) were dissolved in a mixture 8:2 (v:v, 

acetone:ethanol) and added dropwise to the aqueous buffer solution (0.1 м NaCl, 0.1 м 

Acetic Acid) at pH 4 under magnetic stirring. The final polymer concentration was 3.0 

mgmL-1. The solution was dialyzed against the same aqueous buffer solution at pH 4 for 

72h in order to eliminate the organic solvent and soluble non-encapsulated c6. The 

resultant NPs were filtered through 1 μm Nylon filters to remove remaining insoluble 

c6. 

C6 encapsulation efficiency (%EE) and Loading Capacity (%LC). c6-loaded NPs were 

freeze dried in order to eliminate aqueous phase. The obtained white amorphous 

powder was dissolved in 2 ml of a mixture 8:2 (v:v) acetone:ethanol to disassembly the 

nanoparticulated structure and release the encapsulated drug; and the organic solvent 

is let to evaporate overnight. After that, the copolymer-c6 samples in ethanol to 

precipitate the polymer. Samples were centrifuged at 10.000 rpm for 5 minutes at RT 

and supernatant was analyzed by UV spectrophotometry (c6, λabs = 459 nm). The 

encapsulation efficiency (EE) was defined as the ratio of detected experimentally and 

original concentration of c6 encapsulated in the inner core of the NP (Equation 1S) and 

the loading capacity as the ratio of mass of c6 detected and mass of NPs (Equation 2S). 

 (1S) 

 (2S) 

Results 

C6-loaded NPs to monitor cellular uptake of NPs 

C6 was used as a fluorescent probe in NPs internalization cellular studies. HNAP71-

based NPs encapsulate c6 with low loading capacity (%LC = 0.92) to avoid fluorescence 
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quenching of the signal. Encapsulation efficiency higher than 90% was achieved 

(Encapsulation Efficiency (%EE) = 92%) and only an increase in 10 nm on the NPs 

diameter was observed with no significant changes in surface charge (table S1). 

Table S1. Summary of encapsulation efficiency, loading capacity and hydrodynamic 

properties of unloaded, coumarin-6-loaded and dexamethasone-loaded nanoparticles 

prepared with L-HNAP71 copolymer 

 a)Encapsulation Efficiency, b)Loading capacity, c)hydrodynamic diameter, d)polydispersity and e)zeta potential 

Determination of the reactivity ratios 

 

Figure S1. Surface diagrams representing the variation of the instantaneous molar 

fraction of HNAP in the copolymer. 

qRT-PCR 

Table S2. Quantitative real-time PCR data. Gene transcript levels of M1 and M2 markers 

(with or without LPS), treated with free dexamethasone (free Dx, 2.55 μм), Dx-loaded 

naproxen-bearing NPs (8Dx-NAP NPs, 2.55μм Dx and 0.045 mgmL-1 NPs) and unloaded 
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naproxen-bearing NPs (NAP NPs, 0.045 mgmL-1) for 1 day or 7 days. Data are presented 

as mean and standard deviation (mean ± SD) of the average log2 variation compared to 

untreated cells in 3 independent experiments, each quantified in triplicate (see Figure 

8a, Figure 8b and Figure 9a). 
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Abstract 

Polymeric nanoparticles that combine dexamethasone and naproxen reduce inflammation 

and synergistically inhibit Interleukin-12b (Il12b) transcription in macrophages. This effect can 

be the result of a cyclooxygenase-dependent or a cyclooxygenase-independent mechanism. The 

aim of this work is to obtain potent anti-inflammatory polymeric nanoparticles by the 

combination of dexamethasone and ketoprofen, one of the most efficient cyclooxygenase-

inhibitors among non-steroidal anti-inflammatory drugs, with appropriate hydrodynamic 

properties to facilitate accumulation and co-release of drugs in inflamed tissue. Nanoparticles 

are spherical with hydrodynamic diameter (117 ± 1 nm), polydispersity (0.139 ± 0.004), and 

surface charge (+30 ± 1 mV), which confer them with high stability and facilitate both 

macrophage uptake and internalization pathways to favor their retention at the inflamed areas 

and lysosomal degradation and drug release, respectively. In vitro biological studies concluded 

that the dexamethasone-loaded ketoprofen-bearing system is non-cytotoxic and efficiently 

reduces lipopolysaccharide-induced nitric oxide release. The RT-qPCR analysis shows that the 

ketoprofen nanoparticles were able to reduce to almost basal levels the expression of tested 

pro-inflammatory markers and increase the gene expression of anti-inflammatory cytokines 

under inflammatory conditions. However, the synergistic inhibition of Il12b observed in 

nanoparticles that combine dexamethasone and naproxen was not observed in nanoparticles 

that combine dexamethasone and ketoprofen, suggesting that the synergistic trans-repression 

of Il12b observed in the first case was not mediated by cyclooxygenase-dependent pathways. 

 

Keywords: Interleukin12-p40 subunit, M1 and M2 markers, dexamethasone, inflammation, 

ketoprofen, macrophages, nanoparticles.  



Chapter 4 – Research Paper 2 
 

 
 

132 

 

Introduction 

Interleukin-12 (IL12) and interleukin-23 (IL23) have recently emerged as therapeutic 

targets in the treatment of autoimmune/inflammatory diseases and chronic 

inflammatory diseases in which the T cell dominates as the primary dysfunctional cells. 

1,2,3 IL12 and IL23 are mainly produced by antigen-presenting cells like macrophages and 

dendritic cells, and they play a key role in naïve T-cells differentiation to Th1 and Th17 

cells, respectively. 4 Their combined inhibition has demonstrated potential in the 

treatment of a wide range of autoimmune/inflammatory diseases. 5-8 In 2000, it was 

discovered that IL12 and IL23 share the IL12-p40 subunit, 9 and since then, its inhibition 

has become of therapeutic relevance. In fact, the FDA has recently approved Sterala 

(ustekinumab), a monoclonal antibody against this IL12-p40 subunit, for the treatment 

of Crohn’s disease, psoriasis, psoriatic arthritis, and plaque psoriasis. 8,10 In a previous 

work, our group demonstrated that the nanoparticles (NPs) combining naproxen (NAP) 

and dexamethasone (Dx) have a synergistic effect on the repression of Il12b transcript 

levels, the gene that codifies for IL12-p40 in macrophages. 11 However, the mechanism 

for this synergistic inhibition was not elucidated. Currently, it is widely accepted that 

beneficial effects of non-steroidal anti-inflammatory drugs (NSAIDs) are mainly 

mediated by cyclooxygenase (COX)-dependent mechanisms but also via COX-

independent pathways. 12 In fact, NSAIDs are known to exert anti-inflammatory effects 

through COX inhibition, ERK, JNK and p38 MAPK pathways, and 5-lipoxygenase (5-LO) 

pathways, among others. 13 There are reports of modulation of Il12b expression in 

antigen-presenting cells (i.e. macrophages and dendritic cells, mainly) through all the 

aforementioned pathways. 13-17 NSAIDs as potent COX inhibitors, reduce the metabolism 

of arachidonic acid (AA) through the COX-dependent pathway reducing production of 

prostaglandins. However, accumulation of AA leads to increased metabolism through 

the 5-LO alternative pathway. 18 On the other hand, Dx inhibits phospholipase A2 (PLA2), 

the enzyme that mediates the production of AA from membrane phospholipids, 

reducing AA accumulation and both COX and 5-LO metabolic pathways. 19 Furthermore, 

regarding COX-independent mechanisms, Dx has been demonstrated to inhibit Il-

12p40 expression in LPS-stimulated human monocytic cells by down-regulating the 

https://www.mdpi.com/1999-4923/12/8/723/htm#B1-pharmaceutics-12-00723
https://www.mdpi.com/1999-4923/12/8/723/htm#B5-pharmaceutics-12-00723
https://www.mdpi.com/1999-4923/12/8/723/htm#B9-pharmaceutics-12-00723
https://www.mdpi.com/1999-4923/12/8/723/htm#B8-pharmaceutics-12-00723
https://www.mdpi.com/1999-4923/12/8/723/htm#B13-pharmaceutics-12-00723
https://www.mdpi.com/1999-4923/12/8/723/htm#B13-pharmaceutics-12-00723
https://www.mdpi.com/1999-4923/12/8/723/htm#B17-pharmaceutics-12-00723
https://www.mdpi.com/1999-4923/12/8/723/htm#B18-pharmaceutics-12-00723
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activation of JNK MAPK pathway. 20 According to that, NSAIDs/Dx synergistic 

suppression of Il12b expression could be the result of a COX-dependent or COX-

independent mechanism. This work aims to prepare a new family of nanoparticle 

systems that combine physically entrapped Dx and covalently linked ketoprofen (KT), a 

well-known NSAID presenting several orders of magnitude lower IC50(COX) than NAP, 21,22 

in order to obtain a system with a potent anti-inflammatory capacity and to elucidate if 

the COX-dependent mechanism plays a key role in the synergistic Il12b repression 

observed for the Dx/NAP system. 11 For this purpose, a methacrylic derivative of KT was 

prepared and copolymerized with 1-vinyl-imidazole (VI) by free radical polymerization 

obtaining a pseudo-gradient microstructure that enables self-assembly into NPs in 

aqueous media. The stability of the system and most suitable storage conditions were 

evaluated as a function of concentration, pH, final volume, and freeze-drying. 

Hydrodynamic properties and surface charge of the NPs were optimized in order to favor 

macrophage uptake and the endocytic pathways for lysosomal targeting. Macrophage 

rapid uptake will favor the enhanced leaky vasculature and inflammatory cells 

sequestration (ELVIS) effect, 11 and lysosome was considered the most appropriate 

organelle to favor enzymatic degradation and pH-mediated co-delivery of the two drugs 

incorporated in the NPs. 23 Dx encapsulation efficiency was also evaluated by HPLC. 

Finally, biological activity of the system was studied by determining cytotoxicity, changes 

in the expression of LPS-induced inflammatory marker genes (i.e. Il12b, Il23a, and Tnfa), 

and anti-inflammatory marker genes (i.e. Vegfa, Tgfb1, and Il10) in RAW264.7 

macrophages. 

Materials and Methods 

Synthesis and Characterization of Ketoprofen-Derived Monomer 

(HKT) 

The methacrylic derivative of ketoprofen (HKT) (Figure 1a) was synthesized via 

esterification reaction as previously described for its homologous based on ibuprofen 

and naproxen. 24,25 Briefly, KT (TCI, 1 equiv) was dissolved in dichloromethane (DCM, 

Aldrich, St. Louis, MO, USA). Then, purified 2-hydroxyethyl methacrylate (HEMA, Aldrich, 

1 equiv) and 4-dimethylaminopyridine (DMAP, Aldrich, 0.1 equiv) were added, and 

https://www.mdpi.com/1999-4923/12/8/723/htm#B21-pharmaceutics-12-00723
https://www.mdpi.com/1999-4923/12/8/723/htm#B22-pharmaceutics-12-00723
https://www.mdpi.com/1999-4923/12/8/723/htm#fig_body_display_pharmaceutics-12-00723-f001
https://www.mdpi.com/1999-4923/12/8/723/htm#B24-pharmaceutics-12-00723
https://www.mdpi.com/1999-4923/12/8/723/htm#B25-pharmaceutics-12-00723
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dicyclohexylcarbodiimide (DCC, 1 equiv. Fluka, Buchs, Switzerland) was slowly dropped 

into the reaction mixture under magnetic stirring and inert atmosphere (N2 (g)). The 

reaction took place overnight, under continuous stirring, and at room temperature. The 

resultant mixture was filtered to eliminate N,N′-diciclohexylurea (DCU) salt, and, 

subsequently, washed with water and a sodium bicarbonate-saturated solution 

(NaHCO3, Panreac, Barcelona, Spain). Saturated NaCl (Panreac) and anhydrous 

magnesium sulphate (MgSO4, Qemical, Esparraguera, Spain) were used to dry the final 

solution before DCM evaporation under reduced pressure. The structure and purity of 

the product were determined by proton nuclear magnetic resonance (1H-NMR) in a 

Varian Mercury 400 MHz equipment using deuterated chloroform (CDCl3, Aldrich) as a 

solvent at 25 °C. 

 

Figure 1. (a) Synthesis and 1H-NMR spectra of the methacrylic derivative of ketoprofen 

(HKT), and (b) synthesis via free radical copolymerization and 1H-NMR spectra of 

poly(HKT-co-VI) copolymer. Note: n * and o * refer to the cis and trans protons of the 

carbonyl group. HKT:1H NMR (400 MHz, CDCl3) δH 7.76–7.31 (m, 9H), 5.96–5.91 (s, 1H), 

5.45 (s, 1H), 4.35–4.17 (m, 4H), 3.76 (q, J = 7.2 Hz, 1H), 1.80 (s, 3H), 1.47 (d, 3H). 
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Synthesis and Characterization of Copolymer of Ketoprofen-Based 

Methacrylic Monomer and 1-vinyl imidazole, poly(HKT-co-VI) 

The copolymer based on HKT and 1-vinyl-imidazole (VI, Aldrich) was prepared via free 

radical polymerization (Figure 1b) and a feed molar content in HKT (FHKT) of 0.4, and an 

initial monomers concentration ([M]) of 0.5 M were used. In summary, HKT and VI were 

dissolved in dimethylsulfoxide (DMSO, Scharlau, Barcelona, Spain) at a concentration of 

0.5 M, and after 10 min of deoxygenation with N2 (g), 2,2′-azobisisobutyronitrile (AIBN, 

1.5 × 10−2 M, Merck, Kenilworth, NJ, USA) was added. After 12 h at 60 °C, the 

copolymerization resultant mixture was dialyzed (Spectrum Laboratories, 3.5K 

molecular weight cut-off) against distilled water for 72 h, and the copolymer was 

isolated by freeze-drying as a white powder. Reactivity ratios of HKT and VI were studied 

by in situ 1H-NMR monitorization (see Supplementary Information for further details). 

poly(HKT-co-VI) (48:52) (HKT48):1H NMR (400 MHz, DMSO-d6) δH 7.95–6.45 (m, 12H 

(3VI + 9HKT)), 4.53–3.39 (m, 5H (5HKT)), 3.22–2.73 (s, 1H (1VI)), 2.28–0.10 (m, 10H (2VI 

+ 8HKT)) 

Proton Nuclear Magnetic Resonance (1H-NMR). 1H-NMR was performed in a Varian 

Mercury equipment operating at 400 MHz. Spectra were recorded by dissolving samples 

in deuteraded DMSO (DMSO-d6) at 25 °C. Copolymer composition was calculated using 

MestreNova 9.0 from the 1H-NMR integral between 7.92–6.47 ppm corresponding to 

the aromatic protons of both monomers and the integral between 2.28–0 ppm, which 

corresponds to protons of the methyl groups k and o of HKT and protons 1 and n from 

the main hydrophobic carbon chain of VI and HKT, respectively (Figure 1b). 

Size Exclusion Chromatography (SEC). HKT-based copolymer apparent average 

molecular weight (Mn and Mw) and polydispersity index (Ð) were determined by SEC, 

using a Perkin-Elmer Isocratic LC pump 250 coupled to a refraction index detector (Series 

200). Two Resipore columns (250 mm × 4.6 mm, Varian, Palo Alto, CA, USA) were used 

as solid phase, degassed chromatographic-grade dimethylformamide (DMF, 0.7 mL/min, 

Scharlau, Barcelona, Spain) with LiBr (0.1% w/v) was used as eluent, and temperature 

was fixed at 70 °C. Monodisperse PMMA standards (Scharlau) with molecular weights 
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between 10,300 and 1,400,000 Da were used to obtain the calibration curve. Data were 

analyzed using the Perkin-Elmer LC solution program. 

Differential Scanning Calorimetry (DSC). Glass transition temperature (Tg) was 

determined by differential Scanning Calorimetry (DSC) with a Perkin Elmer DSC8500 

interfaced to a Pyris thermal analysis data system. Dried samples (3–5 mg) were placed 

in aluminium pans and heated from −20 to 120 °C at a constant speed of 20 °C/min. 

Tg was taken as the midpoint of the heat capacity transition. 

Preparation and Characterization of Self-Assembled Nanoparticles 

Nanoprecipitation Method. Poly(HKT-co-VI)-based NPs were prepared via 

nanoprecipitation method. Concisely, an organic solution (acetone (Scharlau): ethanol 

(Scharlau), 80:20 (v/v)); of the copolymer (10 mg mL-1) was added dropwise to an 

aqueous buffer solution at pH 4 (0.1 M acetic acid and 0.1 M NaCl), a pH below the 

reported pKb of VI (i.e. 5.5–6.1). 26 The remaining organic solvent was eliminated by 

evaporation under continuous stirring overnight, and the resultant NPs were stored at 

4 °C. 

Characterization of NPs. Hydrodynamic properties were optimized as a function of 

final volume (VF = 10 mL, 20 mL and 30 mL) and final concentration ([NPs]F = 1 mg/mL 

and 5 mg/mL), and the evolution of hydrodynamic properties of NPs was evaluated as a 

function of pH and time after freeze-drying and resuspension (Supporting Information). 

Particle size distribution and zeta potential (ξ) were determined by dynamic light 

scattering (DLS) and laser Doppler electrophoresis (LDE), respectively, using a Malvern 

Nanosizer NanoZS Instrument equipped with a 4 mW He-Ne laser (λ = 633 nm) at a 

scattering angle of 173°. Measurements were performed at 25 °C. For each sample, the 

statistical average and standard deviation of data were calculated from 3 measurements 

of 11 runs each, one in case of hydrodynamic diameter (Dh) and polydispersity (PdI) and 

3 measurements of 20 runs each, one in case of ξ. SEM analysis of KT NPs was performed 

with a Hitachi SU8000 TED, cold-emission FE-SEM microscope working with an 

accelerating voltage 1 kV-D (see Supporting Information for more details). 
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Dexamethasone and Coumarin-6 Encapsulation. Dexamethasone (Dx, Aldrich, 

≥98% pure; CAS Number: 50-02-2)-loaded NPs and coumarin-6 (c6)-loaded NPs were 

prepared by the described nanoprecipitation method with slight modifications. Dx (5%, 

10%, 15%, or 20% w/w with respect to the polymer) or c6 (Aldrich, 1% w/w with respect 

to the polymer), and the corresponding polymer were dissolved in a mixture of 

acetone:ethanol (80:20, v/v) and slowly dropped into the aqueous buffer solution (0.1 

M Acetic Acid, 0.1 M NaCl) at pH 4 under magnetic stirring. NPs (3 mg mL-1) were dialyzed 

against the same buffer for 72 h to eliminate remaining organic solvents and the soluble 

non-entrapped Dx or c6. The resultant NPs were filtered through 1 μm Nylon filters 

(Whatman Puradisc) to eliminate insoluble Dx or c6. 

Encapsulation Efficiency (%EE) and Loading Capacity (%LC). The powder resulting 

from freeze-drying of Dx-loaded NPs and c6-loaded NPs was dissolved in 2 mL of 

acetone:ethanol (80:20, v/v). This led to the disassembly of nanoparticle structure and 

release of the encapsulated drug. After organic solvent evaporation overnight, the 

copolymer-Dx mixture and the copolymer-c6 mixture were dissolved in 

acetonitrile:water (80:20, v/v) or ethanol, respectively, to precipitate the polymer. 

Centrifugation at 10,000 rpm for 5 min at RT separated the NPs pellet from the Dx and 

c6-containing supernatant, which were analyzed by HPLC (Dx, λabs = 239 nm) and UV 

spectrophotometry (c6, λabs = 459 nm), correspondingly. Encapsulation efficiency (%EE) 

was computed using (Equation 1) and the loading capacity (%LC) using (Equation 2). 

According to this, NPs were labeled as XY-KT NPs being X the encapsulation efficacy and 

Y the drug or dye encapsulated. 

Encapsulation Efficiency (%) =  
[Dx]measured

[Dx]initial
 × 100 (1) 

Loading capacity (%) =  
mass of Dx measured

mass of NPs
×  100 (2) 

Cellular studies 

Cell culture. RAW264.7 murine macrophages (Sigma-Aldrich) were cultured in high-

glucose Dulbecco’s modified Eagle’s medium (DMEM; Sigma, Saint Louis, MO, USA) 

supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco, BRL), 2% (v/v) L-Glutamine 

(Sigma, Saint Louis, MO, USA), and 1% (v/v) Penicillin-G (Sigma, Saint Louis, MO, USA) at 
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37 °C, 5% CO2, and 90% relative humidity. 

Uptake Rate of c6-Loaded KT NPs by RAW264.7 Macrophages. RAW264.7 cells 

were seeded into 6-well plates (1.7 × 105 cells mL-1) in complete DMEM. The cells were 

incubated overnight. The medium was replaced with the corresponding c6-loaded KT 

NPs suspension in DMEM (NPs:DMEM (1:5, v/v), Figures S1 and S2) that was added. 

Cells were incubated with NPs over different times 1, 2, 4, 6, 8, and 24 h at 37 °C. At each 

time point, cells were washed with cold PBS, harvested, and counted to normalize 

fluorescence/cell. Then, they were centrifuged at 10,000 rpm, the supernatant was 

discarded, and cell’s pellet was lysed with ethanol. At this point, ethanol compromised 

the nanoparticle structure releasing and dissolving internalized c6. After further 

centrifugation at 10,000 rpm, fluorescence of supernatant was measured (458/540 nm, 

excitation/emission) by a Multi-Detection Microplate Reader Synergy HT (BioTek 

Instruments; Winooski, VT, USA). 

Route of Nanoparticle Internalization. RAW264.7 macrophages, cells were 

preincubated with chlorpromazine (CHL; 50 μM, Sigma-Aldrich) to inhibit clathrin-

mediated endocytosis, nystatin (NYST; 10 μg mL-1, Sigma-Aldrich) to inhibit caveolae-

mediated endocytosis, and amiloride (AMI; 100 μM, Sigma-Aldrich) to inhibit 

macropinocytosis. After 30 min at 37 °C, the inhibitor solutions were removed, and 

freshly prepared c6-loaded KT NPs in medium (NPs:DMEM (1:5, v/v)) were added (0.25 

mg mL-1) and further incubated for another 8 h. Subsequently, the cells were washed 

and lysed as previously described. The groups treated with c6-loaded NPs but without 

inhibitor at 4 °C or at 37 °, were used as negative and positive control, respectively. The 

percentage uptake after treatment with the inhibitors was normalized to the positive 

control uptake, which was expressed as 100% (Equation 3). 

%𝑈𝑝𝑡𝑎𝑘𝑒 =
[𝑐6]𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟

[𝑐6]𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑥100     (3) 

In Vitro Cytotoxicity Assay of NPs. In a 96-well plate under permissive conditions, 2 

× 105 live cells mL-1 (100 µL/well) were seeded. After 24 h, cells were treated with 

different concentrations of NPs suspension (0.250, 0.125, 0.090, 0.045, 0.023, or 0.011 

mg/mL; NPs:DMEM (1:5, v/v)), and after 24 h, cell viability was determined by 
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AlamarBlue (Invitrogen) assay. Absorbance at 570 nm was measured using a Multi-

Detection Microplate Reader Synergy HT (BioTek Instruments, Winooski, VT, USA). The 

treatments were done in replicates (n = 8). Results were expressed as % of cell viability 

with respect to the control (cells treated with medium). 

Nitric Oxide (NO) Assay. RAW264.7 macrophages were seeded in a 96-well plate (2 

× 105 live cells mL-1, 100 µL/well). After 24 h, cells were treated with lipopolysaccharide 

(LPS; CAS Number: 297-473-0, Sigma-Aldrich; 5 μg mL-1) and with different [NPs]F of KT 

NPs, 14Dx-KT NPs, or free Dx. After 24 h and 48 h of treatment, NO released by 

macrophages was determined using Griess reagent modified kit (Sigma-Aldrich) 

according to the manufacturer instructions. The treatments were done in replicates (n 

= 8), and results were expressed as mean ± standard deviation of the percentage of NO 

released with respect to the control (LPS-activated cells with no further treatment or 

inflammatory conditions untreated (IC,U)). 

RNA Extraction, Reverse Transcription, Real-Time Quantitative PCR (RT-qPCR). 

The transcript levels of M1- (Il12b, Il23a, and Tnfa) and M2- (Tgfb1, Il10, and Vegfa) 

related genes were determined by quantitative RT-PCR. RAW264.7 cells were incubated 

24 h with culture medium (non-inflammatory conditions, NIC) or with LPS (5 μg mL-1) to 

simulate inflammatory conditions (IC,U), and either non-treated or treated with 

unloaded KT-NPs (0.045 mg mL-1; NPs:DMEM (1:5, v/v)), 14Dx-KT NPs (5.1 μM Dx and 

0.045 mg mL-1 NPs; NPs:DMEM (1:5, v/v)), or free Dx (5.1 μM). Media were collected 

after 24 h of treatment to eliminate non-internalized NPs or free Dx, and cells were 

further incubated in culture medium up to 7 days. Culture medium was refreshed every 

48 h. Total RNA was extracted from cells after 1 and 7 days of NPs addition. PureLink 

RNA Mini Kit (Applied Biosystems, Foster City, CA, USA) was used for this purpose 

following manufacturer’s instructions. 27 RNA concentration was quantified by 

measuring absorbance at 260 and 280 nm in a NanoDrop 1000 spectrophotometer 

(Thermo Scientific) and 40 ng RNA/sample were transformed into cDNA using a 

MultiScribe reverse transcription-based reaction kit (Applied Biosystems) in the 

presence of an RNAse inhibitor (N8080119, Applied Biosystems) in a MyCycler 

thermocycler (Bio-Rad; with the following temperature profile: 25 °C—10 min, 37 °C—2 

h, 85 °C—5 min, 4 °C—∞). Table S1 shows the list of specific primers used for 
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quantitative PCR (all from Sigma). The reaction was performed using the Power SYBR 

Green PCR Master Mix (Applied Biosystems), in an ABI PRISM 7900HT Real-Time PCR 

System (Applied Biosystems with the following temperature profile: 95 °C—15 s, 60 °C—

60 s, 40 cycles). Melting curves were generated in order to verify the specificity of the 

amplification (15 s, from 60 °C to 95 °C). RT-qPCR expression data were analyzed 

according to the 2−ΔΔCt method 27 or as 2−ΔCt normalized to β-actin, and array views were 

generated using MeV software. 

Results and Discussion 

Methacrylic Derivative of Ketoprofen Monomer (HKT) 

A methacrylic derivative of ketoprofen was synthesized with yields above 90% and 

high purity as confirmed by 1H-NMR spectroscopy (Figure 1a). KT was linked through the 

carboxylic group, the main contributor to gastrointestinal adverse effects, to HEMA, 

forming an ester bond which is susceptible to hydrolysis under acidic conditions and/or 

by esterases. pH values between 5.5 and 6.0 and high esterase concentration are 

encountered in the lumen of lysosomes. 28 Altogether, this may provide a pH/enzyme-

accelerated release of KT at inflamed areas where pH values are around 6.4, 29 or in the 

lumen of lysosomes after sequestration by inflammatory cells. 

Synthesis and Characterization of Copolymer of Ketoprofen-Based 

Methacrylic Monomer and 1-Vinyl Imidazole, Poly(HKT-co-VI) 

The disappearance of the 1H-NMR vinyl proton signals of HKT and VI (CH2-VI between 

4.5 and 5.0 ppm and CH2-HKT between 5.0 and 6.0 ppm), the new 1H-NMR signals 

resultant from the methylene protons of the backbone chains (CH3-m, CH2-l, and CH2-

n between 0.1 and 2.8 ppm), and the broadening of the signals as a result of the 

macromolecular nature of the copolymer (Figure 1b) confirmed the successful co-

polymerization, at established initial conditions (FHKT = 0.4 and [M] = 0.5 M), of 

hydrophobic HKT, and hydrophilic VI was carried out by free radical polymerization 

(yield = 84%). The copolymers molar composition was quantitatively determined from 

their corresponding 1H-NMR spectra by considering the signals between 0.1 and 2.8 
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ppm assigned to eight protons of HKT (CH3-k, CH3-o, and CH2-n) and two protons of VI 

(CH2-1) and the signals between 6.5 and 8.0 ppm resultant from nine aromatic protons 

of HKT (CH-a-i) and three aromatic protons of VI (CH-3,4,5). The differences among 

copolymer HKT molar content (FHKT) and feed HKT molar content (fHKT) are explained by 

the two orders of magnitude difference in the reactivity ratios of the monomers (Figure 

S3) and the fact that total conversion was not reached. The molecular weight (Mw) of 

the copolymer was 99 KDa, with polydispersity index values of 2.3 that correspond to 

those obtained from a conventional radical polymerization reaction. The copolymer 

presented a unique glass transition temperature (Tg = 54 °C) indicating that no-phase 

segregation was observed, although a pseudo-block copolymer structure was obtained 

according to reactivity ratios. 

Preparation and Characterization of Self-Assembled Nanoparticles 

The aforementioned pseudo-block microstructure and the hydrophobic–hydrophilic 

balance provided the copolymers with the necessary properties for self-assembling by 

nanoprecipitation. NPs presented a hydrophobic core mainly formed by covalently 

linked KT and a hydrophilic shell mainly formed by VI. Nanoprecipitation method was 

performed as previously described, and NPs were labeled as KT NPs. SEM micrograph of 

the NPs confirmed the successful NPs’ formation presenting spherical shape, slight 

polydispersity in size, and diameter of about 100 nm (Figure S4). Regarding 

hydrodynamic properties, a positive ξ value of +30 ± 1 mV was obtained, confirming the 

presence of VI protonable amine groups on the surface of the NPs and, according to 

literature, an indication of good stability in suspension. 30 They presented Dh of 117 ± 1 

nm with low PdI values (0.139 ± 0.004). The spherical morphology, positive surface 

charge and diameters between 100 and 200 nm made KT NPs suitable for accumulation 

at inflamed areas 31,32 as well as for an improved sequestration by inflammatory cells 

avoiding lymphatic drainage. 33,34 The diameter or surface charge of KT NPs did not 

significantly vary with the different final concentration on the aqueous phase or final 

volumes under study. Within the studied ranges, the key variable was the concentration 

of copolymer in the organic phase, which, when increased, led to NPs with 50 nm larger 

diameter (Table 1). Finally, in order to explore the most suitable conditions for NPs 
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storage, a pH study, stability in suspension study, and freeze-drying study were 

performed.  

 

Figure 2. Size distribution (by intensity) and z-potential (ξ) of ketoprofen (KT) NPs 

measured (a) at different pH values or at pH 4.0; (b) at day 0 and after 28 days stored at 

4 °C; and (c) before freeze-drying (dashed line) and after freeze-drying and tip sonication 

for 10 min. 

Figure 2a shows the size distribution and the ξ values of the KT NPs at different pH 

values (i.e. 4.0, 4.5, 5.0, and 5.5). At pH 5.5, a broadening of the size distribution curve 

and an increase in the intensity of the peak in the microscale, which might correspond 

to agglomerated NPs, were observed. A decrease in surface charge was observed as pH 

increases due to deprotonation of amine groups of VI as the pH approaches to the pKb of 

VI (pKb = 5.0–6.0). The reduction in the electrostatic repulsion between particles caused 

NPs aggregation. Therefore, the synthesis was carried out at pH 4 (0.1 M acetic acid) to 

ensure the protonation of VI and the good stability of the NPs over time. Figure 2b 

shows that, under these conditions, there were no significant changes in the 

hydrodynamic properties of KT NPs at 0 days, 14 days, and 28 days when stored at 4 °C. 

Furthermore, NPs recovered their initial hydrodynamic properties after freeze-drying 
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and dispersion in the buffer solution at pH 4.0 when sonicated for 10 min with an 

ultrasound tip (30% amplitude) (Figure 2c). Therefore, NPs can be stored in powder or 

in suspension at pH 4.0 and 4 °C for at least one month. 

Table 1. Hydrodynamic properties (i.e. hydrodynamic diameter (Dh), polydispersity of 

size distribution (PdI), and zeta potential (ξ)) of KT NPs at a different final concentration 

of nanoparticles in the aqueous phase ([NPs]A.P.) and at different final volumes (VF). 

[NPs]A.P.

a)
 VF (mL) [HKT48]O.P. 

b)
 Dh

c)
 (nm) PdI

d)
 ξ

e)
 (mV) 

1.0 mg/mL 10 10 mg/mL 117 ± 1 0.139 ± 0.004 + 29 ± 1 
20 10 mg/mL 119 ± 3 0.153 ± 0.018 + 29 ± 1 
30 10 mg/mL 116 ± 1 0.142 ± 0.027 + 30 ± 1 

5.0 mg/mL 10 10 mg/mL 115 ± 1 0.124 ± 0.008 + 30 ± 1 
20 10 mg/mL 119 ± 1 0.112 ± 0.013 + 31 ± 1 
30 15mg/mL 163 ± 3 0.186 ± 0.021 + 29 ± 1 

a) Final concentration of NPs in the aqueous phase, b) concentration of copolymer in the organic phase, c) mean 

hydrodynamic diameter and d) polydispersity of the size distribution obtained by DLS, e) mean zeta potential obtained 

by LDE. 

Dexamethasone and Coumarin-6 Encapsulation 

NPs were labeled as XY-KT NPs, with X being the encapsulation efficacy, and Y the 

drug or dye encapsulated. To achieve the maximum final concentration of Dx in our 

systems, we performed a screening of different w/w percentages with respect to the 

copolymer (5% w/w, 10% w/w, 15% w/w, and 20% w/w), and the final mass of Dx 

encapsulated was computed by HPLC (Figure S5). The formulation with 15% w/w of Dx 

with respect to the copolymer was chosen for further experiments as it reached the 

highest Dx %EE and %LC (14% and 3.85%, respectively). The amount of drug 

encapsulated correlated with an increase in Dh of the NPs (140 ± 1 nm) and a reduction 

of the PdI value (0.081 ± 0.010). However, no significant differences were observed in ξ 

values (+29 ± 1 mV). Interestingly, for a given concentration, the newly synthesized KT 

NPs encapsulated twice the amount of Dx than their NAP-bearing homologs, 11 which 

might contribute to an improved anti-inflammatory effect. Coumarin-6 (c6) was used as 

a fluorescent probe in NPs internalization cellular studies. The dye was encapsulated at 

a low % w/w (i.e. 1% w/w) to avoid fluorescence quenching. Table 2 summarizes the 

hydrodynamic properties and zeta potential of Dx-loaded, c6-loaded, and unloaded KT 

NPs. 
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Table 2. Summary of encapsulation efficiency (%EE), loading capacity (%LC), and 

hydrodynamic properties (i.e. mean hydrodynamic diameter (Dh), polydispersity of size 

distribution (PdI), and zeta potential (ξ)) of newly prepared KT NPs, 14Dx-KT NPs, and 

47c6-KT NPs. 

Sample % EEa % LCb Dhc (nm) PdId ξe (mV) 
KT NPs - - 117 ± 1 0.139 ± 0.004 + 30 ± 1 

14Dx-KT NPs 14 3.85 140 ± 1 0.081 ± 0.010 + 29 ± 1 
47c6-KT NPs 47 0.47 126 ± 2 0.154 ± 0.021 + 32 ± 2 

aPercentage of encapsulation efficiency of coumarine-6, percentage of loading capacity of coumarine-6, 
cmean hydrodynamic diameter and dpolydispersity of the size distribution obtained by DLS, emean zeta 

potential obtained by LDE. 

Uptake Rate of c6-Loaded NPs by RAW264.7 Macrophages 

A fast uptake of NPs by inflammatory cells is crucial for retention at inflamed areas, 

11 and the route by which they are internalized determines their fate inside the cell. 35 

Fluorescent c6-loaded NPs were prepared as described before. They were used to 

monitor NPs internalization by RAW264.7 macrophages over 24 h of exposure at 37 °C 

(Figure 3a). Figure 3a shows the mass of c6 internalized per cell at different time points 

(i.e. 1, 2, 4, 6, 8, and 24 h). The uptake rate of NPs was linearly increasing up to 24 h 

without reaching a plateau, an indication of rapid internalization. However, it was 

important to differentiate the possible surface adsorption of cationic nanoparticles on 

the negatively charged cell membrane from actual internalization. To do that, the 

uptake study was conducted at 4 °C, relying on the decreased membrane recycling 

occurring at this temperature. 36 The cellular uptake was negligible when incubated at 4 

°C in comparison to uptake at 37 °C (Figure 3b), demonstrating the energy-dependent 

internalization of NPs. The endocytic pathways involved in the cellular uptake of the 

system were investigated, employing endocytic inhibitors of the main routes used by 

cationic nanomedicines to enter cells: chlorpromazine (CHL, clathrin-dependent 

endocytosis), amiloride (AMI, macropinocytosis), and nystatin (NYST, caveolae-

mediated endocytosis) (Figure 3b). 35 When treated with CHL, cellular uptake of KT NPs 

was reduced by 36 ± 2% (p < 0.05) with respect to the untreated positive control (37 °C), 

respectively. Additionally, pre-treatment AMI led to the reduction of internalization of 

NPs by 48 ± 3% (p < 0.05) relative to the positive control. However, no significant 
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differences were observed after NYST pre-treatment. These results indicated that KT 

NPs internalization mainly occurred by clathrin-mediated endocytosis (CME) and 

macropinocytosis. These results correlate with reports of positively charged 

nanoparticles of ~100 nm diameter predominantly internalized through CME 

mechanism 37 and those claiming that the electrostatic interactions with the negatively 

charged cell membrane facilitate cationic molecules internalization through 

micropinocytosis. 23 Internalization via CME and/or macropinocytosis is recognized to 

be a more destructive pathway compared to caveolae-mediated endocytosis. 23,35 

Vesicle acidification and fusion with lysosomes occurring during CME and 

macropinocytosis might facilitate the release of both drugs due to the enhanced 

susceptibility of the ester bond to be degraded at acidic pH and in the presence of 

esterase. Therefore, the covalent ester bond that links KT to the polymeric backbone 

will be degraded, and the NPs self-assembled structure will be disrupted. 

 

Figure 3. (a) Normalized mass of coumarin-6 (c6) internalized per cell at different time 

points for 47c6-KT NP, and (b) %internalization of 47c6-KT NPs at 37 °C (NONE, positive 

control), 4 °C (negative control), and at 37 °C after pre-treatment with chlorpromazine 

(CHL), amiloride (AMI), and nystatin (NYST) (*: significant difference compared to NONE, 

* p < 0.05). 

In Vitro Cytotoxicity Assay of NPs 

Cytotoxicity of free Dx (the concentration corresponds to the maximum 

concentration encapsulated in the NPs), 14Dx-KT NPs, and unloaded KT NPs was tested 
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using murine macrophages (RAW264.7) as model inflammation-related cells. Figure 

4 shows the cell viability compared to a control of untreated cells (i.e. non-inflammatory 

conditions, NIC). None of the concentrations tested were cytotoxic after 24 h, as cell 

viability was always higher than 70%, and for concentrations above 0.25 mg/mL, it was 

never below 85% (ISO 10993-5:2009). There were no statistically significant differences 

(* p < 0.05) between Dx-loaded and unloaded NPs (i.e. 14Dx-KT NPs and KT NPs) or 

between free Dx and 14Dx-KT NPs at any of the tested concentrations. 

 

Figure 4. Cell viability of RAW264.7 macrophages treated with different concentrations 

of unloaded KT NPs (black), 14Dx-KT NPs (dashed white), or free Dx (red) over 24 h. The 

diagrams include the mean, the standard deviation (n = 8), and the ANOVA results (* p < 

0.05 statistically significant difference with cells under non-inflammatory conditions 

(NIC) and between the different systems). 

Effect of Polymeric Nanoparticles Based on Ketoprofen and 

Dexamethasone on Macrophage NO Levels 

Anti-inflammatory capacity of the systems after 24 h and 48 h was assessed by 

measuring the levels of nitric oxide (NO) released by lipopolysaccharide (LPS)-activated 

macrophages. When RAW264.7 cells are activated by LPS, they polarize to their pro-

inflammatory phenotype (M1) and they start overproducing NO, a well-known 

inflammatory mediator. 38 NO released was measured after 24 h (Figure 5a,b, black) and 

48 h (Figure 5a,b, dashed white) of incubation with LPS and either KT NPs (Figure 5a) or 
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14Dx-KT NPs (Figure 5b) at different concentrations. KT NPs significantly (# p < 10−5) 

improved reduced NO release after 48 h when compared to 24 h, whereas NO levels 

were maintained overtime with 14Dx-KT NPs. This result indicated the faster anti-

inflammatory effect of Dx-loaded NPs, which was physically entrapped, allowing an 

earlier release when compared to the covalently linked NSAID. Moreover, Figure 5c 

presents LPS-induced NO release after 48 h of LPS administration and challenging with 

different concentrations of unloaded KT NPs (black) 14Dx-KT NPs (dashed white) or free 

Dx (red). After 48 h of incubation, all systems counteracted LPS-induced NO release in a 

statistically significant manner for all concentrations tested (# p < 10–5) with respect to 

LPS treated cells (IC,U). 

 

Figure 5. NO release by RAW264.7 macrophages after 24 h (black) and 48 h (dashed 

white) with no treatment (NIC), treatment with LPS alone (IC,U), and treatment with LPS 

and different concentrations of (a) unloaded KT NPs and (b) 14Dx-KT NPs; (c) NO release 

after 48 h with no treatment (NIC), treatment with LPS (IC,U), and treatment with LPS 

and different concentrations of loaded NAP NPs or KT NPs (black), 8Dx-NAP NPs or 14Dx-

KT NPs (dashed white), or free Dx (red). The diagrams include the mean, the standard 

deviation (n = 8), and the ANOVA results (* p < 0.05, *** p < 10−3, and # p < 
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10−5 statistically significant difference with IC,U cells or between 24 h and 48 h time 

points). 

Results demonstrated that NO reduction capacity was maintained after 48 h at any 

of the concentrations tested in case of KT-based systems. Moreover, Dx-loaded systems 

performed better than free Dx at specific concentrations of KT-based systems (* p < 

0.05; [NPs] = 0.045 mg/mL and 0.023 mg/mL). One of these concentrations, 0.045 

mg/mL, was chosen for further RT-qPCR analysis as it was the maximum concentration 

of NPs with improved reduction of NO released levels and it will allow comparison with 

RT-qPCR results obtained for previously described NAP-based systems. Again, KT-based 

systems showed an improved behavior when compared to previously described NAP-

based systems in terms of reduction of NO released levels at any of the two time points 

tested, especially Dx-loaded systems. 11 This might be attributed to the higher content 

in Dx (5.1 µM and 2.55 µM, respectively) and to the faster internalization of KT-based 

NPs. 

Real-Time PCR Analysis of the Expression of M1-M2 Specific 

Reference Genes after NPs Treatment in Non-Stimulated 

Macrophages and LPS-Stimulated Macrophages 

A high positive surface charge of NPs has been reported as one of the external 

stimulus leading to M1 polarization of macrophages. 39,40 Because of this, the effect of 

cationic polymeric NPs based on ketoprofen and dexamethasone on M1-related gene 

transcript levels was studied in non-stimulated RAW264.7 cells (NIC) to analyze whether 

these NPs induce to some extent an M1 polarization. Figure 6 shows the transcript levels 

of Tnfa, Il12b, and Il23a determined by RT-qPCR after 1 day and 7 days of treatment 

with KT NPs (0.045 mg/mL) and 14Dx-KT NPs (5.1 μM Dx and 0.045 mg/mL NPs), and 

free Dx (5.1 mM). Results were expressed relative to the corresponding level of 

expression of each transcript in the untreated sample (i.e. non-inflammatory conditions, 

NIC). Figure S6 shows heat maps and Table S2 numerical RT-qPCR data. Figure 6 shows 

that there was no significant overexpression of M1 markers with respect to the control 

(NIC) after 1 day or 7 days of treatment with 14Dx-KT NPs; whereas after KT NPs 

treatment, only Il12b was slightly overexpressed after 1 day of treatment. These data 
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demonstrated that, although there was a slight activation of M1 marker genes, there 

were no significant long-term M1-polarization after treatment with cationic KT-based 

NPs. 

 

Figure 6. Quantitative real-time PCR data. Graphical presentation of gene transcript 

levels of M1 markers in non-LPS-activated samples (non-inflammatory condition, NIC) 

treated with free dexamethasone (free Dx, 5.1 μM, red), Dx-loaded ketoprofen-bearing 

NPs (14Dx-KT NPs, 5.1 μM Dx, and 0.045 mg/mL NPs, white) and unloaded ketoprofen-

bearing NPs (KT NPs, 0.045 mg/mL, black) for 1 day (plain) and 7 days (dashed). Results 

are expressed relative to the corresponding level of expression of each transcript in the 

untreated sample. The diagrams include the mean, the standard deviation (n = 2), and 

the ANOVA results (*—comparison with untreated NIC control, * p < 0.05, ** p < 0.01, 

*** p < 0.001 and **** p < 0.0001). 

Then, in a second set of experiments, the anti-inflammatory effect of the systems was 

analyzed under inflammatory conditions. RAW264.7 macrophages were cultured in the 

presence of LPS to mimic pro-inflammatory conditions and treated with either culture 

media (inflammatory conditions, untreated (IC,U)), free Dx (5.1 μM), unloaded KT NPs 

(0.045 mg/mL) or 14Dx-KT NPs (5.1 μM Dx and 0.045 mg/mL NPs). The expression of 

M1 and M2 (Figure 7) marker genes was presented relative to their corresponding levels 

in the untreated sample (NIC). Figure S7 shows heat maps and Table S2 numerical RT-

qPCR data. Regarding M1 markers, when compared to basal cellular levels (NIC), LPS-
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treatment (IC,U) significantly increased transcript levels of Tnfa after 1 day of treatment 

and Il12b after 7 days of treatment, and it had no effect on Il23a. The short-term 

induction of Tnfa was reversed by all systems tested. However, after 7 days of treatment 

free of Dx and KT NPs did not affect the expression of Tnfa, while the system combining 

both (14Dx-KT NPs) induced a significant increase in expression of this gene. This might 

be occurring because of the PGE2 reduction after NSAID/GC combined treatment as 

both the GC and the NSAID contributed to reducing PGE2 levels. 41 

Regarding Il12b expression, although 14Dx-KT NPs treatment caused the increase 

of Il12b transcript levels after 1 day of treatment, all systems reversed the LPS-induced 

overexpression after 7 days of treatment, which was more significant in free Dx and Dx-

loaded NPs. Moreover, 14Dx-KT NPs and KT NPs induced a slightly significant 

overexpression of Il23a with respect to the LPS-treated control that was reversed after 

7 days of treatment. Therefore, in the long term, Tnfa overexpression was accompanied 

by normal levels of Il12b and Il23a. These findings correlate with the described dual role 

of Tnfa: as an initiator of inflammatory response early in the infection and selective 

regulator of inflammatory response in the later stages of inflammation. 42 Regarding 

M2 markers, LPS-treatment induced Vegfa and Il10 expression in the short term, while 

it inhibited it after 7 days of treatment. Moreover, Tgfb1 expression was not affected in 

the short term but significantly repressed after 7 days of treatment. This long-term 

effect on Tgfb1 expression was significantly reversed by all treatments. On the contrary, 

the addition of 14Dx-KT NPs produced a significant increase 

in Il10, Tgfb1, and Vegfa expression with respect to +LPS conditions at both time-points 

tested. Interestingly, all systems maintained the overexpression of Il10 in time, 

something that did not occur in simulated inflammatory conditions. Il10 is considered 

the most important anti-inflammatory cytokine in humans, 43 confirming the anti-

inflammatory capacity of the systems. These data indicated that KT NPs presented a 

potent anti-inflammatory behavior improving that of the previously described NAP-

based analog. This result was expected as KT is a more potent NSAID than NAP in terms 

of COX inhibition. 21,22 
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Figure 7. Quantitative real-time PCR data. Graphical presentation of gene transcript 

levels of M1 markers (Il23a, Il12b, and Tnfa) and of M2 markers (Vegfa, Tgfb1, and Il10) 

in samples treated with LPS (500 ng/mL) and either treated with culture media (IC,U, 

blue), free dexamethasone (free Dx, 5.1 μM, red), Dx-loaded ketoprofen-bearing NPs 

(14Dx-KT NPs, 5.1 μM Dx and 0.045 mg/mL NPs, white), and unloaded ketoprofen-

bearing NPs (KT NPs, 0.045 mg/mL, black) for 1 day (plain) or 7 days (dashed). Results 

were expressed relative to the corresponding level of expression of each transcript in 

non-inflammatory conditions (RAW264.7 alone, NIC). The diagrams include the mean, 

the standard deviation (n = 2), and the ANOVA results (#—comparison with IC,U control, 

# p < 0.05, ## p < 0.01, and ### p < 0.001; *—comparison between systems, * p < 0.05 

and ** p < 0.01). 

Finally, regarding the synergistic Il12b, gene repression was not observed, meaning 

that the combination of Dx with a stronger COX-inhibitor did not imply a more potent 

synergistic effect. This result suggested that the COX inhibition was not contributing to 

the synergistic Il12b gene repression in murine macrophages when combining NAP and 

Dx. Moreover, this synergistic repression was observed for the NAP/Dx system even in 

non-LPS-activated macrophages in which COX was not overexpressed. All these data 

indicate that the COX-dependent route does not play a key role in the synergistic effect 

observed, and further studies on the mechanism of action should focus on MAPK 

pathways and 5-LO metabolism as there are reports of modulation of Il12b expression 
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in antigen-presenting cells (i.e. macrophages and dendritic cells, mainly) through these 

pathways. 13-17 

Conclusions 

Anti-inflammatory NPs that combine KT (covalently attached) and Dx (physically 

entrapped) were successfully prepared, and their biological activity was evaluated. The 

amount of Dx entrapped by KT-bearing polymer drugs into NPs was optimized by testing 

different %Dx (w/w, with respect to the copolymer) in such a way that the amount of Dx 

encapsulated was maximized. Moreover, it was demonstrated that the spherical shape, 

the hydrodynamic properties, and positive surface charge of KT NPs (Dh = 100–200 nm, 

PdI below 0.2, and ξ close to +30 mV) translated into rapid internalization by 

macrophages through CME and macropinocytosis, two internalization routes that might 

facilitate the enzymatic and pH-mediated release of KT and Dx in the lysosome. 14Dx-KT 

NPs and unloaded KT NPs reduced LPS-induced NO release when compared to the 

control, with the Dx-loaded system more effective at 24 h due to the early release of the 

physically entrapped Dx. Moreover, the unloaded KT NPs were able to reduce to almost 

basal levels (NIC) the expression of all M1 markers tested. The RT-qPCR analysis also 

concluded that the synergistic inhibition of Il12b was not occurring in a significant 

manner for 14Dx-KT NPs. However, long-term treatment with 14Dx-KT NPs led 

to Tnfa overexpression and regulation of Il12b and Il23a expression, reducing it up to 

normal cellular levels. As a conclusion, the KT-based systems described in this paper 

present interesting anti-inflammatory activity as they reduced NO released levels and 

M1 markers expression while increasing M2 markers expression under inflammatory 

conditions. Moreover, KT-based systems were rapidly internalized by macrophages, 

which might favor the retention at inflamed areas through the ELVIS effect. Therefore, 

they could be used by themselves, as well as encapsulating Dx or other hydrophobic 

drugs, for the treatment of inflammatory processes. Moreover, it was demonstrated 

that the use of a KT, an NSAID with more potent COX-inhibitory activity did not cause 

synergistic repression of Il12b gene when combined with Dx. This, together with the fact 

that this synergistic repression was observed for the NAP/Dx system even in non-LPS-



Chapter 4 – Research Paper 2 
 

   
153 

 

activated macrophages in which COX was not overexpressed, 11 indicated that the COX-

dependent route was not crucial for the synergy observed. Therefore, further studies 

should be done on NAP/Dx mechanism of action focusing on MAPK pathways and 5-LO 

metabolism. 

Supporting information 

Figure S1. Color and pH values of nanoparticles (KT NPs, 3 mg/mL) in suspension at 

different NPs:DMEM volume ratios; Figure S2. Hydrodynamic properties (i.e. diameter 

(size) in nanometers, polydispersity (PdI) and, zeta potential (ξ) in mV of nanoparticles 

(KT NPs, 3 mg/mL) in suspension at different NPs:DMEM volume ratios; Figure S3. 

Surface diagrams representing the variation of the instantaneous molar fraction of HKT 

in the copolymer; Figure S4. Scanning Electron Microscopy micrograph showing 

morphology of KT NPs; Figure S5. Mass of dexamethasone encapsulated measured by 

HPLC for each initial %Dx (w/w) with respect to poly(HKT-co-VI) copolymer. Results 

represent mean ± SD of two independent experiments, n = 2, * p ≤ 0.05; Figure S6. 

Quantitative real-time PCR data. Heat map of gene transcript levels of M1 markers in 

non-LPS activated samples (NIC) treated with free dexamethasone (free Dx, 5.1 μM, 

red), Dx-loaded ketoprofen-bearing NPs (14Dx-KT NPs, 5.1 μM Dx, and 0.045 mg/mL 

NPs, white) and unloaded ketoprofen-bearing NPs (KT NPs, 0.045 mg/mL, black) for 1 

day (plain) and 7 days (dashed). Results are expressed relative to the corresponding level 

of expression of each transcript in the untreated sample; Figure S7. Quantitative real-

time PCR data. Heat maps of gene transcript levels of (a) M1 markers and (b) M2 markers 

in inflamed samples (500 ng/mL of LPS) treated with culture media (IC,U, blue), free 

dexamethasone (free Dx, 5.1 μM, red), Dx-loaded ketoprofen-bearing NPs (14Dx-KT NPs, 

5.1 μM Dx, and 0.045 mg/mL NPs, white), and unloaded ketoprofen-bearing NPs (KT 

NPs, 0.045 mg/mL, black) for 1 day (plain) or 7 days (dashed). Results are expressed 

relative to the corresponding level of expression of each transcript in the non-

inflammatory conditions (NIC) untreated sample; Table S1. RT-qPCR primer list; Table 

S2. Quantitative real-time PCR data. Gene transcript levels of M1 markers under normal 

cellular conditions (NIC) and of M1 and M2 markers under inflammatory conditions 

(IC,U), treated with free dexamethasone (free Dx, 5.1 μM), Dx-loaded ketoprofen-
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bearing NPs (14Dx-KT NPs, 5.1 μM Dx, and 0.045 mg/mL NPs), and unloaded ketoprofen-

bearing NPs (KT NPs, 0.045 mg/mL) for 1 day or 7 days. Data are presented as mean log2 

variation and standard deviation compared to untreated cells in 2 independent 

experiments, each quantified in triplicate. 
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Pharmaceutics 2020, 12(8), E723 

Materials and methods  

Synthesis and characterization of copolymer of ketoprofen-based 

methacrylic monomer and 1-vinyl imidazole, poly(HKT-co-VI)  

Determination of reactivity ratios. Monomers reactivity ratios were calculated 

through “in situ” 1H-NMR monitorization of the copolymerization reaction following the 

second methodology described by Aguilar, M.R. et al. in 2002. [1] Briefly, 

copolymerization reactions (FHKT = 20, 40 and, 60; [M] = 0.25 M and [AIBN] = 1.5 × 10-2 

M) were carried out inside the NMR equipment (Varian Mercury 400 MHz) using 

deuterated DMSO (DMSO-d6, Merck) as a solvent at 60 °C, 90° pulse and acquiring a new 

spectrum each 120 seconds. A solution of DMF (10 mg mL-1) in DMSO-d6 in a thin wall 

capillary tube introduced in the NMR tube was used as reference.  

Preparation and characterization of self-assembled nanoparticles 

Hydrodynamic properties. Nanoparticles were prepared in triplicates at pH = 4.0 and 

hydrodynamic properties were measured. pH was increased by 0.5 via the addition of 1 

M NaOH aqueous solution and size distribution and ξ were measured. The procedure 

was repeated until the aggregation pH was reached. After that, the pH was set to 4.0 

again to check reversibility of the aggregation phenomenon. Samples size distribution 

and ξ were measured every week up to one month to demonstrate NPs stability when 

stored in suspension at 4 °C and at the most suitable storage pH. NPs were freeze-dried 

after preparation and dispersed in the same volume of 0.1 M acetic acid buffer solution. 

The suspension was then subjected to manual shaking and ultrasound bath/tip 

sonication (30% amplitude) for 10 minutes. After sonication, size distribution of NPs was 
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measured to check redispersibility.  

Scanning electron microscopy NPs morphology characterization. A SEM analysis 

of KT NPs was performed with a Hitachi SU8000 TED, cold-emission FE-SEM microscope 

working with an accelerating voltage 1 kV-D. Sample preparation consisted in the 

deposition of one drop of the corresponding NPs suspension (0.02 mg mL-1) over a small 

glass disk (12 mm diameter) and evaporation at room temperature. Gold palladium alloy 

(80:20) was used to coat the samples prior to examination by SEM. 

Results  

NPs stabilization in culture media 

 

Figure S1. Color and pH values of nanoparticles (KT NPs, 3 mg/mL) in suspension at 

different NPs:DMEM volume ratios 

 

Figure S2. Hydrodynamic properties (i.e. diameter (size) in nanometers, polydispersity 

(PdI) and, zeta potential (ξ) in mV of nanoparticles (KT NPs, 3 mg/mL) in suspension at 

different NPs:DMEM volume ratios. 
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Determination of reactivity ratios  

Reactivity ratios of the co-monomers (rHKT and rVI) were determined by in situ 1H-

NMR. rHKT = 3.74 ± 1.20 and rVI = 0.05 ± 0.06 meaning that active radicals incorporate 

HKT monomer around 100 times faster than VI. Figure S3 shows the surface co-

polymerization diagram representing the length of VI blocks as a function of conversion. 

The length of VI blocks increases with conversion and the higher the feed molar contents 

in HKT the higher the conversion degree needed to obtain longer hydrophilic VI-enriched 

segments. 

 

Figure S3. Surface diagrams representing the variation of the instantaneous molar 

fraction of HKT in the copolymer. 

Preparation and characterization of NPs 

 

Figure S4. Scanning Electron Microscopy micrograph showing morphology of KT NPs 

Dexamethasone encapsulation 
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Figure S5. Mass of dexamethasone encapsulated measured by HPLC for each initial %Dx 

(w/w) with respect to poly(HKT-co-VI) copolymer. Results represent mean ± SD of two 

independent experiment, n = 2, *p ≤ 0.05. 

RT-qPCR 

Table S1. RT-qPCR primer list 

Gene 

Symbol 

Official        Full 

Name 
Species Forward (5’-3’) Reverse (5’-3’) 

Il23a Interleukin-23 

subunit alpha 

mouse AATAATGCTATGGCTGTTGC CTTAGTAGATTCATATGTCCCG 

Tnfa Tumor necrosis 

factor 

mouse CTATGTCTCAGCCTCTTCTC CATTTGGGAACTTCTCATCC 

Il12b Interleukin-12 

subunit beta 

mouse CATCAGGGACATCATCAAAC CTCTGTCTCCTTCATCTTTTC 

Vegfa Vascular 

endothelial growth 

factor A 

mouse TAGAGTACATCTTCAAGCCG TCTTTCTTTGGTCTGCATTC 

Tgfb1 Transforming 

growth factor 

beta-1 proprotein 

mouse GGATACCAACTATTGCTTCAG TGTCCAGGCTCCAAATATAG 

Il10 Interleukin-10 mouse CAGGACTTTAAGGGTTACTTG ATTTTCACAGGGGAGAAATC 

Actb Actin, beta mouse GATGTATGAAGGCTTTGGTC TGTGCACTTTTATTGGTCTC 
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Figure S6. Quantitative real-time PCR data. Heat map of gene transcript levels of M1 

markers in non-LPS activated samples (CM) treated with free dexamethasone (free Dx, 

5.1 μM, red), Dx-loaded ketoprofen-bearing NPs (14Dx-KT NPs, 5.1μM Dx and 0.045 mg 

mL-1 NPs, white) and unloaded ketoprofen-bearing NPs (KT NPs, 0.045 mg mL-1, black) 

for 1 day (plain) and 7 days (dashed) Results are expressed relative to the corresponding 

level of expression of each transcript in the untreated sample. 

 

Figure S7. Quantitative real-time PCR data. Heat maps of gene transcript levels of a) M1 

markers and, b) M2 markers in inflamed samples (500 ng/mL of LPS) treated with culture 

media (LPS+, blue), free dexamethasone (free Dx, 5.1 μM, red), Dx-loaded ketoprofen-

bearing NPs (14Dx-KT NPs, 5.1μM Dx and 0.045 mg mL-1 NPs, white) and unloaded 

ketoprofen-bearing NPs (KT NPs, 0.045 mg mL-1, black) for 1 day (plain) or 7 days 

(dashed). Results are expressed relative to the corresponding level of expression of each 

transcript in the untreated sample (CM).  

Table S2. Quantitative real-time PCR data. Gene transcript levels of M1 markers under 

normal cellular conditions (CM) and of M1 and M2 markers under inflammatory 

conditions (LPS+), treated with free dexamethasone (free Dx, 5.1 μM), Dx-loaded 
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ketoprofen-bearing NPs (14Dx-KT NPs, 5.1μM Dx and 0.045 mg mL-1 NPs) and unloaded 

ketoprofen-bearing NPs (KT NPs, 0.045 mg mL-1) for 1 day or 7 days. Data are presented 

as mean log2 variation and standard deviation compared to untreated cells in 2 

independent experiments, each quantified in triplicate. 

M1 markers (CM) 

Genes Free Dx 14Dx-KT NPs KT NPs 

 
Il23a 

Day 1 Day 7 Day 1 Day 7 Day 1 Day 7 
1.13 ± 0.12 0.15 ± 0.07 -0.22 ± 0.06 0.24 ± 0.04 -0.08 ± 0.04 0.24 ± 0.04 

Il12b 0.55 ± 0.23 0.33 ± 0.09 -0.19 ± 0.09 0.27 ± 0.08 0.55 ± 0.08 0.24 ± 0.09 
Tnfa -0.19 ± 0.02 0.08 ± 0.01 0.17 ± 0.06 0.27 ± 0.11 -0.47 ± 0.05 0.12 ± 0.04 

 

M1 markers (LPS+) 
Genes CP (+LPS) Free Dx 14Dx-KT NPs KT NPs 

Il23a 
Day 1 Day 7 Day 1 Day 7 Day 1 Day 7 Day 1 Day 7 

-0.50 ± 0.06 0.19 ±  0.03 0.61 ± 0.04 0.74 ± 0.29 1.34 ± 0.25 0.56 ± 0.26 1.14 ± 0.30 -0.74 ± 0.08 
Il12b 0.59 ± 0.06 3.43 ± 0.10 -0.69 ± 0.15 0.36 ± 0.09 1.69 ± 0.30 -0.33 ± 0.23 -0.27 ± 0.11 0.18 ± 0.10 
Tnfa 3.59 ± 0.11 0.18 ± 0.02 0.72 ± 0.11 0.90 ± 0.02 1.11 ± 0.13 2.70 ± 0.50 0.99 ± 0.23 0.42 ± 0.04 

M2 markers (LPS+) 

Vegfa 1.02 ± 0.01 -0.77 ± 0.02 1.10 ± 0.01 0.35 ±  0.01 1.58 ± 0.04 -0.61 ± 0.01 1.09 ± 0.003 -0.70 ± 0.01 
Tgfb1 -0.39 ± 0.01 -2.00 ± 0.05 -0.27 ± 0.02 0.22 ± 0.01 0.02 ± 0.00 -0.28 ± 0.00 -0.09 ± 0.00 -0.22 ± 0.02 
Il10 2.51 ± 0.02 -0.25 ± 0.03 3.21 ± 0.01 2.47 ± 0.03 3.38 ± 0.01 2.08 ± 0.00 2.74± 0.02 2.17 ± 0.03 

  



Chapter 4 – Research Paper 2 
 

   
161 

 

References

1. Dinarello, C.A. Anti-inflammatory 
agents: Present and 
future. Cell 2010, 140, 935–950.  

2. Lai, Y.; Dong, C. Therapeutic antibodies 
that target inflammatory cytokines in 
autoimmune diseases. Int. 
Immunol. 2016, 28, 181–188.  

3. Toussirot, E. The IL23/Th17 pathway as 
a therapeutic target in chronic 
inflammatory diseases. Inflamm. 
Allergy Drug Targets 2012, 11, 159–
168.  

4. Pfeifle, R. Analysis of the Role of the IL-
23/Th17 Axis on B Cell-Mediated 
Autoimmunity. Ph.D. Thesis, Friedrich–
Alexander University Erlangen–
Nürnberg, Erlangen, Germany, 2017.  

5. Ergen, E.N.; Yusuf, N. Inhibition of 
interleukin-12 and/or interleukin-23 
for the treatment of psoriasis: What is 
the evidence for an effect on 
malignancy? Exp. Dermatol. 2018, 27, 
737–747.] 

6. Vom Berg, J.; Prokop, S.; Miller, K.R.; 
Obst, J.; Kälin, R.E.; Lopategui-Cabezas, 
I.; Wegner, A.; Mair, F.; Schipke, C.G.; 
Peters, O.; et al. Inhibition of IL-12/IL-
23 signaling reduces Alzheimer‘s 
disease-like pathology and cognitive 
decline. Nat. Med. 2012, 18, 1812–
1819. 

7. Mortezavi, M.; Ritchlin, C. IL12/IL23 
Inhibition in the treatment of psoriatic 
arthritis. Curr. Treat. Opt. 
Rheumatol. 2015, 1, 197–209.  

8. Kotze, P.G.; Ma, C.; Almutairdi, A.; 
Panaccione, R. Clinical utility of 
ustekinumab in Crohn‘s disease. J. 
Inflamm. Res. 2018, 11, 35–47.  

9. Oppmann, B.; Lesley, R.; Blom, B.; 
Timans, J.C.; Xu, Y.; Hunte, B.; Vega, F.; 
Yu, N.; Wang, J.; Singh, K.; et al. Novel 
p19 protein engages IL-12p40 to form 
a cytokine, IL-23, with biological 
activities similar as well as distinct from 
IL-12. Immunity 2000, 13, 715–725. 

10. Henrickson, S.E.; Ruffner, M.A.; Kwan, 
M. Unintended immunological 
consequences of biologic 

therapy. Curr. Allergy Asthma 
Rep. 2016, 16, 46.  

11. Espinosa-Cano, E.; Aguilar, M.R.; 
Vázquez, B.; Román, J.S. Chapter 7-
Inflammation-responsive polymers. 
In Smart Polymers and Their 
Applications, 2nd ed.; Aguilar, M.R., 
Román, J.S., Eds.; Woodhead 
Publishing: Cambridge, UK, 2019; pp. 
219–254.  

12. Paik, J.H.; Ju, J.H.; Lee, J.Y.; Boudreau, 
M.D.; Hwang, D.H. Two opposing 
effects of non-steroidal anti-
inflammatory drugs on the expression 
of the inducible cyclooxygenase. 
Mediation through different signaling 
pathways. J. Biol. Chem. 2000, 275, 
28173–28179.  

13. Alaseem, A.M.; Madiraju, P.; 
Aldebeyan, S.A.; Noorwali, H.; 
Antoniou, J.; Mwale, F. Naproxen 
induces type X collagen expression in 
human bone-marrow-derived 
mesenchymal stem cells through the 
upregulation of 5-lipoxygenase. Tissue. 
Eng. Part A 2015, 21, 234–245.  

14. Whittaker, D.S.; Bahjat, K.S.; 
Moldawer, L.L.; Clare-Salzler, M.J. 
Autoregulation of human monocyte-
derived dendritic cell maturation and 
IL-12 production by cyclooxygenase-2-
mediated prostanoid production. J. 
Immunol. 2000, 165, 4298–4304.  

15. Mitsuhashi, M.; Liu, J.; Cao, S.; Shi, X.; 
Ma, X. Regulation of interleukin-12 
gene expression and its anti-tumor 
activities by prostaglandin E2 derived 
from mammary carcinomas. J. Leukoc. 
Biol. 2004, 76, 322–332.  

16. Bedognetti, D.; Roelands, J.; Decock, J.; 
Wang, E.; Hendrickx, W. The MAPK 
hypothesis: Immune-regulatory effects 
of MAPK-pathway genetic 
dysregulations and implications for 
breast cancer immunotherapy. Emerg. 
Top. Life Sci. 2017, 1, 429–445.  

17. Boucher, J.G.; Parato, K.A.; Frappier, F.; 
Fairman, P.; Busca, A.; Saxena, M.; 
Blahoianu, M.A.; Ma, W.; Gajanayaka, 



Chapter 4 – Research Paper 2 
 

 
 

162 

 

N.; Parks, R.J.; et al. Disparate 
regulation of LPS-induced MAPK 
signaling and IL-12p40 expression 
between different myeloid cell types 
with and without HIV infection. Viral 
Immunol. 2010, 23, 17–28.  

18. Burnett, B.P.; Levy, R.M. 5-
Lipoxygenase metabolic contributions 
to NSAID-induced organ toxicity. Adv. 
Ther. 2012, 29, 79–98.  

19. Brenner, R.; Ayala, S.; Garda, H. Effect 
of dexamethasone on the fatty acid 
composition of total liver microsomal 
lipids and phosphatidylcholine 
molecular species. Lipids 2002, 36, 
1337–1345.  

20. Ma, W.; Gee, K.; Lim, W.; Chambers, K.; 
Angel, J.B.; Kozlowski, M.; Kumar, A. 
Dexamethasone inhibits IL-12p40 
production in lipopolysaccharide-
stimulated human monocytic cells by 
down-regulating the activity of c-Jun N-
Terminal Kinase, the activation 
Protein-1, and NF-κB transcription 
factors. J. Immunol. 2004, 172, 318–
330 

21. Botting, R.M. Inhibitors of 
cyclooxygenases: Mechanisms, 
selectivity and uses. J. Physiol. 
Pharmacol. 2006, 57, 113–124.  

22. Rao, P.; Knaus, E.E. Evolution of 
nonsteroidal anti-inflammatory drugs 
(NSAIDs): Cyclooxygenase (COX) 
inhibition and beyond. J. Pharm. 
Pharm. Sci. 2008, 11, 81–110 

23. Bareford, L.M.; Swaan, P.W. Endocytic 
mechanisms for targeted drug 
delivery. Adv. Drug Deliv. 
Rev. 2007, 59, 748–758. 

24. Al-Khoury, H.; Espinosa-Cano, E.; 
Aguilar, M.R.; Roman, J.S.; Syrowatka, 
F.; Schmidt, G.; Groth, T. Anti-
inflammatory surface coatings based 
on polyelectrolyte multilayers of 
heparin and polycationic nanoparticles 
of naproxen-bearing polymeric 
drugs. Biomacromolecules 2019, 20, 
4015–4025.  

25. Suarez, P.; Rojo, L.; González-Gómez, 
Á.; Román, J.S. Self-Assembling 

gradient copolymers of vinylimidazol 
and (Acrylic)ibuprofen with anti-
inflammatory and zinc chelating 
properties. Macromol. 
Biosci. 2013, 13, 1174–1184.  

26. Srivastava, A.; Waite, J.H.; Stucky, G.D.; 
Mikhailovsky, A. Fluorescence 
investigations into complex 
coacervation between 
polyvinylimidazole and sodium 
alginate. Macromolecules 2009, 42, 
2168–2176.  

27. Livak, K.J.; Schmittgen, T.D. Analysis of 
relative gene expression data using 
real-time quantitative PCR and the 2(-
Delta Delta C(T)) 
Method. Methods 2001, 25, 402–408. 

28. DiCiccio, J.E.; Steinberg, B.E. Lysosomal 
pH and analysis of the counter ion 
pathways that support acidification. J. 
Gen. Physiol. 2011, 137, 385–390.  

29. d’Arcy, R.; Tirelli, N. Fishing for fire: 
Strategies for biological targeting and 
criteria for material design in anti-
inflammatory therapies. Polym. Adv. 
Technol. 2014, 25, 478–498.  

30. Bhattacharjee, S. DLS and zeta 
potential–What they are and what 
they are not? J. Control. 
Release 2016, 235, 337–351.  

31. Cheng, C.J.; Tietjen, G.T.; Saucier-
Sawyer, J.K.; Saltzman, W.M. A holistic 
approach to targeting disease with 
polymeric nanoparticles. Nat. Rev. 
Drug Discov. 2015, 14, 239–247.  

32. Sadat, S.M.A.; Jahan, T.; Haddadi, A. 
effects of size and surface charge of 
polymeric nanoparticles on “in vitro” 
and “in vivo” applications. J. Biomater. 
Nanobiotechnol. 2016, 7, 91–108.  

33. Pillay, V.; Murugan, K.; Choonara, Y.E.; 
Kumar, P.; Bijukumar, D.; Du Toit, L.C. 
Parameters and characteristics 
governing cellular internalization and 
trans-barrier trafficking of 
nanostructures. Int. J. 
Nanomed. 2015, 10, 2191–2206.  

34. Banik, B.L.; Fattahi, P.; Brown, J.L. 
Polymeric nanoparticles: The future of 
nanomedicine. Wiley Interdiscip. Rev. 



Chapter 4 – Research Paper 2 
 

   
163 

 

Nanomed. Nanobiotechnol. 2016, 8, 
271–299. 

35. Kou, L.; Sun, J.; Zhai, Y.; He, Z. The 
endocytosis and intracellular fate of 
nanomedicines: Implication for 
rational design. Asian J. Pharm. 
Sci. 2013, 8, 1–10.  

36. Vangara, K.K.; Liu, J.L.; Palakurthi, S. 
Hyaluronic acid-decorated PLGA-PEG 
nanoparticles for targeted delivery of 
SN-38 to ovarian cancer. Anticancer. 
Res. 2013, 33, 2425–2434. 

37. Yameen, B.; Choi, W.I.; Vilos, C.; Swami, 
A.; Shi, J.; Farokhzad, O.C. Insight into 
nanoparticle cellular uptake and 
intracellular targeting. J. Control. 
Release 2014, 190, 485–499.  

38. Sahin, M.; Arslan, C.; Nazıroğlu, M.; 
Tunç, E.; Demirci, M.; Sutcu, R.; Yilmaz, 
N. Asymmetric dimethylarginine and 
nitric oxide levels as signs of 
endothelial dysfunction in behcet’s 
disease. Ann. Clin. Lab. Sci. 2006, 36, 
449–454.  

39. Reichel, D.; Tripathi, M.; Perez, J.M. 
Biological effects of nanoparticles on 
macrophage polarization in the tumor 

microenvironment. Nanotheranostics 
2019, 3, 66–88. 

40. Mulén, B.; Rojas, J.M.; Pérez-Yagüe, S.; 
Morales, M.P.; Barber, D.F. 
Polyethylenimine-coated SPIONs 
trigger macrophage activation through 
TLR-4 signaling and ROS production 
and modulate podosome 
dynamics. Biomaterials 2015, 52, 494–
506.  

41. Ghezzi, P.; Sacco, S.; Agnello, D.; 
Marullo, A.; Caselli, G.F.; Bertini, R. Lps 
induces IL-6 in the brain and in serum 
largely through TNF 
production. Cytokine 2000, 12, 1205–
1210. 

42. Zakharova, M.; Ziegler, H.K. 
Paradoxical Anti-Inflammatory actions 
of TNF-α: Inhibition of IL-12 and IL-23 
via TNF receptor 1 in macrophages and 
dendritic cells. J. Immunol. 2005, 175, 
5024–5033. 

43. Shachar, I.; Karin, N. The dual roles of 
inflammatory cytokines and 
chemokines in the regulation of 
autoimmune diseases and their clinical 
implications. J. Leukoc. Biol. 2013, 93, 
51–61.  

 

  



Chapter 4 – Research Paper 2 
 

 
 

164 

 

 



 

 
 
 

 

Anti-inflammatory surface coatings based on 
polyelectrolyte multilayers of heparin and 
polycationic nanoparticles of naproxen-bearing 
polymeric drugs 

 

Hala Al-Khoury
1,4*, 

Eva Espinosa-Cano
2,3*

, María Rosa Aguilar
2,3#

, Julio San Román
2,3

, 

Frank Syrowatka
4
, Georg Schmidt

4
, Thomas Groth 

1,4,5 

1Department Biomedical Materials, Institute of Pharmacy, Martin Luther University Halle Wittenberg, Halle (Saale), 
Germany
2Biomaterials Group, Department of Polymeric Nanomaterials and Biomaterials, Institute of Polymer Science and 
technology, Madrid, Spain
3Networking Biomedical Research Centre in Bioengineering, Biomaterials and Nanomedicine, Madrid, Spain
4Interdisciplinary Centre of Materials Science, Martin Luther University Halle-Wittenberg, Halle (Saale), Germany
5Interdisciplinary Centre of Applied Science, Martin Luther University Halle-Wittenberg, Halle (Saale), Germany 

 

 

Biomacromolecules 2019, 20, 10, 4015–4025 



Chapter 5 - Research Paper 3 
 

 
 

166 
 

  



Chapter 5 – Research Paper 3 
 

   
167 

 

Anti-inflammatory surface coatings based on polyelectrolyte 
multilayers of heparin and polycationic nanoparticles of 
naproxen-bearing polymeric drugs 
 
Hala Al-Khoury

1,4*, 
Eva Espinosa-Cano

2,3*
, María Rosa Aguilar

2,3#
, Julio San Román

2,3
, Frank Syrowatka

4
, 

Georg Schmidt
4
, Thomas Groth 

1,4,5 

 
Biomacromolecules 2019, 20, 10, 4015–4025  

Abstract 

Immune response to biomaterials can produce chronic inflammation and fibrosis leading to 

implant failure, which is related to surface properties of the biomaterials. This work describes 

the preparation and characterization of polyelectrolyte multilayer (PEM) coatings that combine 

the anti-inflammatory activity of heparin as polyanion with the potential release of Naproxen a 

nonsteroidal anti-inflammatory drug from polymeric nanoparticles (NP) with cationic surface 

charge. The polyelectrolyte multilayers were characterized by physical methods to estimate 

multilayer growth, thickness, zeta potential and topography. It was found that multilayers with 

NP had negative zeta potentials and expressed a viscoelastic behavior, while studies of 

topography showed that nanoparticles formed continuous surface coatings. THP-1-derived 

macrophages were used to study short-term anti-inflammatory activity (time scale 48 h) 

showing that PEM that contained heparin reduced cell adhesion and IL1β secretion, when 

compared to those with polystyrene sulfonate, used as alternative polyanion in multilayer 

formation. On the other hand, presence of NP in PEM was related to a reduced foreign body 

giant cell formation after 15 days, when compared to PEM that contained chitosan as alternative 

polycation, which suggests a long-term anti-inflammatory effect of Naproxen-containing 

nanoparticles. It was also shown that macrophages were able to take up NP from multilayers, 

which indicates a release of Naproxen by digestion of NP in the lysosomal compartment.  These 

findings indicate that surface coatings composed of heparin and Naproxen-based NP on implants 

like biosensors have the potential to attenuate foreign body reaction after implantation, which 

may improve long-term functionality of implants.   

 

Keywords: Implants, inflammation, foreign body reaction, heparin, Naproxen, nanoparticles, 

layer-by-layer technique, THP-1 cells. 
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Introduction 

Long-term use of biomaterials is often hampered by the inflammatory response 

elicited after implantation. Early adsorption of proteins on the biomaterial surface 

triggers the activation of the innate and acquired immunity. 1 Macrophages are 

considered as key effectors in this inflammatory response known as foreign body 

reaction (FBR). 2 Their direct contact with the implant surface can induce the secretion 

of chemokines, growth factors and pro-inflammatory cytokines such as interleukin 1  

(IL-1β), among others. 3 Prolonged unresolved inflammation leads to the fusion of 

macrophages into foreign body giant cells (FBGCs) in an attempt to phagocytose the 

implant 4 and ultimately to the attraction of fibroblasts with subsequent fibrous 

encapsulation, 5 isolation and premature failure of the implant. 1 Chemical and physical 

modifications of biomaterials and immunomodulatory approaches have been 

developed to reduce macrophage adhesion at early stages and to block pro-

inflammatory cytokine release and long-term FBGC formation. 6 This can be based on 

reducing or blocking protein adsorption, which is achieved by immobilization of poly 

(ethylene glycol) or zwitterionic compounds like phosphatidylcholine with reduction of 

opsonization. Since, these approaches have limited long-term stability more efficient 

methods to suppress inflammation are based on immobilization of drugs with anti-

inflammatory effects like nonsteroidal anti-inflammatory drugs (NSAID) or biomolecules 

like heparin. 1 The layer-by-layer (LbL) technique, which is based on the alternative 

deposition of oppositely charged polyelectrolytes, has been introduced recently for the 

preparation of anti-inflammatory coatings 7 because of its simplicity, applicability to a 

variety of materials (metals, glasses, ceramics and polymers) and control of surface 

properties at the nanometer scale. 8 Previous studies have demonstrated the immediate 

anti-inflammatory capacity of coatings based on glycosaminoglycans (GAGs). 9-12 In 

particular, heparin (Hep) can bind a variety of chemokines, cytokines and growth factors, 

which can modulate inflammatory processes. As an example, when taken up by 

endocytosis, Hep inhibits the nuclear transcription factor-кB (NF-кB), which in turn 

suppresses leukocyte activation turning down pro-inflammatory cytokines production. 
13-15 Moreover, Hep-based coatings have demonstrated superior properties when 
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compared to other GAGs-based systems due to high wettability, negative surface charge 

and intrinsic anti-inflammatory activity. 16 Although these surface coatings eventually 

reduce FBR, 17 there is still lack of definitive solutions. 18, 19 LbL technique can be used to 

fabricate polyelectrolyte multilayers (PEM) from polyanions like heparin. 16 The inherent 

thickness of PEM that depends on the number of single layers, molecular weight of 

polyelectrolytes and complexations conditions makes them useful as carriers for 

localized controlled drug release. 20 The simplest approach represents the incorporation 

of bioactive molecules, such as nucleic acids, growth factors or other cytokines 

embedded in the multilayer system, 21 covalently linked to PEM components or 

adsorbed on the top layer after PEM preparation. 22 However, this strategy has some 

limitations as many anti-inflammatory drugs like glucocorticoids or non-steroidal anti-

inflammatory drugs (NSAIDs)) are highly hydrophobic, which causes difficulties to 

achieve uptake in hydrophilic multilayer systems. 23 For example, Naproxen (NAP) is a 

widely known NSAID with anti-inflammatory, analgesic and antipyretic properties of 

superior pharmacokinetics and lower risk of cardiovascular adverse effects compared to 

other NSAIDs. 24 To overcome the problem of solubility, embedding 

cyclodextrin/hydrophobic drug complexes, liposomes and polymeric NP with 

hydrophobic core in PEM films emerged as a promising solution. 25, 26 Another option is 

the linkage of NSAID like NAP through an ester bond to a polymer and subsequent 

formation of NP. Such NP can be taken up by endocytosis and release the cargo by 

activity of esterase and the acidic pH in lysosomes. 27 Hence, immobilization of NP in 

PEM systems shall permit a localized control on drug release at the implantation site. 23 

This work describes for the first time the combination of Hep (polyanion) with NAP-

bearing cationic NP to prepare surface coatings by LbL technique with potential short-

term and long-term anti-inflammatory activity (Figure 1). Reference multilayer systems 

were prepared using polystyrene sulfonate (PSS) as alternative polyanion to replace 

Hep, showing biocompatibility, but no anti-inflammatory activity, while chitosan (Chi), a 

biocompatible natural polymer, was employed as further polycation to replace NP to 

have a system without NAP. Physicochemical characterization of PEM formation and 

surface properties were performed to study effect of PEM properties on cellular 

responses. THP-1-derived macrophages were used to study short- and long-term anti-
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inflammatory activity of PEM by evaluating cell adhesion and IL1β secretion after 48 

hours and FBGCs formation after 15 days, respectively. Results are reported here in. 

 
Figure 1: Schematic representation of (a) the HNAP71 copolymer and nanoparticles 

obtained after self-assembly in aqueous media entrapping coumarin-6 as a model 

hydrophobic drug and fluorescent tracer molecule; and (b) polyelectrolyte multilayer 

composed of polyethylene imine as bonding layer with alternating deposition of heparin 

(Hep) or polystyrene sulfonate (PSS) as polyanions and nanoparticles (NP) as cationic 

element prepared by layer-by- layer method.  

Materials and Methods 

Materials 

Dichloromethane (DCM), 4-dimethylaminopyridine (DMAP), hydroxyethyl 

methacrylate (HEMA), magnesium sulphate (MgSO4), and dicyclohexylcarbodiimide 

(DCC) were purchased from Merck (Madrid, Spain). (+)-(S)-2-(6-methoxynaphthalen-2-

yl) propanoic acid (naproxen) from TCI (Montgomeryville, PA, USA), and sodium 

bicarbonate (NaHCO3) and sodium chloride (NaCl) were obtained from Panreac 

(Madrid, Spain). All reagents were used without further purification for the synthesis 

and purification of the naproxen-based methacrylic monomer. Dimethylsulfoxide 

(DMSO) from Scharlau (Madrid, Spain) was used without further purification.  1-vinyl-
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imidazole (VI) and 2,2’-azobisisobutyronitrile (AIBN) from Merck (Madrid, Spain) were 

distilled and recrystallized from ethanol, respectively, for the preparation of amphiphilic 

copolymers. Ethanol and acetone were purchased from Scharlau (Madrid, Spain) and 

coumarin-6 (c6) from Merck (Madrid, Spain).  They were used without further 

purification for the preparation of NP. Glass slides were purchased from Menzel GmbH 

(Bielefeld, Germany) of (Ø 12 mm and 15 mm) surfaces. Silicon wafers were obtained 

from LG Siltron Inc. (Gumi, Korea) of (10 × 10) mm² surface. In addition, gold sensors for 

quartz crystal microbalance (QCM) were delivered from 3T analytic GmbH (Tuttlingen, 

Germany). Poly (ethylene imine) (PEI, Mw ≈ 750 kDa) was purchased from Polysciences 

Inc. (Warrington, USA). Heparin (Hep, Mw ≈ 15 kDa) and polystyrene sulfonate (PSS, 30 

wt% in H2O, Mw ≈ 70 kDa) were obtained from Serva and Sigma Aldrich (Heidelberg, 

Darmstadt, Germany), respectively. Chitosan 85/500 (Chi, Mw ≈ 500 kDa) was obtained 

from Heppe Medical Chitosan GmbH (Halle (Saale), Germany) with a deacetylation 

degree of 85%. Sodium Chloride (NaCl) was purchased from Roth (Karlsruhe, Germany), 

while acetic acid was provided from Applichem (Darmstadt, Germany).  

Methods 

Nanoparticles (NP) preparation and characterization 

Monomer and copolymer synthesis. The synthesis of the methacrylic derivatives of 

naproxen (HNAP) was carried out through a carbodiimide mediated Steglich 

esterification reaction. The copolymer poly(HNAP-co-VI) was synthesized by free radical 

polymerization in solution combining HNAP and vinyl-imidazol (VI) as previously 

described by our group for a methacrylic derivative of ibuprofen. 28 In the current study, 

a feed molar ratio of 50:50 (HNAP:VI) and a monomer concentration of 0.25M were 

used. The copolymer was named HNAP71 according to its molar content in HNAP.  

Preparation and characterization of unloaded and coumarin-6-loaded 

nanoparticles. Unloaded and coumarin-6 (c6)-loaded NP were prepared by 

nanoprecipitation method. C6 was encapsulated at a low concentration (i.e. 1% w/w in 

respect to the polymer) in order to avoid fluorescence quenching. Briefly, HNAP71 

copolymer (10 mg mL-1) or HNAP71 (10 mg mL-1) and coumarin-6 were dissolved in a 
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mixture of acetone and ethanol (8:2; vol/vol), added dropwise to an aqueous buffer 

solution (100 mM acetic acid and 100 mM NaCl) at pH 4.0 under magnetic stirring. The 

final polymer concentration was 1.0 mg mL-1. Thereafter, the solution was dialyzed 

against the same buffer solution at pH 4.0 for 72 h in order to eliminate the organic 

solvent and soluble non-encapsulated c6, in case of loaded NP. Then, the resultant NP 

were filtered through 1 μm Nylon filters to remove remaining insoluble c6. The 

hydrodynamic properties of NP (i.e. particle size distribution and zeta potential (ξ)) were 

determined at room temperature by dynamic light scattering (DLS) and laser Doppler 

electrophoresis (LDE), respectively, using a Malvern Nanosizer NanoZS Instrument 

(Madrid, Spain) equipped with a 4 mW He-Ne laser (λ = 633 nm) at a scattering angle of 

173°. The autocorrelation function was converted in an intensity particle size 

distribution with ZetaSizer Software 7.10 version, to obtain mean hydrodynamic 

diameter (Dh) and particle dispersion index (PDI) between 0 (monodisperse particles) 

and 1 (polydisperse particles) based on the Stokes−Einstein equation, assuming the 

particle to be spherical. For each sample, the statistical average and standard deviation 

of Dh and PDI data were calculated from 3 measurements of 11 runs each, while the ξ 

statistical average and standard deviation were calculated from 3 measurements of 20 

runs each. 

Coumarin-6 encapsulation efficiency. C6-loaded NP were prepared as described 

above, but in a NaCl-free buffer solution and freeze-dried in order to eliminate the 

aqueous phase. The white amorphous powder was dissolved in a mixture of acetone 

and ethanol (8:2, vol/vol) overnight to dissolve the self-assembled structure releasing 

all encapsulated c6. After that, ethanol was added and the sample was kept in agitation 

over 24 h to dissolve c6 in supernatant and precipitate the polymer. Samples were 

centrifuged at 10,000 rpm for 5 minutes at room temperature and UV absorbance of 

supernatant was measured at λ = 459 nm by NanoDrop One spectrophotomer (Thermo 

Scientific, Madrid, Spain). A standard curve was prepared from c6 and used for 

calculation of c6 concentration in the samples. The encapsulation efficiency (EE) was 

defined as the ratio of detected experimentally and original concentration of c6 

encapsulated in the inner core of the NP (Equation 1) and the loading capacity as the 

ratio of mass of c6 detected and mass of NPs (Equation 2). 
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Cryogenic transmission electron microscopy (Cryo-TEM). The images of Cryo-TEM 

of the NP were taken with a Jeol 1230 electron microscope (Bergen, Norway) operated 

at 100 kV and equipped with a Gatan liquid nitrogen specimen holder (Warrendale, PA, 

United States) and a CMOS Tvips TemCam-F416 camera (Gauting, Germany), at 40,000 

nominal magnifications under low dose conditions. Samples were applied to holey 

carbon grids (Quantifoil, Großlöbichau, Germany) after glow-discharge and immediately 

blotted and vitrified using a FEI Vitrobot cryo-plunger (Thermo Scientific, Madrid, Spain). 

NP density determination. Nanoparticles density was assessed using a previously 

described isopycnic centrifugation method with slight modifications. 29 Briefly, aqueous 

glucose solutions at concentrations of 10, 20, 30, 35, 40, 45, 50, 55 and 60% (w/v) were 

prepared. 5 mL of successive layers of glucose solutions at decreasing concentrations 

are let to diffusion for 12 hours to create different density gradients. Then, a NP sample 

(1 mg mL-1, 2 ml) was placed on top of each glucose gradient and centrifuged for 6 h at 

room temperature and 10,000 rpm. Immediately after centrifugation, 5 mL fractions 

were collected and their density was determined by pycnometer method. UV absorption 

is measured at λ = 239 nm by NanoDrop One spectrophotometer to determine the 

content in NP of each collected volume. The density of the fraction showing the highest 

UV absorbance (λ = 239 nm) was retained as the value of the nanoparticle density. 

Results of density measurements are shown in Table S1 in supplemental information. 

Substrates and polyelectrolyte (PEL) preparation 

Silicon wafers and glass slides were used for deposition, physicochemical and 

biological characterization of multilayers. Glass was used as a model surface because 

LbL technique is a method that permits adsorption of polyelectrolytes to virtually all kind 

of surfaces. 8,10,20-23 In addition, glass and silicon permit the use of different analytical 

techniques like atomic force microscopy (AFM), zeta potential measurements and 

optical microscopy.  The substrates were cleaned with a solution of ammonia (TH-Geyer 

GmbH & Co. KG 25%, Renningen, Germany), hydrogen peroxide (Roth 30%, Karlsuhe, 
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Germany), and water (1:1:5, v/v/v) at 75 °C for 10 min, subsequently washed with 

ultrapure water (6 x 5 min), and dried with a stream of nitrogen. 30 C6-loaded NP and 

unloaded NP were prepared as described above (1 mg mL-1).  Polyelectrolyte (PEL) 

solutions (2 mg mL-1), heparin (Hep, Mw ≈ 15 kDa) and polystyrene sulfonate (PSS, 30 

wt% in H2O, Mw ≈ 70 kDa) were also prepared by dissolution in 100 mM NaCl + 100 mM 

acetic acid at pH 4.0 and 7.0, respectively. Poly (ethylene imine) (PEI, Mw ≈ 750 kDa), 

was dissolved in the same buffer solution as well at pH 7.0 with a concentration of 5 mg 

mL-1. Moreover, the same concentration of the polyelectrolyte PEI, Hep and PSS were 

prepared in 150 mM NaCl solution. Chitosan (Chi) (Chi, Mw ≈ 500 kDa) was also dissolved 

in 150 mM NaCl, pH 4.0 adjusted by hydrochloric acid. All solutions were sterile filtered 

with poly (ether sulfone) filters of 0.2 µm pore size. 

Polyelectrolyte multilayer formation 

Four different systems were prepared made of 8 single layers on top of the primary 

PEI layer. They were composed of either NP-containing PEM with Hep or PSS as 

polyanions or Chi-containing PEM with Hep or PSS as polyanions denominated as 

[PEI(Hep-NP)4, PEI(PSS-NP)4, PEI(Hep-Chi)4 and PEI(PSS-Chi)4]. PEI was used as anchoring 

base layer to obtain a positive surface net charge on silicon and glass substrates. PEI was 

adsorbed for 30 min and rinsed with either 100 mM NaCl + 100 mM acetic acid or 150 

mM NaCl at pH 7, three times for 2.5 min. Subsequently, multilayers of Hep or PSS as 

polyanions together with Chi or NP as polycations were formed on top of PEI in which 

they were adsorbed for 15 min while NP were adsorbed for 60 min. Furthermore, the 

NP-containing Hep or PSS multilayers were rinsed with 100 mM NaCl + 100 mM acetic 

acid and the Chi-containing Hep or PSS rinsed with 150 mM NaCl, three times for 2.5 

min. An ultraviolet light chamber (Bio–Link BLX, LTF Labortechnik GmbH & Co. KG, 

Wasserburg, Germany) was used, set at 254 nm (50 J cm-2) to sterilize the PEM modified 

samples for 60 min, placing them in 24-well tissue culture plates (Greiner Bio-One GmbH 

&Co.KG, Frickenhausen, Germany) for further cell studies. 

 

Characterization of surface properties and multilayer formation 
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Multilayer growth. The growth of PEM was studied in real-time by means of a quartz 

crystal microbalance with dissipation monitoring (QCM-D, qCell T, 3T Analytik, 

Tuttlingen, Germany). Temperature was set to 25 °C according to the manufacturer´s 

protocol. Quartz gold sensors were used as the model substrates to immobilize the PEL 

and NP. The formation of PEM was monitored by real-time variations in oscillatory 

frequency and damping. A continuous flow rate of 100 µL min-1 was used for all PEL for 

15 min, while NPs were incubated for 1 h. Rinsing steps were done for 15 min after each 

layer deposition. All measurements were repeated twice and average values were 

calculated. qGraph viewer software (3T Analytik) was used to obtain calculate adsorbed 

mass and film thickness by applying the Voigt viscoelastic model. 31 Calculations were 

made using viscosity and density of water (0.001 Pa and 1,000 kg m-3) and film density 

based on the density of nanoparticles as shown in Supplemental information.  

Scanning electron microscopy (SEM). The structure of PEM on silicon wafers was 

studied with Philips ESEM XL 30 FEG (Eindhoven, Netherlands) used in high vacuum (p = 

10-6 mbar). PEM were coated with 20 nm chromium.  

Atomic force microscopy (AFM). Three-dimensional images of the topographic of 

PEM were obtained with an AFM Nano-R (Pacific Nanotechnology Inc., Santa Clara, USA) 

in close contact mode. AFM tips from AppNano (Applied Nanostructures Inc., Santa 

Clara, USA) with 125 µm length, 35 µm width, 14- 16 µm height and tip radius of <10 nm 

were used for imaging. Images with scan areas of 10 x 10 μm² were taken with a scan 

rate of 0.2 Hz and a resolution of 512 x 512 pixel². All scans were performed in an 

environmental atmosphere with air as ambience. Image processing was done using 

Gwiddyon software (version 2.40). 

Zeta potential measurements. The zeta potential of PEM was determined with a 

SurPASS streaming potential device (Anton Paar, Graz, Austria). Two identically glass 

substrates covered with the different PEM were mounted oppositely into the adjustable 

gap cell. The gap size was adjusted to achieve a flow rate between 100-150 mL min-1, 

not exceeding 300 mbar as the maximum pressure, which was checked to ensure a 

consistency in both directions. In 1 mM potassium chloride (KCl) was used as electrolyte. 

0.1 N hydrochloric acid (HCl) was used to adjust the pH value of KCl to pH 3.0 as starting 
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pH titration. 0.1 N sodium hydroxide solution (NaOH) was used for an automated 

titration ranging from pH 3.0 to 10 using volume increments of 20 µL for adjustment of 

pH values in 0.25 pH steps. 

Cell experiments 

Cell culture. THP-1 human monocytic cells (DSMZ, Braunschweig, Germany) were 

cultured in RPMI-1640 medium (Lonza, Wuppertal, Germany) supplemented with 10% 

(v/v) fetal bovine serum (FBS, Biochrom AG, Berlin, Germany) and 1% (v/v) antibiotic–

antimycotic solution (AAS, Lonza, Wuppertal, Germany) at 37 °C in a humidified 5% 

CO2/95% air atmosphere using a NUAIRE® DH Autoflow incubator (NuAire, Plymouth, 

Minnesota, USA). The non-adherent cells were passaged every second day to maintain 

a cell density of about 1 x 106 cells mL-1. THP-1 cells were differentiated to macrophages 

by incubation with 200 nM phorbol-12-myristate-13-acetate (PMA, Sigma Aldrich, 

Darmstadt, Germany) in T75 cell culture flasks (Greiner Bio-One GmbH &Co.KG, 

Frickenhausen, Germany) for 48 h. Thereafter, 0.25% trypsin/0.02% EDTA (Biochrom AG, 

Berlin, Germany) was used to detach the adherent macrophages with further addition 

of serum-containing RPMI-1640 medium to stop the trypsin effect. Eventually, the 

harvested cells were used for seeding on the different PEM. 

Cell adhesion studies. THP-1- derived macrophages were seeded on PEM at a cell 

density of 2.5 x 104 cells mL-1 in serum-containing RPMI-1640 medium. Cultures were 

incubated for 24 h at 37 °C in a humidified 5% CO2/95% air atmosphere. Afterwards, the 

surfaces were gently washed twice with phosphate buffer saline (150 mM NaCl, 5.8 mM 

NaH2PO4, Na2HPO4, pH 7.4; PBS) to remove non-adherent cells. Attached cells were fixed 

with cold methanol (Roth, (Karlsuhe, Germany) for 10 min and stained with 10% (v/v) 

Giemsa (Merck KGaA, Darmstadt, Germany) in ultrapure water for another 10 min, 

which is a standard method to stain macrophages. A transmitted light microscope 

(Axiovert 100, Carl Zeiss MicroImaging GmbH, Oberkochen, Germany) equipped with a 

CCD camera (MC-3254, AVTHorn, Oberkochen, Germany) was used to photograph the 

cells. The images were used to quantify the number of adhering cells using ImageJ 

software (version 1.46r). 
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Pro-inflammatory cytokine production and metabolic activity of macrophages. 
The IL-1β release was evaluated after 48 hours of culture of macrophages in serum-

containing RPMI-1640 medium in the presence and absence of 1 µg mL-1 

lipopolysaccharide (LPS, Sigma Aldrich, Darmstadt, Germany) on the different PEM. The 

medium supernatants of the LPS-treated and untreated samples were collected after 48 

hours of incubation and stored at -80 °C until needed for investigating the pro-

inflammatory IL-1β cytokine release. An enzyme linked immunosorbent assay (ELISA) 

was used here according to the manufacturer’s instructions (Invitrogen, Thermo 

Scientific, San Diego, USA). The cell viability was determined by a Q-Blue® assay 

(BioChain, Heidelberg, Germany), which was later used to normalize the cytokine 

production on the different PEM surfaces to the quantity of viable cells. Briefly, after 

collecting the supernatant for IL-1β studies, cells were washed carefully with sterile PBS 

twice. Then, 500 µL of pre-warmed, colorless Dulbecco’s modified Eagle’s medium 

(DMEM, Biochrom, Berlin, Germany) supplemented with the QBlue® reagent (10:1) 

were added to each well. After incubation at 37 °C for 2 h, 100 µL supernatants from 

each well were transferred to a black 96-well plate and fluorescence were measured at 

544 nm excitation and 590 nm emission wave length with a plate reader (BMG Labtech, 

Fluostar optima, Offenburg, Germany). Finally, the cytokine release was normalized to 

the fluorescence values, which corresponds to the quantity of viable cells.  

NP internalization by macrophages studied with flow cytometry. Macrophages 

were seeded in RPMI 1640 medium with 10% FBS at a concentration of 2.5 x 105 cells 

mL-1 on the primary PEI surfaces in the presence of c6-loaded NP in suspension, which 

was considered as positive control. Further seeding of cells was performed on the 

terminal 4th bilayer of c6-loaded NP embedded on multilayers composed of either Hep 

or PSS as polyanions with incubation for 48 h. Thereafter, all PEM systems and control 

were transferred to new well plates and gently washed with PBS. Then, 300 μL of 0.25% 

Trypsin was added for 3 min to detach adhering macrophages, followed by addition of 

serum-containing RPMI 1640 medium to stop the trypsin effect. The cells were scraped, 

centrifuged, washed once with PBS and re-suspended in 200 µL PBS. Finally, 100 µL of 

cell suspension was transferred to 96-well plate and measured with a flow cytometry 

device (LSR Fortessa II, BD Bioscience, Germany) to detect nanoparticles associated with 
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macrophages. For the quantification of macrophages positive to c6-NP in the gating 

strategy, dead cell and debris were excluded. From the remaining cells the percentage 

of c6 NP-positive macrophages is represented. The data were analyzed with FACS-Diva 

software (version 6.2). 

Foreign body giant cell (FBGCs) formation. The quantity of FBGCs on the different 

PEM was evaluated in serum-containing RPMI-1640 medium in the presence and 

absence of 1 µg mL-1 LPS. Macrophages were seeded as described above and cultured 

for 15 days. PEM covered glass slides were gently washed twice with PBS and attached 

cells were fixed with cold methanol and stained with 10% (v/v) Giemsa in ultrapure 

water as described above. Micrographs were taken by transmitted light microscope 

equipped with a CCD camera. The area percentage of FBGC covering the surface of 

different PEM was calculated by ImageJ software. 

Statistics. Statistical calculations were performed with one-way analysis of variance 

(ANOVA) followed by post-hoc Tukey’s test using Origin 8 Pro software (Origin Lab, 

Northampton, Massachusetts, USA). All data are represented as mean values ± standard 

deviations (SD). The number of samples has been indicated in the respective figure 

captions. Statistical significance was considered for p ≤ 0.05 and is indicated by asterisks 

in the figures. 

Results and Discussion 

HNAP71 copolymer synthesis 

The copolymer was synthesized following protocol described previously 28 with yields 

higher than 75%. According to 1H-NMR, a 0.5 molar fraction of HNAP in the feed (FHNAP) 

lead to a molar fraction of HNAP in the copolymer (fHNAP) of 0.71. The copolymer showed 

a molecular weight of 75 kDa with a polydispersity of the molecular weight distribution 

of 2.0 both obtained by size exclusion chromatography (SEC). It should be noted that 

Naproxen is covalently linked to the copolymer structure through an ester bond that is 

hydrolysable at acidic pH and esterase encountered in the lumen of lysosomes and at 

the site of inflammation. 27 
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Characterization of unloaded and Coumarin6-loaded NP.  

The CryoTEM image (see Figure 2a) shows the spherical morphology of NP obtained 

by the nanoprecipitation method in aqueous media. Figure 2b presents the size 

distribution (by intensity) of NP. In addition, results of hydrodynamic diameter (Dh) (by 

intensity) and polydispersity (PDI) were obtained by DLS and zeta potential (ξ) values by 

LDE (Table 1). 

 
Figure 2: (a) Cryogenic transmission electron microscopy (cryoTEM) micrograph of the 

nanoparticulated system [Scale: 200 nm]; and (b) Comparative graph of the unloaded 

NP and coumarin-6-loaded NP size distribution (by intensity) obtained by DLS. 

C6 was used simultaneously as a fluorescent probe for NP internalization studies with 

macrophages, but also as a model for the ability of NP to encapsulate another 

hydrophobic drug molecule. HNAP71-based nanoparticles encapsulated c6 with high 

efficiency (encapsulation efficiency = 92 ± 2%, n = 3) (Equation 1). Only a slight increase 

of 10 nm in NP diameter was observed with no significant changes in surface charge 

(Table 1). This result demonstrates that HNAP71-NP represent an appropriate 

hydrophobic reservoir for non-polar small molecules like most anti-inflammatory drugs. 

Moreover, their highly positive surface charge close to + 30 mV demonstrates the 

presence of protonable amine groups of VI monomer on the surface of NP, which makes 

them useful as polycationic component for immobilization by LbL technique in 

combination with polyanions. 
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Table 1. C6 encapsulation efficiency and hydrodynamic properties of unloaded NP and 

c6-loaded NP. 

aEE (%) – percentage of encapsulation efficiency, bLC(%) – percentage of loading capacity, cDh – mean hydrodynamic 
diameter and dPDI – polydispersity index studied by DLS, eξ – mean zeta potential measured by LDE (n= 3). 

Multilayer growth 

The PEM growth was studied in real-time by QCM-D. The reported values are 

averaged from two independent measurements. The decrease in quartz crystal 

oscillation frequency after each adsorption step (see Figure 3a) demonstrates film 

growth when NP were combined with either Hep or PSS. The energy dissipation ΔD 

provides information about the mechanical properties of the film. In this case, film 

formation leads to a significant increase in dissipation as shown in Figure 3b and Suppl. 

Figure 1b, when using either PSS or Hep as polyanion representing a typical viscoelastic 

behavior. 31, 32 Therefore, there is no direct relationship between adsorbed mass and 

frequency variations, which requires the application of Kelvin−Voigt model for 

viscoelastic films instead of Sauerbrey equation 33 to determine the adsorbed mass per 

unit area and the film thickness (see Figure 3c and Figure 3d). ΔD values followed a 

staircase increasing trend (Figure 3b), which indicates a swelling or stiffening of the 

system upon adsorption of NP or polyanions, respectively. These results point towards 

NP as main contributors to the viscoelastic behavior of the film, owing to their highly 

hydrophilic corona. Figure 3c shows a staircase growth for both PEM. The mass 

adsorption was always higher for NP than for the polyanion as they present higher 

molecular weight and can absorb large amounts of water. However, it is noticeable that 

the assembly of PEI(Hep-NP)4 PEM followed an exponential growth. By contrast, 

PEI(PSS-NP)4 PEM growth shows a more linear trend (Figure 3c and Figure 3d) resulting 

on higher thickness for the Hep-based PEM. This exponential growth has been related 

to the presence of diffusible components. 34 Hep diffusion through PEM layer has 

already been described and identified as a reason of such growth behavior. 16 
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Figure 3: Representative quartz microbalance with dissipation monitoring (QCM-D) 

graphs depicting (a) real-time variations of frequency during construction, (b) 

dissipation change (ΔD) after each layer, (c) the corresponding QCM-D mass change (-

Δm) per unit area and (d) thickness change obtained by applying the Voigt model for 

viscoelastic films of the PEI(Hep-NP)4 (solid lines) and PEI(PSS-NP)4 (dashed lines). Layer 

1: PEI. Even layers: Hep or PSS. Odd Layers: NP. Results are means ± SD of two 

independent experiments.  

From these data one can conclude more adsorption of Hep compared to PSS with NP 

as polycationic component that may be attributed to the higher charge density of 

heparin. The fact that Hep-based systems present a larger thickness than PSS-containing 

PEMs (Figure 3d) might be related to higher water content. This assumption is supported 

by findings from others that films made of polysaccharides like Hep are more hydrated 

than films made of synthetic polyelectrolytes. 16 Regarding the multilayer systems 

PEI(PSS-Chi)4 that was introduced here for comparison of the effect of polycationic 

components (either NPs or Chi), an exponential growth was found (see Suppl. Figure 

1a), which leads to relatively soft films (Suppl. Figure 1b), as found by others, too. 35 

Previous studies have also described the growth kinetics of the comparative PEM 



Chapter 5 – Research Paper 3 
 

 
   

182 
 

PEI(Hep-Chi)4 with similar formation conditions that also matches the findings of our 

study (Suppl. Figure 1 a & b). 16, 36 

Surface characterization of multilayer  

The surface topography of PEM was characterized by SEM (Figure 4a-c) and AFM 

(Figure 4d) under dry conditions to visualize the immobilization of NP. The SEM 

micrographs of NP-containing Hep and PSS PEM (Figure 4b) show the distribution of NP 

across the surface with a certain roughness confirming their presence in accordance 

with QCM-D studies. In fact, the spherical NP are clearly visible on top of PEM, while a 

smoother surface is observed with Chit-based PEM (Figure 4c). Moreover, Figure 4b 

indicates the presence of higher quantities of NP when Hep is used as polyanion 

compared to PSS, which is also supported by the higher thickness visible in the cross-

sections (Figure 4a). These findings support the observations and conclusions made in 

QCM-D experiments. The findings of SEM were supported by AFM studies. Figure 4d 

shows a comparison of surface topography, which was highly different between 

multilayers containing NP (upper row) and those that only contained chitosan as 

polycation (lower row). AFM images demonstrate that the topography was highly 

dependent on the presence of NP with a topography in z scale in the range of 300 nm, 

while the PEM made of Hep and PSS with chitosan as polycation were much smoother 

in the range of 30 nm.  Results of QCM-D studies and SEM/AFM microscopy show that 

there was no perfect hexagonal packing of nanoparticles, but rather a more chaotic 

deposition. This might be due to polydispersity of NP size distribution together with the 

fact that even after long adsorption time of 60 min for NP, thermodynamic equilibrium 

of adsorption has not been reached. In addition, subsequent washing steps may also 

lead to some detachment of more loosely adsorbed NP. Hence, a theoretical four layer 

deposition of NP was not found, because the thickness derived from QCM-D studies of 

about 150 nm maximum, corresponds to around two deposited NP layers.  
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Figure 4. Scanning Electron Microscopy (SEM) images (a) cross sectional view of terminal 

layer with NP; (b) top view of the terminal layer with NP, and (c) top view of terminal 

layer Chi in combination with either heparin (Hep) or polystyrene sulfonate (PSS) as 

polyanions [Scale: 300 nm]; and (d) Atomic force microscopy (AFM) images of surface 

topography in dry state of terminal layers of nanoparticles (NP) or chitosan (Chi) in 

combination with either heparin (Hep) or polystyrene sulfonate (PSS) as polyanions. 

[Scale: 10 µm]. LbL systems are abbreviated as [PEI(Hep-NP)4, PEI(PSS-NP)4, PEI(Hep-

Chi)4 and PEI(PSS-Chi)4], respectively. 

Interaction of materials surfaces with proteins and cells is driven by interfacial 

energy, including Coloumb interaction and other physical forces. 37 Surface (zeta) 

potential of biomaterials is related to Coloumb interaction with charged proteins and 

cells playing a key role in cell-surface interactions. 38 Despite the fact, that charges are 

screened by small counterions, it has been demonstrated that negatively charged 

surfaces inhibit whereas positively charged surfaces favor cell adhesion. 39, 40 Streaming 

potential measurements were performed by a pH titration at low ionic strength. Results 

are shown in Figure 5. Zeta potential of PEM showed a sigmoid behavior during titration 

with positive potentials at acidic and negative at basic pH values as observed in previous 

studies. 16, 41 This is related to the existence of a swollen surface layer that represents 

an amphoteric behavior through the presence of both cationic and anionic groups from 

both polyelectrolytes as described in more detail by Zimmermann and Werner. 42 NP-

containing multilayers did show different surface potentials across the pH titration, 

which indicates that the outermost layer was dominated by the charge contribution of 
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the protonable amine groups of VI at the surface of NP. 43 By contrast, reference PEM 

composed of Hep/Chi and PSS/Chi had lower zeta potentials in the basic region, which 

indicates a dominance of polyanions in this pH range and less that of the polycation Chi.  

As it was expected, the polycation PEI coated surfaces possessed the highest positive 

zeta potential and a point of zero charge (PZC) at pH 8.5, which is related to a net positive 

charge of this surface at physiological conditions. 44 

 

Figure 5. Zeta potential of primary poly (ethylene imine) (PEI) layer and the terminal 

(4th) layer of nanoparticles (NP) or chitosan (Chi) in combination with either heparin 

(Hep) or polystyrene sulfonate (PSS) as polyanions on glass slides, abbreviated as [PEI 

(black), PEI (Hep-NP)4 (red), PEI (PSS-NP)4 (blue), PEI (Hep-Chi)4 (pink) and PEI (PSS-Chi)4 

(green)], respectively. Results are means ± SD of two independent experiments in the 

pH range 3-10. 

Studies on macrophage adhesion, IL-1β release  

To evaluate the immediate anti-inflammatory capacity of the systems, studies on 

adhesion of macrophages that represent a prerequisite for the onset of inflammatory 

processes on biomaterials were carried out after 48 hours. Figure 6a shows the 

micrographs of Giemsa-stained macrophages and Figure 6b the quantitative analysis of 

cell adhesion. The highest adhesion was observed on the positively charged PEI surfaces. 

Macrophages on PEI showed a spread and elongated morphology together with 
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significantly higher number of adhering cells (p ≤ 0.05) in comparison to PEM, which 

possessed a lower elastic modulus and a negative surface charge as demonstrated by 

QCM-D and zeta-potential measurements, respectively.  These results are in accordance 

with previous studies claiming that surfaces presenting high wettability, low elastic 

modulus or negative charge can reduce macrophage adhesion. 34 Giemsa staining 

suggested also that Hep as polyanion either in combination with NP or Chi reduced 

macrophage adhesion (Figure 6a), which goes along with the anionic, hydrophilic nature 

of heparin and cell repulsive properties of multilayer films prepared at low pH with this 

glycosaminoglycan as found in other studies. 16, 41 

  

Figure 6. (a) Micrographs of Giemsa-stained macrophages on the primary layer of poly 

(ethylene imine) (PEI) and the terminal layer of nanoparticles (NP) or chitosan (Chi) in 

combination with either heparin (Hep) or polystyrene sulfonate (PSS), abbreviated as 

[PEI, PEI(Hep-NP)4, PEI(PSS-NP)4, PEI(Hep-Chi)4 and PEI(PSS-Chi)4], respectively. [Scale: 

200 μm]. (b) Number of adherent macrophages per mm² after 24 h of incubation 

obtained by image analysis. Data represent means ± SD, n=10, *p≤0.05.  

Macrophages can respond to biomaterial implantation by release of pro-

inflammatory cytokines leading to systemic (acute phase response) and local effects like 

recruitment and activation of other leukocytes resulting in acute and chronic 

inflammation. 45 However, a reduced secretion of pro-inflammatory cytokines like IL-1β, 

TNFα or IL-6 indicates limited inflammatory responses indicating a better 

biocompatibility of biomaterials. 46 Figure 7 depicts the normalized secretion of IL-1β by 
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macrophages seeded on PEM in the presence or absence of LPS after 48 h. LPS was used 

as a strong inducer of macrophage activation because of the binding of the 

CD14/TLR4/MD2 receptor complex in macrophages. 47, 48 ANOVA test was performed to 

compare IL-1β secretion in the presence and absence of LPS (e.g. Hep/NP with LPS was 

compared to Hep/NP without LPS) and to compare PEM that had the same 

polyelectrolytes (e.g. Hep/NP was compared to Hep/Chi and PSS/NP). Results in Figure 

7 show that the release of IL-1β was up-regulated in all samples after LPS stimulation. 

The lowest release of IL-1β was found on PEI(Hep-Chi)4 PEM with no significant 

differences (*p ≤ 0.05) to PEI(Hep-NP)4. Moreover, PEM based on PSS that lacks any 

specific anti-inflammatory activity, lead to significantly higher release of the IL-1β 

compared to the Hep-containing PEM. Hence, it evident that PEM with Hep as polyanion 

possess an anti-inflammatory activity as found in previous studies. 16 Polyelectrolyte 

multilayers represent a substrate that interacts in a dynamic manner with adhering cells 

permitting reorganization of terminal layers, but also uptake of polyelectrolytes and 

other multilayer components by cells. 49 Hep immediate anti-inflammatory capacity 

could be attributed to its capacity to diffuse through PEM systems followed by release 

and potential uptake by macrophages, leading to a reduction of NF-кB nuclear 

translocation and cytokine expression.  

 

Figure 7. IL-1β release from macrophages incubated for 48 h in absence (white bars) or 

presence (black bars) of lipopolysaccharide (LPS). Macrophages were seeded in RPMI 

medium with 10% FBS on the terminal layers of either NP or Chi as polycations with Hep 



Chapter 5 – Research Paper 3 
 

   
187 

 

or PSS as polyanions, abbreviated as [PEI(Hep-NP)4, PEI(PSS-NP)4, PEI(Hep-Chi)4 and 

PEI(PSS-Chi)4], respectively. Results were normalized to the quantity of viable cells 

measured by QBlue assay given as relative fluorescence units (RFU) and represent mean 

± SD of two experiments, n = 4, *p ≤ 0.05. 

In contrast, NP seem to have no contribution regarding short-term anti-inflammatory 

capacity of PEM since IL-1β values were much higher when LPS was used for stimulation 

of macrophages leading to significantly more secretion of this pro-inflammatory 

cytokine. This might be attributed to the fact that NAP release from NP occurs through 

hydrolysis of ester bonds, which is a very slow process at physiological conditions. 

However, hydrolysis is much faster in the presence of esterase and acidic pH 

encountered in lysosomes after NP internalization in macrophages. 28 

NP internalization by THP-1 derived macrophages 

Therefore, it was studied whether macrophages are able to take up NP from PEM as 

previous studies of our group have shown that cells are able to remodel PEM in active 

manner. 49 Studies with macrophages incubated for 48 h either with fluorescent c6-

labelled NP in supernatant on PEI or on PEM with c6-labelled NP were done with flow 

cytometry to quantify the percentage of macrophages positive for c6-loaded NP. Figure 

8a shows flow cytometry histograms with side scatter (SCC). Here, the raw data were 

obtained after setting the negative controls to a baseline by determining a threshold, 

beyond which, any signal would be considered as a positive for association of 

macrophages with c6-NP represented by the blue dots. Figure 8b shows the quantitative 

evaluation of experiments, which confirms that addition of c6-loaded NP to 

macrophages adhering on PEI-coated surfaces resulted in NP uptake by all cells 

demonstrating their fast uptake. By contrast, only 10% and 5% of macrophages seeded 

on PEI(Hep-NP)4 and PEI(PSS-NP)4 multilayers, respectively, were positive for c6-loaded 

NP uptake, which confirms that the immobilization of NP delays uptake by macrophages. 

On the other hand, it provides also evidence that macrophages may mobilize multilayer-

bound NP with NAP, which may have an effect on the long-term response through 

release of the drug after digestion of NP in lysosomal compartment. 28 
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Figure 8. (a) Flow cytometry histograms of macrophages cultured on PEI (PEI) with 

addition of coumarin-6-labeled NP in supernatant (PEI; c6NP in suspension) or on 

multilayers with coumarin-6-labeled nanoparticles (PEI(Hep-NP)4, and PEI(PSS-NP)4) for 

a period of 48 h. Histograms show plot of side scatter vs. fluorescence intensity of 

coumarin-6 measured at the Alexa Fluor 466-A wavelength. The threshold was set in 

such a way to separate fluorescent from non-fluorescent cells.  (b) The percentage of 

macrophages positive for c6-NP endocytosis of macrophages as calculated from flow 

cytometry histograms. Data represent mean ± SD, n=6, *p≤0.05. 

Studies on fusion of THP-1 derived macrophages 

FBGCs formation is considered as a hallmark of chronic inflammation, which occurs 

at later stages of FBR, approximately after 15 days 50. FBGCs are characterized by more 

than one nucleus in one cell body as well as a large area of cell cytoplasm as a result of 

macrophage fusion. The appearance of giant cells indicates the non-biocompatibility of 

a material. Fusion of macrophages seeded on PEM was studied in the presence (upper 

row) and absence (lower row) of LPS after 15 days of incubation. Figure 9a shows the 

micrographs of macrophages, while Figure 9b represents the quantitative evaluation of 

images. Here again, the ANOVA test was performed to compare LPS and no LPS 

conditions and PEM composed of the same polyelectrolytes (e.g. Hep-containing 

formulations or PSS-containing formulations). The addition of LPS increased significantly 

macrophage fusion on PEM, except PEI(PSS-NP)4, which is visible when one compares 
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macrophages cultured in presence or absence of LPS (Figure 9a). Moreover, on PSS/NPs 

system there is a significant reduction in the FBGCS formation when comparing to the 

system using Chi as polycation. We hypothesize that the long-term NPs release is slightly 

faster in PSS-based system when compared to the Hep-based system due to the 

previously discussed weaker interactions between NPs and PSS when compared to Hep 

owing to its lower charge density. This might explain the slightly better long-term anti-

inflammatory activity (i.e. FBGCs formation) of PSS/NPs system when compared to 

Hep/NPs, regardless of its lower short-term anti-inflammatory activity (i.e. higher 

macrophage adhesion and levels of IL-1β released). The reduced FBGC formation on 

PEM with terminal NP layers supports the idea that they can exert an anti-inflammatory 

effect with either Hep or PSS as polyanions in the long-term that is most probably a 

result of their uptake by macrophages. However, this needs to be studied in more detail 

probably in an animal model in future investigations.    

 

 Figure 9. (a) Transmitted light microscopy images of macrophages and foreign body 

giant cells (FBGCs) stained with 10% (v/v) Giemsa after 15 days of incubation in presence 
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(upper part) and absence (lower part) of LPS on the primary PEI surface and terminal 

fourth layer of either NP or Chi in combination with either Hep or PSS, abbreviated as 

[PEI, PEI(Hep-NP)4, PEI(PSS-NP)4, PEI(Hep-Chi)4 and PEI(PSS-Chi)4], respectively. [Scale: 

200 μm] (b) Area percentage of FBGCs covering the surface by quantitative image 

analysis of micrographs. Data represent mean ± SD, n=5, *p≤0.05. 

Conclusions 

In study it was shown for the first time that a combination of cationic nanoparticles 

that bear a NSAID NAP can be combined with different polyanions like heparin or 

polystyrene sulfonate to form PEM. As a further novelty of this work we consider the 

possibility to combine the immediate anti-inflammatory effects of heparin as polyanion, 

which has been visible here by reduction of IL-1β secretion as a master regulator of 

inflammation, with a long-term anti-inflammatory effect of NAP that becomes most 

probably effective after endocytosis of NP through macrophages and subsequent 

hydrolysis of the ester bond between the polymer backbone and the NAP. This has been 

concluded from studies on FBGC formation. Although the exact mechanism of anti-

inflammatory activity has not been explored here to its full detail, this work represents 

a proof-of-concept study to establish novel surface coatings that can suppress 

inflammatory reactions of macrophages to biomaterials, which may pave the way to 

modulate or reduce foreign body reaction after implantation of medical devices, like 

sensors and other soft or hard tissue implants.  

Supporting information 

Additional results, density of nanoparticles obtained by pycnometer method and UV 

absorbance at λ = 239 nm obtained by NanoDrop One spectrophotometer for the 

fractions obtained after isopynic centrifugation of glucose; and representative quartz 

crystal microbalance with dissipation monitoring (QCM-D) acquisition graphs depicting 

cumulative frequency shift (Δf) during PEM formation and dissipation change (ΔD) after 

each layer deposition in the multilayer structures abbreviated [PEI (Hep-NPs)4 (red), PEI 

(PSS-NPs)4 (blue), PEI (Hep-Chi)4 (pink) and PEI (PSS-Chi)4 (g) ] (Figure S1). 
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NPs density determination 

Nanoparticle density analysis was required for calculation of layer mass and 

mechanical properties using the Voigt model. As described by the extended Stokes’ 

equation, in the presence of centrifugal force NPs are expected to migrate through a 

density gradient until they reach a zone where the sedimentation velocity is equal to 

zero (i.e. a zone of equal density) [29]. Therefore, the density of the fraction showing 

the highest UV absorbance at λ = 239 nm is taken as NPs density value.  

Table S1. Results of density obtained by pycnometer method and UV absorbance at λ = 

239 nm obtained by NanoDrop One spectrophotometer for the different fractions 

obtained at each experiment after isopynic centrifugation of glucose. 

The results of the isopynic centrifugation studies are summarized in Table 3. In the 

first experiment, almost all dispersed NPs have precipitated to the bottom of gradient 1 

presenting the last fraction a significantly higher UV absorbance. In gradient 2, the last 

two fractions presented similar UV absorbance. Therefore, it was clearly shown that NPs 
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density was higher than 1.0692 g cm-3 and within the range of 1.14-1.17 g cm-3. In the 

second experiment, UV absorbance values of the different fractions on both gradients 

suggest that NPs density is in between 1.14 and 1.16 g/cm3. Therefore, the approximate 

value for NPs density is set as 1.15 g cm-3. 

d-QCM results 

 

Figure S1: Representative quartz microbalance with dissipation monitoring (QCM-D) 

acquisition graphs depicting (a) cumulative frequency shift (Δf) during PEM formation 

and (b) dissipation change (ΔD) after each layer deposition in the multilayer structures 

abbreviated [PEI (Hep-NPs)4 (red), PEI (PSS-NPs)4 (blue), PEI (Hep-Chi)4 (pink) and PEI 

(PSS-Chi)4 (green)] 
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Abstract 

Cytotoxic chemotherapy continues to be the major therapeutic option for patients with 

metastatic breast cancer. Several studies have reported a significant association between 

chronic inflammation, carcinogenesis and the presence of cancer stem cells (CSCs). We 

hypothesized that the use of non-steroidal anti-inflammatory drugs targeted to the CSC 

population could help reducing tumor progression and dissemination in otherwise hard to treat 

metastatic breast cancer. Within this study hyaluronic acid (HA) decorated and naproxen (NAP)-

bearing polymeric nanoparticles (NPs) were obtained by self-assembly. HA-NPs were fully 

characterized in terms of physic-chemical parameters and biological response in cancer cells, 

macrophages and endothelial cells. Our results revealed that HA-coating of NPs provided a 

better control in NAP release and improved their biocompatibility, while ensuring a strong CSC-

targeting in MCF-7 breast cancer cells. Furthermore, polymeric NPs promote apoptosis and 

reduce migration of MCF-7 cells significantly more than the free administered drug, NAP. This 

increased anti-cancer activity of HA-NAP-NPs was related to the induction of apoptosis through 

alterations of the GSK-3β-related COX-independent pathway. Overall, these findings suggest 

that the HA-NAP-NPs have the potential to improve the treatment of advanced breast cancer by 

increasing the anti-proliferative effect of NAP within the CSC subpopulation. 

 

Keywords: breast cancer, stem cells, naproxen, nanoparticles, hyaluronic acid, active targeting 
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Introduction 

Breast cancer is the most frequently diagnosed cancer and the second leading cause 

of cancer death in women worldwide. Its rate of incidence has barely changed in the 

past 30 years,1 highlighting the need of new effective therapies. Therapy of early breast 

cancer involves a multimodal strategy with a combination of surgery, chemotherapy, 

radiation, and targeted therapy. However, cytotoxic chemotherapy continues to be the 

major, if not the only, therapeutic option for patients with metastatic breast cancer. 

Paradoxically, the increased use of chemotherapy at early stages of the disease often 

derives in the acquisition of drug resistances and the development of early, aggressive 

metastatic relapses.2 This chemotherapy-resistance as well as the metastatic 

dissemination seem to be sustained by the presence of cancer stem cells (CSC), a small 

cell subpopulation within the tumors with high tumorigenic potential and ability to self-

renew. In breast cancer, CD44+/CD24- phenotype and ALDH1 expression are the major 

CSC markers described. Several studies have reported an aberrant activation of different 

signalling pathways in CSC, including Hedgehog, Wnt/β-catenin, PI3K/PTEN and nuclear 

factor-κB. Dysfunction of all these signalling pathways plays an important role in 

enabling CSC to retain their stem cell properties,3, 4 but these pathways also decisive in 

inflammatory processes.5, 6  

Chronic inflammation has long been linked to carcinogenesis.7 Previous studies have 

reported that inflammatory responses play decisive roles at different stages of tumor 

development, including initiation, promotion, malignant conversion, invasion, and 

metastasis.8 As such, anti-inflammatory drugs are believed to play a role in cancer 

treatment and prevention. In the past few decades, research has shown that non-

steroidal anti-inflammatory drugs (NSAIDs) decrease the risk of certain types of cancer 

and reduce tumour progression, recurrence and mortality of colorectal and breast 

cancer. 9, 10 Furthermore, improved outcomes had been reported when combining 

NSAIDs with anti-tumor drugs in preclinical studies.11 In particular, naproxen (NAP), a 

well-known NSAID, and its derivatives have been proven effective in the treatment of 

colorectal cancer, 12 urinary bladder cancer 13 and breast cancer.14 NAP anti-cancer 

properties are mainly attributed to the reduction of PGE2 levels, the major product of 
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the COX1/COX2 activation cascade. 14 However, there is increasing evidence of COX-

independent mechanisms playing a role in the anti-tumorigenic activity of NSAIDs.1, 15 It 

was recently shown that NAP can inhibit GSK-3β pathway causing an increase in p53 

cytosolic accumulation that compromises MCF-7 breast cancer cells migration and 

survival.16 Both pathways have been linked to CSC maintenance 17 and in this regard, we 

believe that NAP may provide a promising adjunct to standard chemotherapy, if CSC and 

immune cells are properly targeted. Unfortunately, repeated-administration and 

efficacy of NAP are hampered by drug’s high hydrophobicity and, the dose and time-

dependent gastrointestinal side-effects.18 In this scenario, nanomedicine offers the 

possibility of increasing the potential of the free drugs while reducing their side effects.19  

In a previous work, our group described cationic NAP-bearing polymeric NPs (NPs) with 

interesting anti-inflammatory capacity, 20 although their positive surface charge 

precluded further in vivo testing.21 Remarkably, the negative charge and hydrophilic 

nature of hyaluronic acid (HA) makes HA-coating a promising approach to improve NAP-

based NPs stability, reduce protein adsorption and increase their hemocompatibility.22, 

23 Moreover, HA is the most common natural ligand for CD44, a widely accepted marker 

of CSC 24 and immune cells like macrophages. 25, 26 Hence, enhanced cellular uptake and 

selectivity towards immune cells and CSC can be achieved by directly targeting this 

receptor. In fact, HA-based NPs have already demonstrated to be interesting drug 

delivery systems for chemotherapeutic drugs in breast cancer models 27 and as anti-

inflammatory agents in inflammatory diseases.28 

Within this scenario, this work aimed at obtaining HA-coated NAP-based NPs (HA-

NPs) with improved CD44-mediated active-targeting capacity and superior anti-cancer 

properties than free administered NAP. To do so, HA-NPs with different diameters were 

prepared by electrostatic interaction. Their control over NAP release kinetics, plasmatic 

coagulation and hemolytic activities were compared, as well as their rate of 

internalization in (1) phagocytic M1- and M0-polarized RAW264.7 macrophages (high 

and low CD44, respectively) and, (2) non-phagocytic breast MCF-7 CSC and non-CSC 

(high and low CD44, respectively) model based in the ALDH1-dependent tdTomato 

receptor expression in MCF-7 cells.29 The effect of CD44-mediated targeting on cell 

viability was assessed by evaluating in vitro cytotoxicity against MCF-7 (93% CD44 
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expression) and HepG2 (1% CD44 expression). Then, the specificity against cancer cells 

was demonstrated by comparing cytotoxicity against MCF-7 cells and non-malignant 

RAW264.7 and HUVEC cells. The capacity of NPs to inhibit the migration of MCF-7 cells, 

was also evaluated. Finally, the mechanism of action of the NAP-based NPs on cancer 

cells were dissected by studying markers of COX-dependent pathway (PGE2 and VEGF) 

and apoptosis through COX-independent pathway (p53) by ELISA. 

The HA-NPs presented in this work showed improved biocompatibility, CD44-

mediated targeting and better control in NAP release than their uncoated analogue. 

Moreover, the system significantly improved the anti-cancer properties of free drug.  

Overall, these findings suggest that the S-HA-NPs have the potential to improve the 

treatment of advanced breast cancer by increasing the anti-proliferative effect of NAP 

within the CSC subpopulation. 

Materials and methods 

Preparation and characterization of Hyaluronic Acid-decorated 
poly(HNAP-co-VI)-based NPs 

Hyaluronic acid electrostatic coating of NAP-based NPs. Self-assembled cationic 

NAP-bearing NPs were prepared via nanoprecipitation method according to a recently 

described protocol. 20 HA-coating was performed by electrostatic interaction between 

cationic NAP-based NPs and hyaluronic acid (HA, 200-300 KDa, Bioiberica, Spain). Briefly, 

1 mL of NAP NPs dispersion (0.1 M acetic acid (AA, Sigma-Aldrich, St. Louis, USA), 0.1 M 

sodium chloride (NaCl, Panreac, Spain) at pH 4.0) was added dropwise to a HA solution 

(2 mL, 0.1 M AA, 0.1 M NaCl at pH 4.0) under continuous stirring. Different mass ratios 

(mg NPs:mg HA = 0.5, 0.4, 0.3, 0.2 and, 0.1) and, final concentration of nanoparticles 

([NF]F = 0.06 mg/mL and, 0.50 mg/mL) were tested. Finally, NPs were freeze-dried for 48 

h and stored at 4 °C. The influence of pH and ionic strength on hydrodynamic properties 

as well as the stability in suspension at pH 4.0 were assessed. NPs with larger and smaller 

hydrodynamic diameter obtained when changing ionic strength of the aqueous 

solutions were named L-NPs or S-NPs, respectively. Fluorescent NPs were prepared 
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analogously following the same coating protocol but using previously described c6-

loaded NAP-bearing NPs (c6-NPs). 20 

Hydrodynamic properties: Size, polydispersity and, surface charge. The particle 

size distribution and zeta potential (ξ) of the HA-coated and uncoated NPs suspension 

was determined by dynamic light scattering (DLS) and laser Doppler electrophoresis 

(LDE), respectively, using a Malvern Nanosizer NanoZS Instrument (Madrid, Spain) 

equipped with a 4 mW He-Ne laser (λ = 633 nm) at a scattering angle of 173°. 

Measurements were performed according to manufacturer’s instructions. The particle 

size distribution (% intensity) was obtained using ZetaSizer Software 7.10 version, as well 

as the mean hydrodynamic diameter (size) and the particle dispersion index (PdI) based 

on the Stokes−Einstein equation, assuming spherical NPs morphology. The statistical 

average and standard deviation of samples data were calculated from 3 measurements 

of 11 runs each one, in case of size and PdI, and from 3 measurements of 20 runs each 

one, in case of ξ.

Morphology: cryoTEM. The images of Cryo-TEM of the HA-NPs were taken with a 

Jeol 1230 electron microscope (Bergen, Norway) operated at 100 kV and equipped with 

a Gatan liquid nitrogen specimen holder (Warrendale, PA, United States) and a CMOS 

Tvips TemCam-F416 camera (Gauting, Germany), at 40,000 nominal magnifications 

under low dose conditions. Samples were applied to holey carbon grids (Quantifoil, 

Großlöbichau, Germany) after glow-discharge and immediately blotted and vitrified 

using a FEI Vitrobot cryo-plunger (Thermo Scientific, Madrid, Spain). 

Quantification of HA-complexed: CTAB turbidimetric assay. HA complexed with 

nanoparticles was quantified by a reported indirect method using a CTAB turbidimetric 

assay 30. The amount of complexed HA was calculated by subtracting the amount of HA 

in the supernatant determined by CTAB turbidimetric analysis to the initial amount of 

HA (Equation 1), and the % of adsorbed HA was calculated relative to the initial amount 

of HA in the suspension (Equation 2). 

(1) 

  (2) 
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Briefly, right after preparation, HA-NPs were centrifuged at 12,000 rpm for 30 minutes 

at 4 ºC. Then, 750 μl of HA standard solution (0.625-0.15 mg/ml) or supernatant sample 

was added to 750 μl of Hexadecyltrimethylammonium bromide (CTAB, Sigma-Aldrich) 

solution (10 mM in 0.1M AA, 0.1M NaCl at pH 4.0). The absorbance of the precipitated 

complex was read at 570 nm four subsequent times within 1 minute using NanoDrop 

One spectrophotomer (Thermo Scientific, Madrid, Spain). All measurements were 

performed in triplicates. 

Evaluation of the influence of HA-coating and esterases on naproxen 
release kinetics in PBS.

5 mL of S-HA-NPs resuspended in PBS after freeze-drying or S-NPs diluted 1:5 (v/v) in 

phosphate buffer saline (PBS, Sigma-Aldrich) solution containing 10% fetal bovine serum 

(FBS, Sigma-Aldrich), in the presence (+) or absence (-) of with 15 u/mL of esterase from 

porcine liver (Sigma-Aldrich) were dialyzed against 15 mL of PBS solution containing 

0.5% (v/v) of Tween-80 (Sigma-Aldrich). The release was performed at 37 °C using a 3.5- 

5 kDa MWCO membrane (Spectrum Laboratories) and esterase content was refreshed 

every 48 h. After different time-points up to 14 days, 1 mL of the dialyzing medium was 

withdrawn and the same volume (1 mL) of PBS solutions was replenished. Concentration 

of NAP released was calculated by measuring the absorbance of the aliquots at λ = 262 

nm using NanoDrop One spectrophotomer (Thermo Scientific). The experiment was 

carried out in duplicates and the percentage of initial NAP released was computed 

according to Equation 3.  

 (3) 

Hemolysis and plasma aggregation assays 

Two types of assays were performed to test the hemocompatibility of the NAP-

bearing NPs. On the one hand, their effect on the integrity of red blood cells was 

measured using a hemolysis test. On the other hand, their potential interference with 

blood coagulation was studied by analyzing the plasma coagulation times. In detail, for 

the hemolysis test, red blood cells (RBC) were isolated from volunteer donors, 

resuspended in 2% (v/v) of PBS, and exposed to different concentrations of test NPs 
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during 1 h at 37 °C in duplicates. The amount of released hemoglobin was measured in 

a spectrophotometer at 405 nm (Biotek ELx800) after centrifugation (1,000 g, 10 min). 

Absorbance values were referred to a positive control of 100% hemolysis obtained after 

incubating RBC with 1% of Triton-X. Samples with <5% are considered non hemolytic. 

The effect of the NPs in plasma coagulation was tested using Start4 equipment (Stago, 

France) and following the manufacturer’s protocol. Activated partial thromboplastin 

time (aPTT), prothrombin time (PT) and thrombin time (TT) were determined as a 

measure of the extrinsic and intrinsic coagulation pathways and to assess fibrin 

formation from fibrinogen, respectively. Normal coagulation time for aPTT is ≤ 34.1 s, 

for PT is ≤ 13.4 s and for TT ≤ 21 s. In all three in vitro tests, samples were tested in 

duplicate. 

Cell culture 

The RAW264.7 (murine macrophages, Sigma-Aldrich), MCF-7 (human mammary 

adenocarcinoma cells, European Collection of Cell Cultures, ECACC), HepG2 (human 

hepatocarcinoma cells, American Type Culture Collection, ATCC) and HUVEC (human 

umbilical vascular endothelial cells, Sigma-Aldrich) were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM, Sigma-Aldrich), supplemented with 10% fetal bovine serum 

(FBS, Sigma-Aldrich), 2% L-glutamine, 1% penicillin/streptomycin (P/S, Sigma-Aldrich). 

HUVEC culture medium was additionally supplemented with 0.4% Glutamax (Sigma-

Aldrich), 0.04% heparin (Sigma-Aldrich) and, 0.04% Endothelial Cell Growth Supplement 

(ECGS, Sigma-Aldrich). All cell lines were incubated under permissive conditions (37 °C 

and 5% CO2). 

NP uptake studies to evaluate CD44-mediated active targeting in 
phagocytic and non-phagocytic cells with differential CD44 
expression. 

Phagocytic RAW264.7 murine macrophages. Coumarin-6 (c6, Sigma-Aldrich)-

loaded nanoparticle systems (c6-S-NPs, c6-L-NPs, c6-S-HA-NPs and, c6-L-HA-NPs) were 

used as a model to study macrophage uptake of the NPs in cell culture. RAW264.7 cells 

were seeded into 6 well-plates (200,000 cells/mL), in complete DMEM. The cells were 

incubated overnight at 37 ˚C and 5% CO2. The medium was replaced with the 
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corresponding NP suspension at 0.2 mg/mL and incubated for 8 h at 37 ˚C. After this 

time, cells were washed with cold PBS to discard c6-loaded NPs that were not 

internalized. Then, they were harvested (and counted to normalize fluorescence/cell) 

and centrifuged at 10,000 rpm. Supernatant was discarded and cell’s pellet was lysed 

with ethanol to free internalized c6. After centrifugation at 10,000 rpm the fluorescence 

of supernatant at 458/540 nm (excitation/emission) was measured by a Multi-Detection 

Microplate Reader Synergy HT (BioTek Instruments; VT, USA).

Non-phagocytic MCF7 breast cancer cells. The same coumarin-6 loaded 

nanoparticulated systems were used to study the differential uptake of NPs by CSC and 

non-CSC populations. For this assay, an in vitro CSC fluorescent model of MCF-7 cell line, 

in which CSC can be identified by the expression of tdTomato fluorochrome was used. 
29 In brief, 200,000 cells of MCF-7.Fluc2-ALDH1-tdTomato cell line, containing 1-2% CSC-

tdTomato+ cells, were seeded in complete DMEM medium in 6-well plates and allowed 

to attach for 24 h. The medium was replaced with the corresponding NP suspension at 

0.02 mg/mL and incubated for different time points: 2, 5, 10, 15, 20, 30 and 120 min at 

37 ˚C. Then, cells were washed with PBS 1X to discard c6-loaded NPs that were not 

internalized, harvested with 0.25% trypsin-EDTA and resuspended in PBS 1X 

supplemented with 10% FBS and DAPI (10 μg/mL) for vital staining. Cell suspensions 

were examined by flow cytometry (BD LSR Fortessa™ Cytometer, Becton Dickinson 

Bioscience, USA). Data were analyzed with FCS Express 5 Flow Research Edition software 

(De Novo Software, Glendale, CA, USA). For each sample, at least 50,000 individual cells 

were collected and the mean fluorescence intensity was evaluated.

Cell viability studies to demonstrate specific cytotoxicity against 
CD44-expressing cancer cells

Evaluation of the cytotoxicity of coated and uncoated NPs in cancer cells with 

distinct CD44 expression: MCF-7 and HepG2. MCF-7 cells and HepG2 cells were 

seeded on 96-well plates at a density of 10,000 and 15,000 cells per well, respectively, 

and left to attach for 24 h. Then, cells were incubated with serial dilutions of both sizes 

(large and small) of coated and uncoated NPs for 72 h. Complete medium was used as 
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negative control and 10% DMSO as positive control of toxicity. Subsequently, 5 mg/mL 

of MTT were added, cells were incubated for 4 h and formazan precipitates were 

resuspended in DMSO before measuring absorbance at 590 nm (microplate reader 

ELx800, BioTek, Germany). Cell viability was calculated and normalized to non-treated 

cells (100% viability) and positive controls (10% DMSO, 0% viability). Dose-response 

curves were plotted and half maximal inhibitory concentration (IC50) values were 

determined using Prism 6 Software (GraphPad Software, Inc., CA, USA). All experiments 

were run in triplicate. 

Evaluation of S-HA-NPs cytotoxicity in the mammary tumor microenvironment: 

RAW264.7, HUVEC and MCF-7. 10,000, 2,000 and 6,000 cells/well of HUVEC, 

RAW264.7 and MCF-7 lines were seeded in a 96-well plate. After 24 h, all cell lines were 

exposed to either culture media (C.M., positive control) or different concentrations of 

S-HA-NPs (50, 25 and, 12.5 µg/mL) in suspension whereas MCF-7 cells were also treated 

with free NAP at the concentration that was present on each NPs sample (30, 15 and 7.5 

µg/mL). Then, cell viability was determined after 72 h of incubation. Briefly, cells were 

incubated for 3 h with a solution 10% (v/v) AlamarBlue (Invitrogen) in phenol red-free 

DMEM at 37 ˚C in a humidified incubator with 5% CO2. Then, absorbance at 570 nm was 

measured by a Multi-Detection Microplate Reader Synergy HT (BioTek Instruments). The 

treatments were done in replicates (n = 8). Results of the experiments were expressed 

as percentage of relative cell viability (% respect to the control). 

Quantification of COX-dependent markers (PGE2 and VEGF) in 
cancer cells 

A total of 6,000 cells/well of MCF-7 were seeded in a 96 well-plates. After 24 h, cells 

were exposed to either C.M. (positive control) or different concentrations of S-HA-NPs 

(50, 25 and, 12.5 µg/mL) in suspension or free NAP at equivalent concentrations t (30, 

15 and 7.5 µg/mL). Every 24 h, cell media was collected and replaced by fresh C.M. PGE2 

and VEGF released after 72 h of treatment was measured by human PGE2 and VEGF 

ELISA kit (Invitrogen, Waltham, MA, USA) following manufacturer’s protocol. 
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Apoptosis in NAP-treated MCF-7 cells by ELISA 

MCF-7 cells (750,000 cells/mL), were seeded in a 6 well-plate under permissive 

conditions. After 24 h, cells were exposed to either C.M. (positive control), different 

concentrations of S-HA-NPs (50, 25 and, 12.5 µg/mL) in suspension or free NAP at the 

concentration that was present on each NPs sample (30, 15 and 7.5 µg/mL). Every 24 h, 

extracts were replaced by fresh C.M. and, after 48 h, cells were collected, lysed and p53 

levels in MCF-7 cells lysates were measured by human p53 ELISA kit (Abcam, Cambridge, 

United Kingdom) according to manufacturer’s protocol. 

Wound healing assays in MCF-7 cells

MCF-7 (800,000 cells/mL) were seeded in a 6 well-plates. After 48 h, cells were 

exposed to either C.M. (positive control), different concentrations of S-HA-NPs (50, 25 

and, 12.5 µg/mL) in suspension or free NAP equivalent concentration (30, 15 and 7.5 

µg/mL). Once the cells reached 90% confluence, a “wound” was made by manually 

scraping the middle of cell monolayers with a standard 200 µL pipette tip. Scratches 

were washed three times with PBS and photographed using an inverted microscope (20-

fold magnification, Nikon Eclipse TE 2000-S). Subsequently, the cells were incubated in 

fresh C.M. for additional 24 h and photographed again. The area of the open wound was 

computed using Image J software 31 and the % of open wound after 24 h was calculated 

using Equation 4. Experiments were performed independently twice, evaluating 3 

scratches in each experiment. 

    (4) 

Results and discussion 

Preparation and characterization of Hyaluronic Acid-decorated 
poly(HNAP-co-VI)-based NPs 

NAP-bearing NPs were obtained by nanoprecipitation method as previously 

described by our group. 20 Then, HA was physically adsorbed onto the surface of the 

cationic NPs at pH 4.0 in order to favor electrostatic interaction between the imidazole 

groups of poly(VI-co-HNAP) and the carboxylic groups of HA (pKa ~ 3.0-4.0) 32 and do not 
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reach the aggregation pH of NAP-NPs (pH ~ 4.5-5.0). 20 Different mass ratios (mg NPs:mg 

HA) were tested in order to achieve an efficient electrostatic coating. The size 

distribution (by % intensity) obtained by DLS and zeta potential (ξ) values obtained by 

LDE are displayed in Figure 1a. At mass ratios below 0.2 or above 0.4, precipitation of 

the HA and NAP-based NPs mixture occurred. However, at mass ratios within this range, 

it was observed an inversion in sign of surface charge and a significant increase in NPs 

diameter that confirmed polyanion (HA) physical adsorption. In particular, 0.2 was 

chosen as the optimal mass ratio as the size increase was minimized, the size distribution 

was narrower and, there were no presence of large aggregates. Then, at that mass ratio, 

the maximum final concentration of NPs ([NPs]Final) that can be achieved without 

precipitation was 0.5 mg/mL. It was observed an increase in NPs size as the [NPs]Final 

increases with no significant changes in surface charge (Figure 1b). The optimized HA-

coating protocol of NAP-bearing NPs is schematically presented in Figure 1c. 

Figure 1. Synthesis and characterization of NAP-bearing NPs. a) Schematic presentation 

of the optimized protocol of HA physical adsorption onto NPs surface. Size distribution 

(by intensity) obtained by DLS, and z-potential (ξ, in brackets) obtained by LDE of NAP-

bearing NPs (red) and HA-NPs (black) b) at different mass ratios (mg NPs:mg HA) and, c) 

at different final concentration of NPs in mg/mL (mass ratio fixed at 0.2). *Samples too 

polydisperse for accurate measurement. 
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Figure 2. Morphology of HA-coated and uncoated NAP-bearing NP. Cryogenic 

transmission electron microscopy (cryoTEM) micrograph of the NPs, a) HA-NPs at low 

magnification, b) HA-NPs at higher magnification; c) uncoated NPs.  

Size and morphology of HA-NPs were confirmed by cryoTEM (Figure 2).  HA-NPs were 

spherical and the size increase after HA adsorption was observed when comparing to 

previously reported cryoTEM images of the uncoated NPs 33. NPs showed an irregular 

surface owing to the folding of HA chains as they adsorbed onto NAP-bearing NPs 

surface. A low density (i.e. light grey), highly hydrated HA shell could be distinguished as 

well as regions of higher density (i.e. darker grey) at the core of the NPs where the HA 

and NPs co-exist. The HA-NPs were not aggregated, and particle size was approximately 

250–400 nm ratifying DLS results. 

Figure 3. Size distribution and Zeta potential of NAP-bearing NPs upon different pHs. 

a) Evolution of the size distribution (% intensity) and the surface charge (in brackets) of 
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HA-NPs at pH 4.5, 5.5, 6.5 and 7.5 as determined by DLS and LDE, respectively. b-c) 

Hydrodynamic diameter, polydispersity index (PdI) and zeta potential of uncoated NAP-

bearing NPs (red) and HA-coated NAP-bearing NPs (black) as a function of the pH. 

*Samples too polydisperse for accurate measurement.  
 

Hydrodynamic properties as a function of the pH were studied due to the 

electrostatic nature of the coating and the previously reported lack of stability of 

uncoated NPs at pH values higher than 4.5. In order to avoid the influence of [NPs]Final, 

HA-coated NPs were freeze-dried and resuspended in the same volume of 0.1M AA, 

0.1M NaCl aqueous solution at different pH values (4.5, 5.5, 6.5 or, 7.5). Dispersion after 

freeze-drying of the system was achieved by simple manual agitation and 5 minutes of 

bath sonication. Figure 3a shows the evolution of the size distribution (% intensity) and 

the surface charge determined by DLS and LDE, respectively. The size distribution was 

wider and the intensity of the peak in the microscale increased with pH while the surface 

charge remained unaltered. The larger sizes could be explained by the higher hydration 

of the HA shell and the weaker electrostatic interaction between VI imidazole groups 

and HA carboxylic groups that occurred due to ionization of –COOH or –NH as pH values 

get between their pKa and pKb, respectively. Stability at physiological pH was achieved 

after HA coating as demonstrated in Figure 3b. Uncoated NPs precipitated at pH above 

5.5 because of a decrease in electrostatic repulsive forces as imidazole groups of VI 

deprotonate, whereas the HA-coating kept the surface charge constant avoiding 

precipitation of the system over the whole range of pH under study. However, the 

improvement in stability was accompanied by a significant increase in mean size of the 

NPs, from 131.5 ± 3.3 nm (NAP NPs, pH 4.5) to 351.5 ± 22 nm (HA-NAP NPs, pH 4.5) and 

to almost 620.4 ± 4.2 nm (HA-NAP NPs, pH 7.5). CD44 is the hyaluronic acid receptor and 

therefore HA-NPs actively target CD44-receptor. However, their large size might hamper 

this interaction. 34, 35 Changes in the ionic strength of aqueous media affect surface 

charge, size, and compactness of NPs with ionic groups on its structure 36, 37. The 

modulation of hydrodynamic properties of NAP-bearing NPs and HA-NPs by ionic 

strength was studied at pH 4.0 (Table 1). Due to a screening effect, 38 an increase in ionic 

strength causes a decrease in the absolute value of z potential, from an initial value of 

+40.7 ± 0.9 mV or –36.9 ± 2.7 mV in the absence of salt to +28.8 ± 0.97 mV or –30.0 ± 
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2.0 mV at an ionic strength of 0.1 M NaCl for uncoated NPs or HA-coated NPs, 

respectively. Moreover, there was a reduction of about 30 nm on the size of the 

uncoated NPs and of about 50 nm on the size of HA-NPs as the ionic strength decreases 

from 0.1 M to 0 M. The higher positive surface charge of NAP-bearing NPs at 0 M ionic 

strength translated into almost twice HA complexed onto the surface of the NPs when 

compared to those prepared at 0.1 M ionic strength as confirmed by CTAB turbidimetric 

analysis of the samples (Table 1). However, the reported higher HA adsorption did not 

lead to a higher size increment suggesting that higher charge also increased system 

compactness. From now on, nanoparticles will be labelled as ‘large’ (L) and ‘small’ (S) 

depending on their size: L-NPs or S-NPs (uncoated NAP NPs) and L-HA-NPs or S-HA-NPs 

(HA-coated NAP NPs). 

 

Table 1. Hydrodynamic properties of NPs right after preparation. Hydrodynamic 

properties and Zeta potential of uncoated nanoparticles (NPs) and HA-coated NPs (HA- 

NPs) at a concentration of 500 µg/mL, and, percentage of initial HA adsorbed onto the 

NAP-bearing NPs surface obtained by CTAB turbidimetric analysis at pH 4.0 and 0.1 M 

NaCl (large, L) and 0 M NaCl (small, S) ionic strengths. Results are presented as mean ± 

SD of three independent samples (n = 3) of each system. 

a) Mean hydrodynamic diameter (% intensity), b) polydispersity of the size distribution, c) surface charge and, d) 

percentage of the initial HA adsorbed to the NPs surface.  

Stability of the system was also evaluated. As it occurred with L-NPs 20, newly 

described S-NPs, L-HA-NPs and, S-HA-NPs systems were stable at preparation pH (i.e. pH 

4.0) up to one month. A slight swelling was observed in the first 2 days after preparation 

of S-HA-NPs with no significant changes in hydrodynamic properties from that time 

point up to one month (Figure 4).  
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Figure 4. Size distribution and zeta potential of HA-coated or uncoated NPs at different 

time points. Mean hydrodynamic diameter (size, d.nm) and polydispersity (PdI) 

obtained by DLS, and z-potential (ξ, mV) obtained by LDE of S-NPs (light red), L-HA-NPs 

(black) and, S-HA-NPs (grey) at pH 4.0 after 2, 7, 14, 21 and 28 days of storage at 4 ºC. 

Data was presented as mean ± SD of three replicates. 

Evaluation of the influence of HA-coating and esterase activity on 
NAP release kinetics. 

The influence of HA-coating and esterase presence in the in vitro release of NAP was 

studied by a dialysis diffusion method. Figure 5 shows the in vitro NAP release profile at 

37 °C during 14 days in PBS. A burst release of 16 ± 1% and 20 ± 0.1% of NAP was 

observed over the first 72 h for the uncoated systems in the absence and presence of 

esterase, respectively, while between 0 and 4 ± 0.1% of NAP was released from the HA-

coated systems in the absence or presence of esterase, correspondingly. After this point, 

there were no further drug release unless esterase were added (plain lines) confirming 

an esterase-dependent release of the drug which was linked to the polymeric structure 

through an ester bond. Moreover, at any time point, the HA-coated system presented 

lower percentage of NAP released than its uncoated homologous with 94 ± 9% and 65 ± 

8% of the drug released after 14 days by S-NPs and S-HA-NPs, respectively. These data 

also confirmed that the HA-coating acted as a barrier layer providing a better control in 

NAP release as it occurred with other drugs or proteins encapsulated in HA-coated 

systems described in the literature. 39, 40 
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Figure 5. Naproxen release kinetics from HA-coated or uncoated NPs in the presence 

or absence of esterase. In vitro release profile of NAP for the different systems S-HA-

NPs (grey) and S-NPs (red) in the presence (+, continuous line) or absence (-, dashed 

line) of esterase. Data was presented as mean and standard deviation of two replicates 

of the release in PBS at 37 ºC, over 14 days (336 h).  Esterase were refreshed every 48 

h. 

Coagulation properties 

To test hemolytic properties of nanoparticles, the prothrombin time (PT), activated 

partial thromboplastin time (aPTT), and thrombin time (TT) values were determined 

after blood samples were put in contact with the HA-uncoated and coated systems. 

Table 2. Comparison of the coagulation properties of HA-coated and uncoated NPs. 

Prothrombin time (PT), activated partial thromboplastin time (aPTT) and thrombin time 

(TT) values in seconds (s) after incubating blood samples with PBS 1X (negative control, 

C-), complete culture medium (C.M.) and with 50 µg/mL of the HA-uncoated (S-NPs and 

L-NPs) and coated systems (L-HA-NPs and S-HA-NPs) for 72 h.  Data is presented as mean 

± SD of two replicates. 

Normal coagulation time for PT is ≤ 13.4 s, for aPTT is ≤ 34.1 s and for TT ≤ 21 s 
Pathological coagulation time for PT ≥ 20 s, for aPTT is ≥ 61 s and for TT ≥ 42 s 
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Data obtained from these tests are presented in Table 2. PT, aPTT and TT values were 

within normal ranges for all coated and uncoated systems. Changes with respect to the 

negative control (C-) or complete culture medium (C.M.) were non-significant but for 

the aPTT after treatment with S-NPs. However, for all samples, PT, aPTT or TT were 

always below the pathological times. Therefore, no alterations in plasmatic coagulation 

times were observed for any of the NPs under study. To further assess the 

hemocompatibility of the systems, the percentage of hemolysis (i.e. red blood cells 

(RBC) lysis) was determined after 72 h of incubation with up to 250 µg/mL of L-NPs, S-

NPs, L-HA-NPs or S-HA-NPs (Figure 6). A hemolytic behavior is characterized by 

percentage of hemolysis above 5%, values between 2-5% denote a slightly hemolytic 

activity, whereas values below 2% imply no significant hemolytic activity. According to 

that, the L-HA-NPs showed slight RBC cytotoxicity at the highest concentration (250 

µg/mL) and no cytotoxicity at any other concentration tested. Its uncoated homologous, 

L-NPs showed percentage of hemolysis above those of HA-coated system for the whole 

range of concentration and almost 100% of hemolysis at concentrations above 60 

µg/mL. The same trend was observed for small (S) systems but the hemolytic behavior 

appeared at lower concentrations than for the L systems. S-HA-NPs were above the 

hemolytic limit (5%) at the highest concentration (250 µg/mL), showing intermediate 

hemolytic properties at 125 µg/mL and no hemolytic activity at any other concentration 

tested. Its uncoated homologous, S-NPs, was highly cytotoxic against RBC at 

concentrations of 30 µg/mL and above. According to previous studies on positively 

charged NPs, the cationic surface charge of NAP NPs might be the reason for RBC 

cytotoxicity due to charge interaction with the plasma membrane and/or with 

negatively-charged cell components. 21 Moreover, L-systems showed lower hemolytic 

activity than their homologous S-systems. These data correlates with previous reports 

of small size NPs causing higher thrombocyte and granulocyte activation, and hemolysis 

when compared to larger NPs. 41 However, at concentrations below 125 µg/mL none of 

HA-coated systems were above the hemolytic limit (5%). Therefore, concentrations 

equal or lower than 125 µg/mL were selected for further studies. As a conclusion, these 

data confirmed the already described HA capacity to improve hemocompatibility of 
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biomaterials. 42 In particular, here it was demonstrated a decrease hemolysis of RBC 

after electrostatic HA coating of cationic NAP NPs.  

 

Figure 6. Hemolysis of NAP NPs. Percentage of hemolysis (y-axis) after 1 h of incubation 

of blood samples with different concentrations (x-axis, [NPs] (µg/mL)) of S-NPs (red), L-

NPs (dark red), S-HA-NPs (grey) or L-HA-NPs (black). Data was presented as mean ± SD 

of two replicates. 

Uptake studies in phagocytic and non-phagocytic cells with 
differential CD44 expression. 

Faster internalization of S-HA-NPs with respect to their large homologous (L-HA-NPs) 

as well as their uncoated homologous (S-NPs) by either phagocytic M1-polarized 

macrophages (i.e. treated with LPS, lipopolysaccharide from Escherichia; +LPS) or none-

polarized (untreated, -LPS) RAW264.7 macrophages was demonstrated (Figure S1). This 

data suggested that both size and surface coating play a key role in NPs internalization 

by phagocytic cells. In particular, M1-polarized macrophages overexpress CD44-receptor 

with respect to M0 non-polarized macrophages. 25 However, their phagocytic activity 

also increased with M1 polarization. This might explain why the internalization increased 

in a similar manner for coated and uncoated NPs after LPS-treatment. Therefore, these 

results were not conclusive in terms of CD44-mediated active targeting as large anionic 

particles were reported to be preferentially passively internalized by macrophages over 



Chapter 6 – Research Paper 4 
 

   
219 

 

smaller cationic ones. 43 Therefore, to confirm that the increased internalization was 

occurring because of the HA-CD44 interaction, the rate of internalization of HA-coated 

NPs (L or S) by non-phagocytic cancer cells showing differential CD44 expression was 

investigated. In particular, an in vitro CSC fluorescent model of MCF-7 cell line was used. 

In this model, CSC can be identified and separated by the expression of tdTomato 

fluorochrome (tdTomato+ cells). In this MCF-7-tdTomato cell line, several stemness 

markers were found to be significantly over-expressed in CSC-tdTomato+ cells, including 

CD44. 29 The CSC specific uptake of NPs with CD44-mediated active targeting was 

demonstrated by flow cytometry. 

Figure 7. Large and small HA-coated NPs uptake in CSC and non-CSC in MCF cells. a) 

Time dependent internalization of smaller HA-coated (grey) or larger HA-coated (black) 

NPs in CSC measured as the percentage of positive cells for c6 (top graph) and mean 

fluorescence intensity (MFI, arbitrary units) in cells (bottom graph) b) Time dependent 

internalization of L- and S-HA-NPs in CSC measured as the percentage of positive cells 

for c6 (top graph) and mean fluorescence intensity (MFI) in cells (bottom graph). Data 

was presented as mean ± SD of three replicates. 

When comparing L-HA-NPs and S-HA-NPs, it is clear that the rate of internalization of 

both NPs in CSC and non-CSC subpopulations is very different (Figure 7). When analyzing 

a b
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the CSC, after 2 min of incubation 16.3 ± 1.89% of CSC were positive in c6 for L-HA-NPs, 

whereas almost all CSC (97.7 ± 1.56%) were positive on c6 for S-HA-NPs. This higher 

internalization of S-HA-NPs in CSC was especially significant at short incubation times, 

but was kept even after 120 min of incubation. Apart from the number of positive cells, 

the mean fluorescence intensity (MFI) in each cell was also analyzed. In CSC, more than 

twice the MFI was observed after incubation for 10 min with S-HA-NPs when compared 

to L-HA-NPs. Such differences between S-HA-NPs and L-HA-NPs were also observed in 

non-CSC, but internalization rates and the MFI were always lower in non-CSC compared 

to CSC. Therefore, smaller NPs were shown to internalize faster than the larger ones in 

MCF-7 cancer cells, regardless their CD44-expression, as it occurred for macrophages. 

For both types of NPs, large or small, the faster and more intense internalization of HA-

NPs in CD44+ CSC, 29, 44 seems to indicate that CD44-HA interaction plays a key role in 

internalization of NAP NPs. 

Cell viability studies to demonstrate specific cytotoxicity against 
CD44-expressing cancer cells 

Cytotoxicity of coated and uncoated NPs against cancer cells with different CD44 

expression: MCF-7 and HepG2. Cell viability of MCF-7-CSC (high CD44 expression, 

92.62 ± 4.35%) was evaluated after 72 h of treatment with different concentrations of 

S-NPs, L-NPs, S-HA-NPs and L-HA-NPs, and compared to the viability of HeG2 cells (low 

CD44 expression, 0.85 ± 0.18%), in order to assess the effect of CD44-expression in the 

anti-cancer activity of NAP-bearing NPs (Figure 8). Results showed that the uncoated 

systems did not reduce MCF-7 or HepG2 cells viability below 90% at any of the tested 

concentrations with no significant differences between S-NPs and L-NPs. However, their 

HA-coated analogs were cytotoxic at concentrations above 0.1 µg/mL for MCF-7 or 

above 1 µg/mL for HepG2. Therefore, HA-NPs is 10 times less effective in cells with low 

CD44 expression (HepG2) when compared to CD44-overexpressing cells (MCF-7). 

Previous studies in the literature have shown that MCF-7 and HepG2 have similar 

sensitivity free NAP, 16 indicating that the incorporation of NAP into a HA-coated delivery 

system increases the specificity and sensitivity towards CD-44 expressing cells. 

Altogether these results demonstrate that CD44-mediated active targeting using HA-
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coated NAP NPs translated into reduction of the NAP dose needed to achieve anti-

cancer activity in MCF-7 cells.  

The IC50 of HA-NPs against MCF-7 cells after 72 h of treatment was approximately 10 

µg/mL and, therefore, concentrations above IC50 were chosen for further experiments. 

Furthermore, S-HA-NPs were used for further studies as they are internalized 

significantly faster than L-HA-NPs whereas no significant differences were observed in 

terms of cytotoxicity or hemocompatibility within this concentration range.    

 

Figure 8.  Cell viability assays by MTT in MCF-7 and HepG2 cells. Percentage of cell 

viability of MCF-7 and HepG2 cell lines after 72 h of treatment with different 

concentrations of S-NPs (red), L-NPs (dark red), S-HA-NPs (grey) or L-HA-NPs (black). 

Data was presented as mean ± SD of three replicates. 

Cytotoxicity of S-HA-NPs in the mammary tumor microenvironment: RAW264.7, 

HUVEC, and MCF-7 cells. Cytotoxicity of S-HA-NPs at 12.5, 25 and 50 µg/mL was 

compared to that of free NAP at the concentration that it was present in the NPs (NAP: 

7.5, 15 and 30 µg/mL) in order to demonstrate the improved anti-cancer effect of S-HA-

NPs over free NAP. Figure 9a presents the cell viability of MCF-7 cells after 72 h of 

treatment with S-HA-NPs or free NAP relative to a positive control (i.e. cells treated with 

culture medium, C.M.). Although there was a direct relationship between S-HA-NPs 

concentration and cytotoxicity, no significant differences were observed in MCF-7 

viability after treatment with NPs at the three concentrations tested. However, 

cytotoxicity with respect to the positive control (C.M.) was evident with a percentage of 

cell viability below 50% in all cases. In case of free NAP, again the decreasing trend with 

the increase in concentration was observed with no statistical differences in cytotoxicity 
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at the three concentration tested. However, the cell viability was 80% or higher in all 

cases. Therefore, the superiority of the NAP-bearing NPs over freely administered drug 

in terms of MCF-7 cytotoxicity was demonstrated at all concentrations tested.  

 

Figure 9. Cell viability assays by AB in MCF-7, RAW264.7 and HUVEC cells. a) Percentage 

of MCF-7 cells viability relative to a positive control (i.e. culture media of MCF-7 cells, 

C.M. – MCF-7) after 72 h of treatment with different concentrations of S-HA-NPs (dark 

grey) or free NAP (orange) and b) Percentage of MCF-7 (dark grey), RAW264.7 (blue) 

and HUVEC (pink) cells viability relative to a positive control (i.e. cells treated with 

culture media, C.M., CONTROL) after 72 h of treatment with different concentrations of 

S-HA-NPs. The diagrams include the mean, the standard deviation (n = 8), and the 

ANOVA results (**p < 0.005 and ***p < 0.001 statistically significant differences with 

cells treated with non-treated cells (0 µg/mL) and between the different systems 

(brackets)). 

Specificity against cancer cells was demonstrated by comparing cytotoxicity of S-HA-

NPs against three cell lines co-existing in the mammary tumorigenic microenvironment: 

malignant MCF-7 cells and non-malignant RAW264.7 and HUVEC cell lines. Figure 9b 

shows the cell viability of MCF-7, RAW264.7 and HUVEC cell lines after 72 h of treatment 

with S-HA-NPs relative to a positive control (C.M.). Regarding RAW264.7 macrophages, 

it was also important to discard the pro-inflammatory activity of low molecular weight 

HA which has been reported in the literature. 45 Figure S2 showed a clear reduction in 

NO released levels by M1-polarized macrophages (i.e. LPS-activated) after 24 h of 
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treatment with S-HA-NPs with respect to free HA in this concentration range. The 

percentage of cell viability of macrophages (Figure 9b) decreased with the increase in S-

HA-NPs concentration but was only significant for the highest concentration tested (50 

µg/mL). Similarly, a direct relationship between NPs concentration and HUVEC cell 

viability was observed. However, in this case, differences were significant at the three 

concentrations tested with values of cell viability values reaching 66 ± 6% for 50 µg/mL 

of NP dose. These results clearly contrast with the 45 ± 6% of cell viability of malignant 

breast cancer cells and could be in both cases beneficial. In case of macrophages, they 

serve as the first line of defense during tumor establishment, a drug delivery system 

with little to no toxic effect against macrophages would be advantageous 14. On the 

other hand, NSAID inhibition of HUVEC proliferation is extensively described 46, 47 as well 

as its benefits in terms of reduction of angiogenesis and tumor growth. Here, it was also 

demonstrated the superiority of the S-HA-NPs in terms of cytotoxicity against HUVEC 

cells with respect to the free drug (Figure S3) after 72 h of treatment. 

COX-dependent markers (PGE2 and VEGF) in S-HA-NP-treated MCF-
7 cells 

According to literature, the main anti-cancer mechanism of NSAIDs is COX-

dependent, especially in PGE2 overexpressing cells. 48 However, some studies concluded 

that COX-independent mechanisms also play a role in anti-tumorigenic activity of 

NSAIDs. 1, 15 Here, in order to better understand the mechanism of action of S-HA-NPs 

and its superiority over free drug, S-HA-NPs and free NAP effect on PGE2 released by 

MCF-7 cells was evaluated. ELISA assay results (Figure 10a) revealed that the levels of 

PGE2 released by MCF-7 cells were not significant. Moreover, the treatment with either 

S-HA-NPs or free NAP had no effect on this variable. These data correlated with previous 

works reporting that MCF-7 cells are not PGE2 expressing cells 49 and supported the idea 

of COX-independent anti-cancer mechanisms.  
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Figure 10.  ELISA quantification of extracellular PGE2 and VEGF in S-HA-NPs or free NAP 

treated MCF-7 cells. ELISA quantification of a) PGE2 and b) VEGF released by MCF-7 cells 

after 72 h of treatment with either S-HA-NPs (dark grey) and free NAP (orange). The 

diagrams include the mean, the standard deviation (n = 2), and the ANOVA results (**p 

< 0.05 statistically significant differences with cells treated with culture media (Basal 

levels)). 

S-HA-NPs have already demonstrated anti-angiogenic properties as they affect the 

proliferative capacity of endothelial cells (Figure 9b). Previous studies revealed that NAP 

might affect the expression of VEGF, 50 a growth factor that plays a key role in 

angiogenesis. 51 NSAIDs’ inhibitory effect on angiogenic factors are cell-, dose- and, time-

dependent. Depending on these variables, VEGF expression can be reduced 52-54, 

increased, 55 or non-significantly changed 56 by NSAIDs. Moreover, according to 

literature, reduction in VEGF levels is usually related to inhibition of PGE2. 53, 57 

Therefore, to further assess anti-angiogenic properties and mechanism of action of S-

HA-NPs, a study on VEGF production by MCF-7 cells after treatment with these NAP-

bearing NPs or free NAP was carried out (Figure 10b). Basal levels of VEGF were not 

reduced by either S-HA-NPs or free NSAID for any of the concentrations tested. 

However, a tendency of lower VEGF levels after treatment with S-HA-NPs when 

compared to free drug was appreciated. In fact, at the higher concentration of free drug, 

there was a significant increase with respect to basal levels of VEGF, while no significant 

changes were observed for the nanoparticle system. Hence, these data correlated with 

previous results on PGE2 supporting that anti-cancer activity of S-HA-NPs occurs through 

COX-independent mechanisms.   
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Apoptosis (cytosolic levels of human p53) in in S-HA-NP-treated 
MCF-7 cells 

Among COX-independent mechanisms, NAP has demonstrated to reduce MCF7 

viability and proliferation via the inhibition of GSK-3β. 16 Through this mechanism, NAP 

diminishes p53 mitochondrial translocation promoting apoptosis via mitochondrial 

pathways. 17 In order to evaluate the apoptosis in NAP-treated MCF-7 cells, the cytosolic 

accumulation of p53 was evaluated by ELISA (Figure 11). A significant dose-dependent 

accumulation of p53 was appreciated after MCF-7 incubation with S-HA-NPs at 12.5 and 

25 µg/mL. However, this effect was not appreciated at the highest concentration of NPs. 

An increase in the concentration was associated with an increase in the hydrodynamic 

properties of the NPs and probably with a decrease in the internalization efficiency of 

the NPs at the highest concentration. S-HA-NPs at 25 µg/mL presented the maximum 

activity. The antagonistic effect between concentration and size on the activity causes 

the intermediate concentration to reach a maximum of activity. 

 

Figure 11. ELISA quantification of intracellular p53 in S-HA-NPs or free NAP treated 

MCF-7 cells. ELISA quantification of intracellular concentration of p53 in MCF-7 cells 

after 48 h of treatment with either S-HA-NPs (dark grey) and free NAP (orange). The 

diagrams include the mean, the standard deviation (n = 2), and the ANOVA results (*p < 

0.1 and **p < 0.05 statistically significant differences with cells treated with culture 

media (CM, CONTROL, top of the bar) and between the different systems (brackets)). 
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Wound healing assay to evaluate S-HA-NPs capacity to inhibit MCF-
7 migration 

GSK-3β-dependent anti-tumor activity of S-HA-NPs was further investigated by 

evaluating migration of MCF-7 cells, a key step in the metastasis sequence, which is also 

affected by GSK-3β inhibition. 17 In this study, the percentage of open wound was 

graphically and numerically presented in Figure 12 and Table S1. S-HA-NPs at 12.5 and 

25 µg/mL demonstrated a significant, concentration-dependent, inhibition of cells 

migration. Moreover, the nanoparticle system had significantly superior properties 

when compared to free drug at these concentrations. S-HA-NPs at the highest 

concentration (50 µg/mL) did not inhibit migration in a significant manner but had no 

effect as compared with the control, as observed in the p53 experiment. 

 

Figure 12. Wound healing assay in S-HA-NPs or free NAP treated MCF-7 cells. Effect of 

different concentrations of S-HA-NPs or free NAP on MCF-7 migration in vitro: a) 

Inverted microscope images (20-fold magnification) of the wound at the beginning of 

the assay 0 h and after 24 h post-scratching and; b) Percentage of open wound after 24 

h of treatment with respect to the original wound size. The diagrams include the mean, 

the standard deviation (n = 2), and the t-test results (*p < 0.1 and **p < 0.05 statistically 

significant differences with cells treated with culture media (C.M., CONTROL) and 

between the different systems (brackets)). 
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Previous works had demonstrated that COX-dependent pathways does not affect 

migration capacity of MCF-7 cells 48 and that through GSK-3β inhibition, naproxen can 

compromise MCF-7 migration and survival without affecting VEGF expression. 17 

Therefore, the migration study, together with all previous data, supported the idea of S-

HA-NPs acting through GSK-3β-related COX-independent pathway.  

Conclusion 

Hyaluronic acid electrostatic coating of previously described poly(HNAP-co-VI)-based 

NPs was successfully carried out and, the resultant system was extensively characterized 

and tested in terms of internalization, safety and therapeutic activity. The HA-coating 

enhanced pH stability of the NPs, provided a better control in the esterase-dependent 

release of NAP and, improved NPs’ hemocompatibility. Moreover, the cell 

internalization results showed that HA-coated NPs directly targeted CD44 receptor on 

the surface of CSC. Therefore, it could be considered a potent strategy for targeting 

specifically the CSC subpopulation within breast tumours. The system also enabled to 

reduce the NAP dose needed to achieve pro-apoptotic and anti-migratory activity 

against luminal breast cancer cells. Moreover, anti-cancer activity of NPs was related to 

the induction of apoptosis through alterations of GSK-3β-related COX-independent 

pathway. In summary, the designed NPs have the potential to serve as a platform for 

the development of new anti-CSC therapies for metastatic breast cancer treatment. 

Supporting information 

Description of the materials and methods of cytotoxicity assay of coated and 

uncoated NPs against RAW 264.7 and the Evaluation of HA-mediated pro-inflammatory 

activity by measuring production of nitric oxide (NO) through a Griess reagent assay. 

Figure S1. mass of coumarin-6 (c6) per millions of cells obtained by measuring 

fluorescence of lysates of LPS-activated (dashed) or inactivated (plain) macrophages 

incubated with larger (L) or smaller (S) HA-coated (black) or uncoated (red) systems. The 

diagrams include the mean, the standard deviation (n = 3), and the ANOVA results (*p < 

0.05 statistically significant difference between L and S system (top of the bar) and 

between the different systems (brackets)). Figure S2. a) Percentage of RAW264.7 cell 
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viability relative to a positive control (CP, only culture media) after 24 h of treatment 

with different concentrations of S-HA-NPs (dark grey) and L-HA-NPs (black) and b) 

percentage of NO released by RAW264.7 relative to a positive control (CP+, cells treated 

with 5µg/mL LPS and culture media) after 24 h of treatment with 5 µg/mL of LPS and 

either S-HA-NPs (dark grey), L-HA-NPs (black) or free HA (light grey). The diagrams 

include the mean, the standard deviation (n = 8), and the ANOVA results (*p < 0.05 

statistically significant difference with cells treated with culture media (CM, top of the 

bar) and between the different systems (brackets)). Figure S3. Percentage of HUVEC 

cells viability relative to a positive control (i.e. culture media of HUVEC cells, C.M. – 

HUVEC, black) after 72 h of treatment with different concentrations of S-HA-NPs (grey) 

or free NAP (orange). The diagrams include the mean, the standard deviation (n = 8), 

and the ANOVA results (**p < 0.005 and ***p < 0.001 statistically significant differences 

with cells treated with culture media (CM, top of the bar) and between the different 

systems (brackets)). Table S1. Percentage of open wound 24 h post-scratch. 

Acknowledgement.  

Authors would like to thank the Spanish Ministry of Science, Innovation and 

Universities (MAT2017-84277-R) and CIBER-BBN for the financial support of this project. 

CIBER-BBN is financed by the Instituto de Salud Carlos III (ISCIII) with assistance from the 

European Regional Development Fund (ERDF). The work was also partially funded by 

supported by ISCIII (PI18_00871 co-founded by ERDF), and CIBER-BBN (EXPLORE) 

granted to I.A. ICTS “NANBIOSIS” have participated in this work, more specifically the 

U20/FVPR in the hemocompatibility assays (http://www.nanbiosis.es/portfolio/u20-in-

vivo-experimental-platform/). E. Espinosa-Cano would like to thank the training 

program for Academic Staff (FPU15/06109) of the Spanish Ministry of Education Culture 

and Sport. The kind support by Alvaro González-Gómez, Rosana Ramírez from the 

Biomaterials Group (ICTP-CSIC) and Rafael Nuñez from the Center for Biological 

Research (CIB-CSIC), in the synthesis, cell culture and cryoTEM experiments, 

respectively, is greatly appreciated. 

  



Chapter 6 – Research Paper 4 
 

   
229 

 

Supporting information 

HA-coated naproxen-bearing nanoparticles against breast 
cancer stem cells through COX-independent pathways. 
E. Espinosa-Cano1,2, P. Cámara-Sánchez2,3, M. R. Aguilar1,2*, M. Huerta-Madroñal1,2, S. Schwartz Jr.2,3, Ibane 

Abasolo2,3, J. San Román1,2 

 
Submitted to Journal of Controlled Release, October 2020 

Materials and methods 

Cytotoxicity of coated and uncoated NPs against Raw 264.7 

200,000 live cells/mL (100 µL per well) were seeded in a 96 well-plate under 

permissive conditions. After 24 h, cells were exposed to either DMEM (control), different 

concentrations of L-NPs, S-NPs, L-HA-NPs or S-HA-NPs (0.5, 0.4, 0.2, 0.1, 0.05, 0.025 and, 

0.0125 mg/ml) in suspension or free HA at the maximum concentration that is present 

on each sample (2.5, 2.0, 1.0, 0.5, 0.25, 0.125 and, 0.06 mg/mL, respectively) and cell 

viability was determined after 24 h of incubation. Briefly, cells were incubated for 3 h 

with a solution 10% (v/v) AlamarBlue (Invitrogen) in phenol red-free DMEM 

supplemented with 10% FBS, 2% L-Glutamine and, Penicillin-G at 37 ˚C in a humidified 

incubator with 10% CO2. Then, absorbance at 570 nm was measured by a Multi-

Detection Microplate Reader Synergy HT (BioTek Instruments; Vermont, USA). The 

treatments were done in replicates (n = 8). Results of the experiments were expressed 

as percentage of relative cell viability (% respect to the control). 

Evaluation of HA-mediated pro-inflammatory activity. Production 
of nitric oxide (NO). Griess reagent assay  

200,000 live cells/mL (100 µL per well) were seeded in a 96 well-plate under 

permissive conditions. After 24 h, cells were treated with DMEM (LPS-, negative control), 

LPS alone (5 μg/mL, LPS+, positive control), or with LPS (5 μg/mL) and different 

concentrations of L-NPs, S-NPs, L-HA-NPs or S-HA-NPs (0.200, 0.100, 0.050, 0.025 and, 

0.013 mg/ml) in suspension, or free HA at the maximum concentration that is present 

on each sample (1.00, 0.50, 0.25, 0.13 and, 0.06 mg/mL, correspondingly). 24 h after 
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free HA or nanoparticulated system addition, LPS-induced NO release was evaluated by 

Griess reagent modified kit (Sigma-Aldrich, Spain) following the manufacturer protocol. 

The treatments were done in replicates (n = 8). Results of the experiments were 

expressed as percentage of relative NO released normalized by the number of cells 

obtained by Alamar Blue assay and considering NO level of cells activated with LPS 100%. 

Results and discussion 

Uptake of NPs by phagocytic cells RAW264.7 NPs 

Figure S1. mass of coumarin-6 (c6) per millions of cells obtained by measuring 

fluorescence of lysates of LPS-activated (dashed) or inactivated (plain) macrophages 

incubated with larger (L) or smaller (S) HA-coated (black) or uncoated (red) systems. The 

diagrams include the mean, the standard deviation (n = 3), and the ANOVA results (*p < 

0.05 statistically significant difference between L and S system (top of the bar) and 

between the different systems (brackets)). 
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Effect of NPs in macrophages viability and NO release  

 

Figure S2. a) Percentage of RAW264.7 cell viability relative to a positive control (CP, only 

culture media) after 24 h of treatment with different concentrations of S-HA-NPs (dark 

grey) and L-HA-NPs (black) and b) percentage of NO released by RAW264.7 relative to a 

positive control (CP+, cells treated with 5µg/mL LPS and culture media) after 24 h of 

treatment with 5 µg/mL of LPS and either S-HA-NPs (dark grey), L-HA-NPs (black) or free 

HA (light grey). The diagrams include the mean, the standard deviation (n = 8), and the 

ANOVA results (*p < 0.05 statistically significant difference with cells treated with 

culture media (CM, top of the bar) and between the different systems (brackets)). 

Figure S3. Percentage of HUVEC cells viability relative to a positive control (i.e. culture 

media of HUVEC cells, C.M. – HUVEC, black) after 72 h of treatment with different 

concentrations of S-HA-NPs (grey) or free NAP (orange). The diagrams include the mean, 

the standard deviation (n = 8), and the ANOVA results (**p < 0.005 and ***p < 0.001 

0 12.5 25 50
0

20

40

60

80

100

120

140

%
 ce

ll v
iab

ilit
y

[S-HA-NPs] (g/mL)

 S-HA-NPs  free NAP

C.M. - HUVEC

CONTROL



Chapter 6 – Research Paper 4 
 

 
   

232 
 

statistically significant differences with cells treated with culture media (CM, top of the 

bar) and between the different systems (brackets)). 

Migration study 

Table S1. Percentage of open wound 24 hours post-scratch. 
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Conclusions 

The main conclusions of this thesis are: 

1. Hydrophobic methacrylic derivatives of naproxen (HNAP) and ketoprofen (HKT) 

were successfully prepared and copolymers with pseudo-gradient amphiphillic 

microstructure were obtained after copolymerization of HNAP or HKT with 1-

vinyl-imidazole (VI) by free radical polymerization: poly(HNAP-co-VI) and 

poly(HKT-co-VI), correspondingly. The monomers molar ratio was optimized for 

the polymers to self-assemble into cationic nanoparticles formed by a hydrophilic 

shell based on VI and a hydrophobic core based on HNAP or HKT: NAP NPs or KT 

NPs, respectively. The corresponding NSAID was covalently linked to the 

polymeric structure through an enzyme-labile bond, an ester bond, that allowed 

a slow controlled release of the drug. Moreover, dexamethasone (Dx) was 

physically entrapped in the hydrophobic core of the nanoparticles to achieve co-

delivery of both drugs in vitro.  

2. The resultant unloaded or Dx-loaded NAP NPs were not cytotoxic against 

macrophages in vitro and they efficiently reduced the LPS-induced nitric oxide 

(NO) production. More importantly, the combined therapy based on NAP/Dx has 

a synergistic effect on the reduction of IL12-p40 gene expression by macrophages 

through COX-independent mechanisms, as the synergistic effect was not 

observed for the KT/Dx combination even though, KT is a stronger COX inhibitor. 

This system offers a more cost-effective alternative to current anti-IL12-p40 

biological therapies in AIDs. 

3. Neither unloaded nor Dx-loaded KT NPs were cytotoxic against macrophages in 

vitro. The Dx-loaded KT NPs showed no synergistic inhibition of Il12b gene 

expression but, due to the stronger COX inhibitory ability, the unloaded KT NPs 

showed superior capacity than their NAP analogues to reduce the production of 

NO and the expression of all inflammatory markers genes evaluated. This system, 

hence, has high potential as an anti-inflammatory system either alone or in 

combination with other drugs different from Dx.  

4. An anti-inflammatory surface coating was successfully prepared by alternative 

electrostatic deposition of anionic heparin (Hep) and cationic NAP NPs as 



Chapter 7 – Conclusions 
 

 
   

242 
 

building blocks via layer-by-layer (LbL) technique. The physicochemical 

properties of the system (i.e. high hydrophobicity, low elastic modulus and 

anionic surface charge at physiological pH) translated into a reduction in the 

adhesion of macrophages in vitro, a characteristic step of the first stages of the 

foreign body reaction (FBR) to implants. The short-term reduction in the levels of 

IL1β released, a well-known pro-inflammatory cytokine, was attributed to Hep 

and; the long-term ability to reduce the foreign body giant cells (FBGCs) 

formation, a hallmark of chronic inflammation in the FBR, to the controlled 

release of NAP from the NPs core. Therefore, this system served as a proof-of-

concept to establish novel surface coatings that can modulate or suppress 

inflammatory reactions of macrophages to biomaterials, which may pave the way 

to modulate or reduce FBR. 

5. The surface modification by a LbL technique of NAP NPs was successfully carried 

out through electrostatic deposition of HA. HA-coated NPs of different sizes, 

297.0 ± 6 and 351.5 ± 22, were obtained by modifying the ionic strength of the 

preparation solution. The HA-coating stabilized the nanoparticles, improved their 

hemocompatibility and helped to have a better controlled over the release of 

NAP. The smaller size and the HA-coating facilitate internalization by all cell lines 

tested or CD44-overexpressing breast cancer stem cells (BCSCs), respectively. 

Moreover, small HA-coated NAP NPs (S-HA-NAP NPs) showed an enhanced anti-

cancer activity with respect to the free drugs in terms of induction of apoptosis 

and inhibition of migration capacity. The anti-cancer mechanism of the naproxen 

and the HA-coated NAP NPs was COX-independent. Hence, this CD44-targeting 

system might improve current breast cancer therapy in which BCSCs are a main 

concern. 

6. This thesis described the preparation of NSAID-bearing cationic polymeric NDDS 

and three different novel strategies that exploit the newly prepared systems for 

the treatment of AIDs, FBR and BC, respectively. Moreover, the great potential 

of these systems in the field on inflammation is evident from the wide range of 

applications and ongoing projects in which they are currently involved. 

  



Chapter 7 – Conclusions 

   
243 

 

 

  



Chapter 7 – Conclusions 
 

 
   

244 
 

 

 

  



Annex I – Ongoing Projects 
 

 
 
 

 

 

 
 

 
 

 

  



Annex I – Ongoing Projects 
 

 
   

246 

 

 

  



Annex I – Ongoing Projects 

   
247 

 

Ongoing Projects  

The nanoparticles described in this thesis are currently involved in several ongoing 

projects in collaboration with national and international groups. A brief summary of 

each work is included below: 

1. KT NPs described in this thesis are being evaluated as gene transfection agents in the 

frame of a Biomedical Engineering Bachelor Thesis (UC3M). Our group, the company 

Sylentis© and research groups from the CIBER-BBN platform presented a joint 

COVID-19 proposal involving this NPs in 2020. We include here the abstract of this 

work followed by the summary of the COVID-19 proposal: 

Synthesis and evaluation of cationic polymer nanoparticles as gene 

transfection agents  

Author: Nicolas Vivas Cerezo; Director: Eva Espinosa Cano; UC3M Tutor: Diego Velasco Bayón 

Abstract 

“In the last decades, gene therapy has emerged as a promising alternative to current 

palliative treatments for genetic disorders. These therapies target the direct cause of the disease 

aiming to correct genomic mutations. However, they require the delivery of genetic material 

into the target cells which presents important challenges, mainly specificity, efficacy, and safety. 

To overcome these drawbacks, efforts have been made to design effective genetic vectors. In 

particular, the use of cationic polymers has augmented for this application thanks to their easy 

synthesis and facile modification. The aim of this project was the design, preparation, 

characterization, and in vitro evaluation of cationic polymer nanoparticles to be used as genetic 

vectors. To do so, different systems were prepared based on ketoprofen-bearing nanoparticles 

(KT NPs) formed by self-assembly in aqueous media of an amphiphilic co-polymer based on a 

methacrylic derivative of ketoprofen (HKT) and vinyl imidazole (VI) monomers, following 

nanoprecipitation method. The surface charge of KT NPs was maximized (+32.8 ± 0.7 mV) in 

order to favour siRNA complexation and electrostatic coating by layer-by-layer technique. They 

were successfully coated with Chondroitin Sulphate (CS) and Polyethylenimine (PEI) obtaining a 

cationic polymeric system, PEI-CS-KT NPs, with higher positive surface charge (+34,4 ± 0,3 mV). 

In order to increase blood circulation stability and provide specificity both systems were 

successfully coated with Hyaluronic Acid (HA, hydrophilic polyanion) at different pH and 
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exhibited to be stable in time. pH 5 was chosen to continue the evaluation. All HA-coated and 

non-coated systems demonstrated their ability to complex siRNA. Specifically, HA-PEI-CS NPs 

and PEI-CS KT NPs achieved a 100 % complexation efficacy. Finally, it was observed that the HA 

coat provides stability to the systems when they are diluted in Culture Media.” 

COVID-19 proposal summary: 

“El objetivo es utilizar terapias innovadoras ya desarrolladas por distintos grupos del CIBER-

BBN y aplicarlos en la profilaxis y el tratamiento de la enfermedad COVID19. El proyecto pretende 

centrarse en el desarrollo de nanosistemas de liberación controlada: (i) de nanopartículas 

peptídicas autoensambladas inhalables con capacidad de adhesión a la proteína receptora de 

SARS-Cov-2, ACE-2, como potencial agente terapéutico para el bloqueo eficaz de la infección y 

expansión de este virus, y (ii) de nanopartículas poliméricas capaces de transportar y liberar en 

el pulmón de siRNA y/o compuestos antivirales que ataquen la infección y propagación del virus 

empleando polímeros con capacidad antiinflamatoria.” 

2. KT NPs described in this thesis are being evaluated as mediators of supramolecular 

self-assembly of tripeptide hydrogels in a collaborative work with the Institut 

National de la Santé et de la Recherche Médicale, INSERM Unité 1121 (Strasbourg, 

France) and the Université de Strasbourg, CNRS, Institut Charles Sadron (Strasbourg, 

France) in the frame of the PICS project. Here we present the abstract that was 

accepted for presentation in the European Materials Research Society (EMRS) Fall 

Meeting 2020 that was going to be held in Poland. 

Supramolecular self-assembly of tripeptide hydrogels from polymer 

nanoparticles for biomedical applications 

M. Criado-Gonzalez1,2, E. Espinosa-Cano3,4, L. Jierry1, P. Schaaf1,2, L. Rojo3,4, M. R. Aguilar3,4, R. 

Hernández3, F. Boulmedais1 

1. Université de Strasbourg, CNRS, Institut Charles Sadron, Strasbourg, France 
2. Institut National de la Santé et de la Recherche Médicale, INSERM Unité 1121, Strasbourg, 

France  
3. Instituto de Ciencia y Tecnología de Polímeros, CSIC, Madrid, Spain 
4. Biomedical Research Networking Center in Biomaterials, Bioengineering and Nanomedicine, 

CIBER-BBN, Madrid, Spain 

Many vital processes in biological systems involve spatio-temporal control over directed self-

assembly, for instance, regulation of active tension in muscles, cell adhesion or chromosome 
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separation during cell division. Peptide and polymer hydrogels are increasing attention as 

substrates for these applications. Despite their many positive attributes, covalently crosslinked 

polymer hydrogels lack biological functionality which can be overcome by employing 

supramolecular peptide hydrogels with a sequenced-defined chemical structure. Here, we 

present a new approach to develop hybrid hydrogels by combining cationic polymer 

nanoparticles (NPs) with a phosphorylated peptide, Fmoc-FFpY, which interact electrostatically 

leading to the formation of supramolecular hydrogels. NPs are based on vinyl-imidazole and 

ketoprofene, a non-steroidal anti-inflammatory drug which inhibits the inflammatory marker 

expression, IL12b, IL23a and TNFalpha, up to basal values. The encapsulation of different model 

drugs in the NPs extends the range of applications of these materials for drug delivery. 

Furthermore, the formation of a supramolecular peptide hydrogel from the surface of the NPs 

can tune the drug delivery as well as the cell adhesion properties. 

3. KT NPs described in this thesis are being use to prepare anti-inflammatory hydrogels 

based on natural polymers in collaboration with the Max-Bergmann-Zentrum für 

Biomaterialien of the TU in Dresden, Germany. 

 

4. HA NAP NPs described in this thesis are being evaluated for the treatment of head 

and neck squamous cell carcinoma in collaboration with the Health Research 

Institute of Getafe Hospital (Madrid, Spain).  

 

 

5. Dx-loaded NAP NPs were included on a proposal to treat COVID-19 entitled 

“Nanopartículas para la liberación en pulmón de dexametasona y citoquinas 

inmunosupresoras para frenar la tormenta de citoquinas que produce la 

inmunopatología pulmonar causada por virus como el SARS-CoV-2 y el virus de la 

gripe.” in collaboration with different CSIC groups. The summary of the proposal is 

included below. 

“El presente proyecto pretende hacer uso de la nanotecnología para frenar la tormenta de 

citoquinas que produce la inmunopatología pulmonar que desencadena la neumonía grave 

causada por infecciones severas de virus, como el SARS-CoV-2 y el virus de la gripe, evaluando 

dos tipos de nanopartículas (NP) con actividad antiinflamatoria: NP de óxido de hierro (HPOH) 

recubiertas con ácido dimercaptosuccínico (DMSA) y funcionalizadas con IL-10 y NP poliméricas 

portadoras de dexametasona y recubiertas con ácido hialurónico (HA). En el laboratorio hemos 

demostrado que las NPOH recubiertas con DMSA se acumulan preferentemente en el pulmón y 
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que in vivo son sistemas eficientes de liberación localizada de citoquinas, modulando localmente 

la respuesta inmune. La sobreexpresión de IL-10 se relaciona con la disminución de células 

inflamatorias y citoquinas proinflamatorias tras la infección con un coronavirus murino. Además, 

recientemente se ha descrito que NPOH son capaces de inhibir la replicación del virus de la gripe. 

Por ello, proponemos evaluar el posible doble beneficio de usar NPOH recubiertas de DMSA como 

tratamiento en la infección por SARS-CoV-2 y el virus de la gripe: si reducirían la replicación viral 

y si se podrían liberar IL-10 en el pulmón y reducir la tormenta de citoquinas. Por otro lado, un 

ensayo clínico de la Universidad de Oxford acaba de demostrar la eficacia de la dexametasona 

en el tratamiento de los procesos inflamatorios desencadenados en pacientes graves con Covid-

19. Recientemente hemos desarrollado y patentado unas NP poliméricas antiinflamatorias que 

incorporan naproxeno y dexametasona en su estructura. Estas NP han mostrado el efecto 

sinérgico de ambas moléculas en la inhibición de la transcripción de Il-12b, lo que reduciría la 

producción de IL12 e IL23. La administración localizada en el pulmón de dichas NPs mejoraría el 

efecto antiinflamatorio de la dexametasona y evitaría los numerosos efectos secundarios 

asociados a su administración continuada, como la inmunosupresión sistémica” 
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7.1  INTRODUCTION

Controlled inflammatory response (i.e., acute inflammation) is a natu-
ral defense mechanism aimed to eliminate injurious pathogens from the 
organism while, at the same time, triggering tissue repair (Kamaly et al., 
2013). However, in its chronic uncontrolled form, inflammation may cause 
serious tissue damage and degenerative diseases like inflammatory bowel 
diseases (IBD), atherosclerosis, or neurodegenerative disease among oth-
ers (Joshi-Barr et  al., 2014; Ulbrich and Lamprecht, 2010). There is also 
clear evidence that the inflammation microenvironment plays a key role 
in tumor formation and progression (Zhao et al., 2017).
Nevertheless, currently available drugs for the treatment of 

 inflammation-related diseases (e.g., nonsteroidal antiinflammatory 
drugs [NSAIDs] and glucocorticoids) present high hydrophobicity and 
hence low bioavailability (Wu et al., 2011). This makes necessary the sys-
temic administration of high doses that lead to significant cardiovascu-
lar (McGettigan and Henry, 2011), renal (Harirforoosh and Jamali, 2009; 
Whelton and Hamilton, 1991), and gastrointestinal (GI) (Laine, 2006) side 
effects, which altogether highlights the importance of developing new 
inflammation-responsive or inflammation-targeted therapeutics that 
precisely control the drug release. In the last decades, researchers have 
described several systems based on inorganic compounds, liposomes, 
dendrimers, polymers, or composite systems (Howard et al., 2014).
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220 7.  INFLAMMAT ION-RESPONSIVE POLYMERS

In particular, this chapter will focus on inflammation-sensitive syn-
thetic polymers that can be defined as macromolecules that undergo 
physical or chemical changes in response to specific features of the in-
flammatory microenvironment. Therefore to set the basis of the design 
of these polymeric systems, it is necessary to identify the biomarkers  
of inflammation and to establish the main differences with healthy  
tissue.
One of the hallmarks of inflamed tissue is the increased permeability of 

the blood vessels (Shaji and Lal, 2013). This, like in the case of cancer, allows 
passive targeting of high molecular-weight (≥40 kDa), long- circulating 
macromolecules to sites of inflammation, a phenomenon first observed by 
Matsumura and Maeda in 1986 (Matsumura and Maeda, 1986). In the case 
of inflamed tissue, retention occurs due to inflammatory cell sequestration 
as opposed to retarded lymphatic drainage in solid tumors. This is the rea-
son why this effect is known as extravasation through leaky vasculature 
and the subsequent inflammatory cell-mediated sequestration (ELVIS) in 
contrast to the enhanced permeation and retention (EPR) effect in tumors 
(d'Arcy and Tirelli, 2014).
Furthermore, during the inflammatory processes the number of leu-

kocytes in the bloodstream substantially increases. Most of these white 
blood cells are recruited to the site of inflammation and have the capacity 
to extravasate from blood vessels to the diseased tissue. Based on this and 
on the phagocytic capacity of some of these cells (e.g., macrophages), a 
novel strategy to target inflammation sites, known as cell-mediated tar-
geting, is gaining importance (Dong et al., 2017).
Nevertheless, direct targeting to inflamed areas is also possible due to 

the upregulation of a number of cell surface receptors that occurs upon in-
flammatory activation. The most studied ones are cell adhesion molecules 
(CAMs) such as selectins, immunoglobulin gene superfamily (IgSF), and 
integrins; and those receptors overexpressed in the surface of activated 
macrophages including mannose receptor (MR) (Coco et al., 2013), folate 
receptor (FR), or scavenger receptor (SR), and CD44 (d'Arcy and Tirelli, 
2014), among others.
Other characteristic features of pathologically inflamed tissue that 

may be considered when designing inflammation-responsive polymers 
are: (i) reduced pH (~6.4) with respect to healthy tissue (~7.4) (Shaji and 
Lal, 2013) due either to the bacterial metabolites in the case of infection- 
associated inflammatory processes or to the hypoxic conditions that in-
duce a shift toward anaerobic glycolysis and lactate formation (Li et al., 
2017); (ii) high oxidative stress, with reactive oxygen species (ROS) levels 
10- to 1000-fold higher than in normal human plasma (Xu et al., 2016); and 
(iii) overexpressed inflammatory and matrix-remodeling enzymes like 
MMPs (particularly MMP-2 and MMP-9), ureases, cathepsins, elastases, 
or phospholipases A2 (PLA2s) (d'Arcy and Tirelli, 2014).
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Furthermore, heat is one of the five cardinal signs of inflammation 
(i.e., pain, redness, swelling, loss of function, and heat) (Chandrasoma, 
2013) and, therefore, temperature-responsive polymers seem to be inter-
esting for targeting sites of inflammation. However, this strategy may 
only work for inflammation occurring on the skin’s surface where tem-
perature usually varies between 33.5°C and 36.9°C (Bierman, 1936), and 
the inflammation-related extravasation of a large amount of blood at 
body core temperature leads to an increase of the normal temperature. 
This phenomenon cannot be extrapolated to internally occurring inflam-
matory processes where tissue is already at physiological temperature 
(Chandrasoma, 2013).
It is demonstrated that inflammation is a hallmark of tumor develop-

ment and progression (Diakos et al., 2014). In fact, most of the aforemen-
tioned inflammation markers are shared with cancer characteristics like 
increased vessel permeability (Howard et  al., 2014), increased oxidative 
stress (Reuter et al., 2010), lower pH (Kato et al., 2013), and overexpres-
sion of certain proteins (e.g., MMPs and cytokines) (Landskron et  al., 
2014; Kessenbrock et  al., 2010). Due to all these similarities, almost any 
 polymer-based structure that undergoes changes in inflammatory condi-
tions will behave similarly in cancer areas (Sun et al., 2013).
pH-responsive polymers have been widely explored to obtain 

 inflammation-responsive systems; the most explored approaches are (i) 
polymeric prodrugs based on a hydrophilic polymer and a hydrophobic 
drug linked by acid-labile hydrazone bonds (Li et al., 2017; Liu et al., 2010), 
and (ii) polymeric systems based on groups that undergo accelerated hy-
drolysis under acidic conditions (e.g., esters, amides, ketal, acetal, or or-
thoesters) (Lee et al., 2015; Yuan et al., 2014; Coco et al., 2013; Yang et al., 
2008). Moreover, in recent years, pH-labile bonds and hydrazone linkage 
have primarily been studied as a way to overcome the so-called poly(eth-
ylene glycol) (PEG) dilemma. PEGylation of molecules or carriers increases 
their circulation time and enhances the EPR effect, however PEGylation 
also avoids recognition by cell surface receptors and internalization of the 
carriers. pH-sensitive hydrazone linkage has been used to trigger dePE-
Gylation of PEGylated molecules of carriers at the inflammation or cancer 
site to favor these processes.
An overaccumulation of ROS is also considered a biomarker of in-

flammation, therefore other types of inflammation-responsive polymers 
are those containing bonds that lyse in the presence of these ROS. One of 
the pioneered inflammation-responsive polymeric drug delivery systems 
described were biodegradable hydrogels of cross-linked hyaluronic acid 
(HA), which specifically degrades in the presence of hydroxyl radicals 
(Nobuhiko et  al., 1992). Since then, different architectures based on HA 
have been used with this aim (Nobuhiko et al., 1993; Bijukumar et al., 2016). 
More recently, other redox-responsive polymers have also been  exploited 
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for targeting inflammatory areas or for treating inflammation-related dis-
eases reducing local oxidative stress. Some examples include copolymers 
containing polysulfide hydrophobic blocks (Fu et  al., 2014; Rehor et  al., 
2005; Yi et al., 2016), thioketal-based polymers (Wilson et al., 2010; Martin 
et al., 2014; Knipe et al., 2016), polyoxolates (Yoo et al., 2013; Kim et al., 
2011), or boron-based polymeric systems (Jager et al., 2016). Other inter-
esting redox-sensitive polymer structures that are still uninvestigated for 
inflammation treatment have been exploited in the frame of cancer thera-
pies such as diselenides (Sun et al., 2013).
A more recent approach involves polymers that can be degraded by 

inflammatory enzymes. These polymers present enzyme-labile bonds 
that are cleaved at inflammation site and may release an active compound 
at a rate and location depending on the extent of overexpression of the 
specific enzyme (d'Arcy and Tirelli, 2014). This strategy has been used 
mainly in the frame of cancer therapies and specifically using MMP-2 (Ke 
et  al., 2016; Zhu et  al., 2014). Moreover, enzyme-cleavable linkages’ po-
tential to overcome PEG dilemma in cancer has been investigated in the 
last few years with interesting results in vitro (Ke et al., 2016). Regarding 
 inflammation-responsiveness, there are also some examples of polymeric 
systems containing neutrophil elastase (Aimetti et  al., 2009), urease (Xu 
et al., 2013), or MMP-9-labile (Steinhagen et al., 2014) structures. Polymeric 
structures that allow imaging overexpressed enzymes in sites of inflam-
mation like COX-2 have also been reported for the early clinical detection 
of inflammation-related diseases (Seo et al., 2016).
Currently, dual-responsive polymeric systems combining two of these 

strategies are also being designed for treatment of inflammation-related 
diseases (Kwon et al., 2013; Daniel et al., 2016; Mahmoud et al., 2011). An 
example of dual-responsive polymers described in the bibliography is a 
polythioether ketal that structurally contains a thioether moiety acting 
as a solubility switch when it becomes oxidized to a sulfone, as well as 
a ketal group that undergoes accelerated hydrolysis at acidic conditions 
(Mahmoud et al., 2011).
Inflammation-responsive polymers described in the bibliography in-

clude: (a) linear polymeric prodrugs that incorporate the bioactive mol-
ecule in their backbone (Kwon et  al., 2013; Mahmoud et  al., 2011); (b) 
linear homopolymers or copolymers and amphiphilic block copolymers 
that form micro- and nanoparticles (Naeem et al., 2014; Lee et al., 2015; Li 
et al., 2017; Nobuhiko et al., 1993; Rehor et al., 2005; Yoo et al., 2013); (c) 
dendrimers (Huang et al., 2016); (d) hydrogels (Nobuhiko et al., 1992; Ito 
et al., 2007), (e) bioactive films (Xu et al., 2013; Steinhagen et al., 2014; Wu 
et al., 2015), or (f) scaffolds (Martin et al., 2014; Yuan et al., 2014).
These inflammation-sensitive polymeric systems have been designed 

for different applications such as drug delivery systems (Mountziaris et al., 
2011; Zhang et al., 2015b; Lee et al., 2015; Li et al., 2017; Nobuhiko et al., 1993; 
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Bijukumar et  al., 2016) for the treatment of inflammation-related diseases 
such as atherosclerosis, ischemia, rheumatoid arthritis, coronary artery dis-
ease, IBD, or, the most studied one, cancer. Moreover, bioactive films based 
on these kinds of polymers have been used as implant coatings to reduce 
the so-called foreign body reaction to implanted biomaterials (Kim et  al., 
2011; Wu et al., 2015; Mercanzini et al., 2010). Finally, they have also been 
used for imaging purposes for the early diagnosis of inflammation-related 
diseases (Seo et al., 2016; Rossin et al., 2008).

7.2  INFLAMMATORY MICROENVIRONMENT

The design of inflammation-responsive polymer structures requires an 
extensive study on the microenvironment of the inflamed areas. Thus the 
main hallmarks of inflammation will be described emphasizing the differ-
ences between inflamed and healthy tissues.

7.2.1  Inflammatory Vasculature and Passive Targeting

Endothelial cells lining healthy vasculature serve as a dynamic barrier 
between blood and normal tissue. It allows the extravasation of solutes 
and small molecules while restricting the passage of large molecules or 
cells (Claesson-Welsh, 2015). However, in certain pathologies includ-
ing inflammation and cancer, the newly formed vasculature presents 
structural abnormalities like thinner and fenestrated walls (d'Arcy and 
Tirelli, 2014). More specifically, these blood vessels are characterized by 
a higher number of proliferating endothelial cells, deficit of pericytes, or 
aberrant basement membrane leading to increased permeability (Shaji 
and Lal, 2013).
In 1986, Matsumura and Maeda (1986) observed for the first time that 

this increased permeability allows passive accumulation of high molecu-
lar weight molecules (>40 kDa; i.e., molecular weight cutoff for glomerular 
filtration) in murine solid tumors. Nowadays, this mechanism is known as 
an EPR effect and consists of the preferential accumulation in tumor beds 
of long-circulating large molecules through leaky vasculature (Fang et al., 
2011), alhough this phenomenon has not only been seen in tumors but 
also in inflammation-related diseases. In 1971, Kushner and Somerville 
observed a similar phenomenon with proteins in arthritic joints. The pro-
teins’ concentration in the synovial fluid of the diseased joint depended 
on the protein molecular weight and the degree of inflammation (Kushner 
and Somerville, 1971). Three decades later, Wang et  al. (2004) demon-
strated the extravasation of plasma albumin into arthritic synovium by 
intravenously injecting a strong albumin-binding dye in a rat model of 
adjuvant-induced arthritis. And then, in 2007, was the first report of an 
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analogous passive accumulation mechanism of dexamethasone-based 
polymeric prodrugs administered systemically in an adjuvant-induced 
arthritis rat model (Wang et al., 2007).
However, there exist some significant differences between EPR effect 

in cancer and ELVIS effect in inflammatory diseases (Fig.  7.1). In 2010, 
Quan et al. (2010) attributed the observed passive accumulation into in-
flamed tissue to the enhanced vascular permeability in arthritic joints and 
the internalization of a dexamethasone-containing polymeric prodrug by 
synovial cells. Therefore in inflamed tissue, the retention occurs due to 
the inflammatory cells’ sequestration of the molecule (d'Arcy and Tirelli, 
2014). In contrast, molecules are retained in the interstitial space of tu-
mors because of the reduced lymphatic drainage (Kobayashi et al., 2014). 
To distinguish between both phenomena, the acronym ELVIS (extrava-
sation through leaky vasculature and the subsequent inflammatory cell- 
mediated sequestration) is currently used to refer to the effect observed in 
inflamed tissue (d'Arcy and Tirelli, 2014).
In the last decade, the ELVIS effect has been exploited for passive 

targeting of polymeric systems into inflammation sites with the aim of 
increasing the efficacy of drugs (e.g., glucocorticoids and NSAIDs) and re-
ducing their toxicity by minimizing the dose. For that purpose, there are a 
wide variety of polymeric systems based on NSAIDs and glucocorticoids 
described in the literature. However, to date, most of the in vivo biodis-
tribution studies demonstrating the ELVIS effect involve glucocorticoids 
(Wang et  al., 2007; Ishihara et  al., 2009; Liu et  al., 2010; Ren et  al., 2014; 
Knudsen et  al., 2015; Yuan et  al., 2012) and only a reduced number use 
polymeric vehicles based on NSAIDs (Clond et al., 2013).

FIG. 7.1 Representation of the differences and common points between ELVIS and EPR 
effects.
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Although there are some reports of microparticulated carriers (Yang 
et al., 2008), the main polymeric vehicles studied are drug-polymer con-
jugates (Liu et al., 2010; Quan et al., 2010) and nanoparticles (Lee et al., 
2015; Purdue et  al., 2013; Zhao et  al., 2017) because passive targeting is 
enhanced using carrier diameters between 100 and 150 nm.

7.2.2  Inflammatory Cells and Leukocyte-Mediated Targeting

During an inflammatory process, there is a significant increase in the 
number of leukocytes (white blood cells [WBCs]) in circulation (Dong 
et al., 2017). These cells are recruited into disease sites, and some of them 
(i.e., neutrophils, macrophages, and monocytes) also perform phagocytic 
functions. When polymeric nanotherapeutics are administered systemi-
cally, they are cleared from circulation by WBCs resident in reticuloen-
dothelial system (RES) organs but also by those migrated to the site of 
inflammation (Shaji and Lal, 2013). Therefore the capacity of these cells 
to extravasate into inflamed tissue and their phagocytic function makes 
them perfect candidates for the targeted transport of nanotherapeutics 
to inflammation sites for the treatments of inflammation-related diseases 
(Anselmo et al., 2015).
Recent studies demonstrated the feasibility of the leukocyte- mediated 

targeting approach (Anselmo and Mitragotri, 2014; Batrakova et  al., 
2011). The two main strategies explored up to date are (1) nanoparticles 
attached to the surface of leukocytes or (2) nanoparticles internalized by 
leukocytes. Regarding the first strategy, it is important to design the poly-
meric system in such a way that it does not affect the leukocyte-binding 
functions (Dong et al., 2017). Moreover, nanoparticles can be targeted to 
leukocytes in  vivo or in  vitro, followed in the last case by an adminis-
tration of the nanoparticle-leukocyte complex to animals (Dong et  al., 
2017). In particular, this approach has been used with nanoparticulated 
systems for the treatment of inflammation-related diseases of the cen-
tral nervous system (CNS) (Tong et al., 2016; Batrakova et al., 2007), the 
skin and lungs (Anselmo et al., 2015), or cardiovascular tissue (Lee, 2014). 
However, there are only a few examples in the bibliography involving 
polymeric nanocarriers (Anselmo and Mitragotri, 2014; Batrakova et al., 
2007) meaning that it is barely explored, but it is an emerging and inter-
esting field of research.

7.2.3  Overexpressed Cell-Surface Receptors and Active 
Targeting

Some cell-surface receptors are upregulated in inflammatory cells, and 
hence active targeting to inflammation sites may be achieved by function-
alization of polymeric carriers with specific receptor ligands (d'Arcy and 
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Tirelli, 2014). This active targeting may translate into an enhanced selec-
tive accumulation of drugs in the lesion sites by affinity ligand-receptor 
interactions, increasing their efficiency and reducing adverse effects.
In particular, CAMs (i.e., selectins, immunoglobulin gene superfamily 

(IgSF), and integrins) are cell surface transmembrane receptors involved 
in binding with other cells or with ECM that are essential for the regula-
tion of an immune response and extravasation of inflammatory cells into 
inflamed areas (d'Arcy and Tirelli, 2014). They have been demonstrated 
to be upregulated in several inflammation-related diseases like ischemic 
stroke (Supanc et al., 2011), atherosclerosis (Gargiulo et al., 2016), cancer 
(Paschos et al., 2009), periodontal disease (Crawford and Watanabe, 1994), 
and inflammatory diseases of the skin, kidneys, GI tract, brain, and liver, 
among others (Paschos et  al., 2009; Frijns and Kappelle, 2002; Molitoris 
and Marrs, 1999; Barker, 1995).
The selectins are a family of three calcium-dependent transmem-

brane glycoproteins, including endothelial-selectin (i.e., E-selectin or 
ELAM-1), markedly overexpressed in an endothelial cell surface when 
they are activated by proinflammatory factors (e.g., TNF-α [tumor ne-
crosis factor alpha] or interleukin-1 [IL-1]) (Jubeli et  al., 2012); platelet- 
selectin (P-selectin), expressed in platelets as well as in endothelial cells; 
and leukocyte-selectin (L-selectin), which mediates the interaction be-
tween leukocytes and endothelium during the inflammatory processes 
(Newman et al., 2009).
Besides, the most important members of the IgSF for inflammation tar-

geting are intercellular adhesion molecule-1 (ICAM-1 or CD54) and vascu-
lar cell adhesion molecule-1 (VCAM-1 or CD106). In particular, VCAM-1 
expression has been confirmed to increase on endothelium of atheroscle-
rosis models or in models of colonic inflammation (Charoenphol et  al., 
2011; Deosarkar et al., 2008). In case of ICAM-1, overexpression has also 
been observed in all subtypes of atherosclerotic lesions (Helbing et  al., 
2010) and in inflammation-related disorders of the CNS (Wong and 
 Dorovini-Zis, 1992).
Regarding the integrin family, one common target in antiinflammatory 

therapies is the αvβ3 integrin, which is a heterodimeric surface receptor 
expressed by endothelial cells and macrophages associated with neovas-
cularization (Shaji and Lal, 2013). It facilitates adhesion and migration 
of cells of the immune system during inflammatory processes and has 
been extensively studied in models of inflammatory diseases (Koning 
et al., 2006; Wilder, 2002). Moreover, the VCAM-1-binding α4β1 integrin 
has also been targeted in other inflammation-related diseases like IBD 
(Singh et al., 2016).
Receptors overexpressed on the surface of activated macrophages, in-

cluding the folate receptor (FR), the mannose receptor (MR), and the scav-
enger receptor (SR) have also been exploited as targets in  inflammation 
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(d'Arcy and Tirelli, 2014; Shaji and Lal, 2013). Activated macrophages 
are present in several diseases like rheumatoid arthritis, atherosclero-
sis, lupus, inflammatory osteoarthritis, diabetes, or ischemia reperfu-
sion injury (Shaji and Lal, 2013). Therefore these receptors may allow a 
 macrophage-targeted treatment of almost any inflammatory disease. 
Most of the studies in the literature in previous years target FR, MR, and 
SR for treatment or imaging of arthritic joints, atherosclerotic plaques, and 
cancer (Benchaala et al., 2014; Yang et al., 2017b).
Furthermore, CD44, a cell-adhesion molecule exposed on leukocytes 

and parenchymal cells surface, and its ligand (i.e., hyaluronan [HA]) have 
been implicated in several inflammatory diseases (Tamura et  al., 2016; 
Beldman et  al., 2017). In fact, several HA-based therapeutics has been 
designed to selectively target CD44 for the noninvasive detection of ath-
erosclerotic plaques (Beldman et al., 2017) and for the treatment of other 
inflammation-related disorders (Tamura et al., 2016).
Moreover, tissue-specific features can be targeted to achieve an efficient 

drug delivery or to visualize inflamed tissue. For example, the brain de-
mands high amounts of glucose as its main energy source. This singular-
ity can be exploited to target glycosylated antiinflammatory prodrugs to 
those areas. The idea is to bind these glycosylated drugs to glucose trans-
porter 1 (GLU1) in such a way that they may overcome the blood-brain 
barrier (BBB) (Fan et al., 2011).
These are only some examples of the most studied upregulated surface 

receptors in polymer-based antiinflammation therapies. However, for each 
specific disease and inflammatory cell, there are different overexpressed 
receptors that can be used for active targeting, but this is out of the scope 
of this work. In this chapter, we will focus on the smart polymeric systems 
actively targeted to sites of inflammation by means of these receptors.

7.2.4  Acidosis

Local extracellular acidification has been demonstrated at sites of isch-
emia and inflammation. The pH in inflamed areas is about 6.4, one point 
lower than pH values in healthy tissue (d'Arcy and Tirelli, 2014).
Hypoxia is one of the characteristic features of inflamed tissue. This lack 

of oxygen may cause the change from aerobic to anaerobic metabolism 
to sustain the organism’s energy requirements. The switch between the 
oxygen-dependent mitochondrial respiration to the oxygen-independent 
glycolysis tranduces into an increased lactic acid production and, hence, 
into acidosis (Li et al., 2017). Moreover, in the case of infection-associated 
inflammation, bacterial metabolites like -lactate may also contribute to 
acidification of interstitial spaces (d'Arcy and Tirelli, 2014).
Regardless of the cause, the acidic environment observed in 

 inflammation-related diseases has been widely studied as a potential 
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 trigger for controlled drug delivery in disease sites using different strat-
egies. In particular, pH-sensitive polymeric vehicles such as nanoparti-
cles (Li et al., 2017; Aldayel et al., 2016), microparticles (Mountziaris et al., 
2011, 2012), nanogels (Knipe et al., 2016), hydrogels (Ito et al., 2007), den-
drimers (Huang et al., 2016), polymer-drug conjugates (Liu et al., 2010), 
scaffolds (Yuan et al., 2014), and bioactive coatings (Wu et al., 2015) have 
been extensively studied.

7.2.5  Reactive Oxygen Species

ROS, like superoxide anion ( •), hydrogen peroxide (H2O2), hydroxyl 
radical ( •), or peroxynitrite (ONOO−) are produced from several en-
dogenous sources. However, the major site of ROS production in most 
mammalian cells is the mitochondria mainly through oxidation-reduction 
reactions occurring in the electron transport chain during aerobic respi-
ration (Xu et al., 2016). At physiological moderate tissue levels, these free 
radicals play key roles in cell-signaling pathways, which are critical to 
preserve and control cellular functions like growth, migration, prolifer-
ation, and survival (Chatterjee, 2016). However, high levels of ROS can 
cause damage to several biomolecules including DNA, proteins, and lip-
ids (Zhang et  al., 2015a). To avoid oxidative damage, it is necessary to 
maintain a balance between generation, transformation, and elimination 
of ROS to preserve normal metabolic activity (Xu et al., 2016).
During acute inflammatory response, ROS accumulation facilitates 

clearance of tissue-invasive pathogens. Nevertheless, when inflammation 
becomes chronic, ROS are produced for prolonged periods promoting oxi-
dative stress (Chatterjee, 2016), which is a classical and ubiquitous marker 
of inflammatory pathologies such as atherosclerosis (Mugge, 1998), neuro-
degeneration (Uttara et al., 2009), IBDs (Bhattacharyya et al., 2014), rheu-
matoid arthritis (Mateen et al., 2016), and cancer (Sullivan and Chandel, 
2014), among others.
For example, the average H2O2 level in normal human plasma is 3 μM, 

whereas activated macrophages produce from 10- to 1000-fold higher lo-
cal H2O2 concentration (Joshi-Barr et al., 2014). In particular, in the brain, 
extracellular H2O2 concentration can reach values of 100 μM during isch-
emia and reperfusion (Hyslop et al., 1995). In these areas, oxidative stress 
causes modification of neuronal proteins and structural components lead-
ing to neuroinflammation and loss of cognitive function in Alzheimer’s 
disease, Parkinson disease, or Multiple Sclerosis (Uttara et  al., 2009). 
Besides, ROS overproduction may cause disruption of the GI tract barrier 
leading to increased gut permeability and contributing to inflammation in 
a variety of GI diseases (Bhattacharyya et al., 2014). In inflammatory lung 
disease, respiratory lining cells experience 20-fold higher H2O2 levels than 
in healthy tissue (Kostikas et al., 2003).
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This redox microenvironment defines the difference between 
healthy and inflamed tissue and, hence, can be exploited as marker of 
 inflammation-related diseases for detection, diagnosis, and therapy. In 
particular, different ROS-responsive polymers including polymer-drug 
conjugates that self-assemble into nanoparticles (Clond et al., 2013; Wilson 
et  al., 2010; Jager et  al., 2016), microparticles (Nobuhiko et  al., 1993), 
cross-linked hydrogels (Nobuhiko et  al., 1992; Ito et  al., 2007), bioactive 
coating (Kim et  al., 2011), and scaffolds (Martin et  al., 2014) have been 
widely investigated in the last decades because of their potential as drug 
delivery systems to sites of inflammation (Wilson et al., 2010; Bijukumar 
et  al., 2016) or as tools for the early diagnosis and monitorization of 
 inflammatory-related diseases (Sowers et al., 2014; Seo et al., 2016).

7.2.6  Overexpressed Inflammatory and Matrix-Remodeling 
Enzymes

Among the main targets of antiinflammatory therapies are all cyclo-
oxygenase isoforms (COX-1 and COX-2) (Ricciotti and FitzGerald, 2011; 
Cho et  al., 2015). They are important biological mediators of inflam-
mation that catalyze the conversion of phospholipids into arachidonic 
acid and then to eicosanoids, a class of inflammatory mediators that 
includes prostaglandins (d'Arcy and Tirelli, 2014). In particular, COX-2 
is considered to be upregulated in inflamed tissue (d'Arcy and Tirelli, 
2014; Uddin et  al., 2016), and therefore it is considered an important 
target for the treatment of inflammation disease as well as for an early 
diagnosis of inflammation-related diseases including cancer (Uddin 
et al., 2016).
Moreover, the dynamic state of ECM in inflammation sites is 

well known. Its constant remodeling facilitates leukocyte infiltra-
tion and angiogenic processes, and implies the overexpression of cer-
tain  inflammation-related matrix-remodeling enzymes (e.g., MMPs, 
cathepsins, or elastases) (d'Arcy and Tirelli, 2014). In addition, during 
 infection-associated inflammatory processes, bacteria produce some spe-
cific enzymes like urease or azoreductase that possess proinflammatory 
capacity (Uberti et al., 2013).
In the last few years, different polymers containing enzyme-cleavable 

structures including bioactive coatings (Steinhagen et  al., 2014), mem-
branes for wound dressing (Xu et al., 2013), hydrogels (Aimetti et al., 2009; 
Zhang et  al., 2015b), dual-sensitive nanoparticles (Naeem et  al., 2014; 
Daniel et al., 2016), and microencapsulated nanogels (Knipe et al., 2016)  
have been developed as novel potential drug delivery systems for 
 inflammation-related diseases. However, this strategy has been much 
widely studied within the scope of cancer therapies (Zhu et al., 2014; Ke 
et al., 2016).
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7.3  KEY TYPES AND PROPERTIES OF 
INFLAMMATION-RESPONSIVE POLYMERS

7.3.1  Passively Targeted Polymers

There are two critical design factors that should be taken into account 
for a successful passive targeting of polymeric systems to sites of inflam-
mation. First, the polymeric system circulation time should be maximized 
to favor accumulation in the disease site. For this purpose, the polymeric 
structures should have a molecular weight higher than 40 KDa, which cor-
responds to the glomerular filtration limit. In addition, highly hydrophilic 
polymers like PEG, the most widely used, can be incorporated in the out-
ermost layer to stealth the system, avoiding opsonization, a protein ad-
sorption process that facilitates carrier elimination through the RES (Banik 
et al., 2016).
Second, it should be taken into account that the lymphatic drainage in 

inflamed tissues is preserved and, hence, sequestration and uptake of the 
polymer-drug complex by inflammatory cells plays a key role in retention 
(d'Arcy and Tirelli, 2014). Then, either the drug is linked to the polymer 
by a rapidly cleavable acid/ROS/enzyme-labile bond in such a way that 
the release occurs almost immediately after being exposed to the inflam-
matory microenvironment, or the polymeric system should be designed to 
promote endocytosis by inflammatory cells.
The easy internalization can be achieved either through direct ligand- 

receptor interactions (i.e., active targeting) or by tailoring the size, shape, 
and surface of polymeric carriers. Regarding shape, it has been demon-
strated that spherical systems are easier to internalize than nonspherical 
ones. Besides, it has been reported that nanoparticles smaller than 100 nm 
in diameter are prone to clearance by lymphatic vessels in the skin (Cheng 
et al., 2015), and therefore to avoid lymphatic drainage and favor reten-
tion, polymeric nanosystem should be larger than 100 nm. Moreover, He 
et al. (2010) have concluded that a combination of high-surface charge and 
large nanoparticles (diameter = 200–500 nm) is the most effective way for 
an optimum uptake by macrophages. However, nonphagocytic cells in-
ternalize only those systems smaller than 150 nm in diameter. Finally, a 
positive surface charge also favors endocytosis as it opposes the charge of 
the cell membrane phospholipids (Banik et al., 2016).
ELVIS has been demonstrated in several inflammation-sensitive 

 polymer-drug conjugates. Since its first description in 2007 (Wang et al., 
2007), the selective retention of pH-sensitive HPMA-dexamethasone pro-
drugs (P-Dex, Fig. 7.2) in inflamed areas has been supported by various 
in vivo biodistribution studies. For example, Quan et al. (2010) observed 
local retention of P-Dex in the synovial cavity of rats with adjuvant- 
induced arthritis. The same effect was reported by Yuan et  al. (2012) in 



 7.3 FE ATURES OF INFLAMMAT ION-RESPONSIVE POLYMERS 231

lupus-prone female (NZB × NZW)F1 mice with accumulation in the in-
flamed kidneys; by Knudsen et al. (2015) in the inflamed temporomandib-
ular joint of juvenile rats; or by Quan et al. (2016) in the diseased joint on 
a collagen-induced arthritis mouse model. Moreover, a study in dextran 
sulfate sodium-induced mice ulcerative colitis (Ren et al., 2015) found that 
the glucocorticoid-based prodrug passively targeted the inflamed colon, 
and retention was achieved thanks to epithelial cells and local inflamma-
tory infiltrates. The same prodrug was also tested for prevention of wear 
particle-induced osteolysis and the loss of fixation in a murine prosthesis 
failure model (Ren et al., 2014), and it demonstrated reduced systemic tox-
icity thanks to the selective local retention. The therapeutic efficacy of this 
P-Dex conjugate relies not only on the selective accumulation via ELVIS 
effect into inflamed tissue but also on the controlled drug release achieved 
by the cleavage of the hydrazone bond (in red, Fig. 7.2) at low pH condi-
tions (Wang et al., 2007).
Besides, Liu et al. (2010) designed a PEG-Dexamethasone polymer-drug 

conjugate for the treatment of rheumatoid arthritis based on the same pas-
sive targeting and hydrazone bond linkage strategy. They confirmed via 
in vivo imaging the accumulation of the conjugates in the joints and the 
enhanced therapeutic effect with respect to the free drug.
The passive targeting of inflammation-responsive nanomedicines to 

inflamed tissues based on enhanced permeability has also been demon-
strated in  vivo. In 2013, Clond et  al. (2013) showed accumulation of an 
ibuprofen/tocopherol-based nanoprodrug in traumatic brain injury in 
mice using confocal and bioluminescence imaging. In this case, the drug 

nm

FIG. 7.2 N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer-dexamethasone con-
jugate. Hydrazone bond in red.
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delivery was also pH-dependent; it occurred through the accelerated hy-
drolysis of esters bonds between ibuprofen and a derivative of PEG.
Aldayel et  al. (2016) confirmed an increased biodistribution of 

small interfering RNA (siRNA) in inflamed areas of a mouse model of 
 lipopolysaccharide-induced chronic inflammation when it was encapsu-
lated by acid-sensitive sheddable PEGylated poly(lactic-co-glycolic acid) 
(PLGA) nanoparticles incorporating hydrazone bonds. The same pH- 
responsive strategy was used to increase the retention of PEG-prednisolone 
nanocarriers in a mouse model (Li et al., 2017). The authors demonstrated 
that the PEG external layer increases the nanoparticles’ circulation time 
and, in consequence, the concentration of the drug in plasma and arthritic 
joints was also increased. Once the nanomicelles encountered the acidic 
environment in inflamed joints, the acid-labile bonds were cleaved and 
prednisolone was selectively released locally.
All these in vivo models have shown the enhanced therapeutic effect 

and the reduced systemic toxicity of the polymeric prodrug and nano-
medicines with respect to the free drug.

7.3.2  Cell-Mediated Targeted Polymers

The literature about leukocyte-mediated targeting to sites of in-
flammation involving smart polymeric structures is limited. Besides, 
the reduced number of reported studies employ the in vitro strategy 
to form the polymer-cell conjugate. Furthermore, all of them involve 
pH-responsive nano-sized systems that could be either nanoparticles 
(Batrakova et  al., 2007; Brynskikh et  al., 2010; Haney et  al., 2011) or 
polyelectrolyte multilayers with dimensions in the nanoscale (Anselmo 
et al., 2015).
In 2007, Elena and coworkers (Batrakova et al., 2007) described a pH- 

responsive nanocarrier based on a cationic block copolymer, poly(eth-
yleneimine)-poly(ethylene glycol) (PEI-b-PEG), that encapsulated catalase 
(an anionic ROS-scavenging enzyme) by ionic interactions. The PEI-b-
PEG-based nanocarriers were stable in a pH range between 7.4 and 11. 
Out of this range, like the low pH encountered in inflamed tissues, ei-
ther the catalase or the copolymer becomes discharged and nanoparticles 
destabilize delivering the cargo. In an in vitro study, they demonstrated 
that the particles were rapidly taken up by bone marrow-derived mac-
rophage (BMM), and in an in  vivo mouse model of Parkinson disease, 
they confirmed the accumulation of BMM containing the particles into 
neuroinflammatory sites. Moreover, in contrast with the free enzyme, the 
encapsulated catalase retained its catalytic activity, and it is delivered in a 
controlled manner to the inflammation site.
Similar monocyte-mediated targeting strategies using the same pH- 

responsive polymer (PEI-b-PEG) were described in 2010 and 2011 for 
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the treatment of other inflammation-related neurodegenerative diseases 
(Brynskikh et al., 2010; Haney et al., 2011).
More recently, in 2015, Anselmo et al. (Anselmo et al., 2015) described a 

novel strategy in which monocytes are used as carriers, but the polymeric 
particles (i.e., cellular backpacks [BPs]) are attached to their surface instead 
of being phagocyted. These BPs were based on polyelectrolyte multilayers 
of pH-sensitive polymers (i.e., poly(methylacrylic acid) (PMAA), poly(vi-
nylpyrrolidone) (PVP), and poly(allylamine hydrochloride) (PAH)). The 
first layer of PMAA and PVP dissolved when exposed to a pH below 6.5 
(i.e., the acidic pH of inflammation microenvironment) due to the ioniza-
tion of the acid, whereas the other layers remained unaltered. Besides, 
the last PAH layer was chemically modified (PAH-biotin4) to selectively 
attach to circulating monocytes. The successful targeting to inflamed tis-
sue of the monocyte-BP complex was demonstrated in in vitro and in vivo 
mouse models of skin and lungs.
Nevertheless, this strategy requires a careful design of the polymeric 

system to avoid cell internalization and prolong cell-surface exposure. 
As demonstrated that rounded shapes facilitate cell internalization of 
nanocarriers, spherical NPs are more suitable for the approach involving 
endocytosis whereas nonspherical ones are preferred for the leukocytes’ 
surface attachment. For instance, in the previous example, Anselmo et al. 
designed the BPs with a size, disk-like shape, and flexibility in vivo that 
prevented them from undergoing phagocytosis.
These studies are clear examples of the potential of monocytes and 

macrophages as targeted carriers of smart nanotherapeutics for an im-
proved treatment of inflammation-related diseases. However, it is a 
barely unexplored research field that will raise increased interest in the 
next several years.

7.3.3  Active Targeting

Active targeting of polymeric inflammation-responsive carriers to 
inflammation sites is a relatively novel strategy. In the last decade, pH, 
ROS, and enzyme-sensitive polymeric systems have been reported to ef-
fectively target sites of inflammation using an active receptor-ligand ap-
proach (Table 7.1).
The most widely studied structures are those undergoing changes in 

response to variations in pH. The simplest strategy is based on the ac-
celerated hydrolysis of ester bonds under acidic conditions found in 
inflammation microenvironments. In 2014, Shin et al. (2014) described a 
hyaluronic acid-methotrexate conjugate (HA-MTX) based on an ester link-
age between the polymer and the drug that was effectively internalized by 
active macrophages via the specific binding of HA and the overexpressed 
surface receptor CD44. In an in  vivo mouse model of collagen-induced 
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arthritis, they showed that the actively targeted HA-MTX conjugate was 
selectively accumulated into the diseased joint, and it showed a superior 
therapeutic effect with respect to the free drug. Based on the same drug 
delivery approach involving an ester bond, Yang et al. (2016) reported a 
folate-modified dextran-MTX conjugate that self-assembles into spherical 
micelles that target the folate receptor overexpressed in activated mac-
rophages. In an in vivo mouse model of collagen-induced arthritis, they 
demonstrated that the folate-modified carrier presents superior cellular 
uptake, an improved biodistribution at the disease site, and a stronger 
remission of the symptoms with respect to the nonmodified ones. A year 
later (Yang et al., 2017b), they modified the system to target the overex-
pressed scavenger receptors instead of the folate receptor. To do so, they 
developed a dextran sulfate (DS)-MTX drug conjugate that selectively tar-
gets active macrophages thanks to the specific recognition of DS to SR. 
This system exhibited enhanced accumulation and retention in the sy-
novial cavity of a collagen-induced arthritis mouse model as well as the 
improved treatment of the inflammatory process by inhibiting the expres-
sion of proinflammatory cytokines (i.e., TNF-α IL1-β and IL-6).
However, although they have been widely studied, there are some sig-

nificant challenges with ester prodrugs, including the stability of the ester 
bond when the drugs are administered systemically, owing to the pres-
ence of ubiquitous esterases in blood, as well as the difficult prediction of 
prodrugs pharmacokinetics in humans, due to important differences in 
the activity of specific esterases in preclinical species (Rautio et al., 2008).
Besides, polyelectrolytes such as poly(ethylenimine) (PEI), a cationic 

polymer widely used for gene transfection, were used for gene therapy in 
the scope of inflammation. In 2013, Kang et al. (2013) described a nanopar-
ticulated system formed by the electrostatic interaction between PEI and 
a mixture of genetic material and a polyanionic peptide containing the  
ligand-binding domain of integrin αLβ2 that targeted intercellular adhesion 
molecule-1 (ICAM-1), an overexpressed surface receptor in inflammation. 

TABLE 7.1 Receptor-Ligand Pairs Used to Target Inflammation

Receptor Ligand Reference

Folate Folate Yang et al. (2016)

Scavenger Dextran sulfate Yang et al. (2017b)

Mannose Mannose Yu et al. (2013) and O'Mary et al. (2017)

CD44 Hyaluronic acid Tamura et al. (2016) and Homma et al. (2010)

ICAM-1 Major ligand-binding domain 
(I domain) of Integrin αLβ2

Kang et al. (2013)

E-selectin Thioaptamer Ma et al. (2016)
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A similar strategy was used to treat atherosclerosis in male apolipoprotein 
E-deficient mice (Ma et al., 2016). In this case, the miRNA was encapsulated 
in PEG-PEI nanoparticles loaded into the nanopores of a  micrometer-sized 
silicon microparticle. The microparticle itself was covalently linked to a 
thioaptamer (ESTA), a specific ligand of E-selectin, an overexpressed integ-
rin in inflammatory processes. Moreover, in 2013, Yu et al. (2013) designed 
mannosylated pH-responsive polymeric micelles with potential to be used 
for siRNA delivery at inflamed areas by targeting the overexpressed man-
nose receptor in the surface of activated macrophages. The system was based 
on a triblock copolymer, poly(BMA-co-PAA-co-DMAEMA)-b-poly(DMAE-
MA)-b-poly(AzEMA) (i.e., butyl methacrylate (BMA), 2- propylacrylic acid 
(PAA), 2-dimethylaminoethyl methacrylate (DMAEMA), and 2-azidoethyl 
methacrylate (AzEMA)), and it formed stable nanoparticles at physiologi-
cal pH, but at pH lower or equal to 6.2 (endosomal pH), the pH-dependent 
block (i.e., BMA-co-PAA-co-DMAEMA) became highly protonated, which 
led to micelle destabilization, disruption of the endosomal membrane, and 
delivery of the genetic content.
Another approach relaying on pH-responsive polymers targeting the 

mannose receptor involves the acid-cleavable hydrazone bond. In 2017, 
O'Mary et al. (2017) showed the higher retention and enhanced therapeu-
tic effect of hydrazone-based sheddable PEGylated mannose-modified 
nanoparticles containing bethamethasone-21-acetate, a synthetic gluco-
corticoid, in comparison with the free drug in an in  vivo mouse model 
of chronic inflammation. At the acidic pH in an inflammatory microenvi-
ronment, the hydrazone bond was cleaved and the external shell of PEG 
was delivered in such a way that mannose is available for the interaction 
with mannose receptors in the surface of activated macrophages favoring 
retention.
Regarding enzyme-responsive polymeric systems, it is worth men-

tioning the HA-MTX conjugate (DK226) that was first described in 2010 
(Fig. 7.3) (Homma et al., 2010). This polymer-drug conjugate incorporated 
HA on its structure to target CD44-overexpressed surface receptor in acti-
vated macrophages and a peptide linker (Phe-Phe) that can be cleaved by 
cathepsins, remodeling enzymes overexpressed in inflammatory micro-
environments (Tamura et al., 2016). The superior biodistribution and effi-
cacy of this system for the treatment of arthritis has been recently probed 
in two in vivo antigen-induced arthritis rat models (Tamura et al., 2016; 
Homma et al., 2010).
Another example of enzyme-responsive polymeric systems was the 

glucosyl thiamine disulfide naproxen prodrug described in 2011 (Fan 
et  al., 2011). The high demand of glucose as the main source of energy 
of the brain makes it possible for this glycosylated prodrug to overcome 
the BBB by binding to the glucose transporter 1 (GLU1). Once in the in-
flamed brain tissue, the thiamine disulfide moiety may be reduced by the 
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 abundant disulfide reductase and immediately undergo a cyclization fa-
cilitating naproxen retention and delivery in the brain. In vivo biodistri-
bution studies have demonstrated a significant increase in the levels of 
naproxen in mice brains using this approach.

7.3.4  pH-Responsive Polymers

There is an extensive literature about inflammation-responsive poly-
mers that rely on the acidic pH encountered in the inflammatory micro-
environment for the release of their cargo, and they are mainly based on 
acid-cleavable structures or linkers.
The polymeric structures that undergo accelerated hydrolysis when 

in an acidic microenvironment used in inflammation-responsive systems 
are summarized in Table 7.2. However, there exist other acid-labile struc-
tures that have not been reported with inflammation-responsive purposes 
like imines or polyamides among others. The most widely studied are 
 ester-containing polymeric systems because of their simplicity and, in par-
ticular, PLGA, which has already been approved by the FDA for certain 
applications and is widely used as a biodegradable polymer. PLGA micro-
particles have been recently reported as efficient drug delivery vehicles 
for celecoxib, an antiinflammatory drug, on an in vivo acetic acid-induced 
colitis rat model (Bazan et al., 2016). Moreover, PLGA nanoparticles con-
taining budesonide have been demonstrated to enhance the drug ther-
apeutic effect in in vivo models of colitis (Ali et al., 2016). However, the 
byproducts that result from the degradation of this polymer are not innoc-
uous and even may cause an additional inflammatory process.

n

FIG.  7.3 Schematic representations of the chemical structure of the Hyaluronic acid- 
Methotrexate (HA-MTX) conjugate (DK226). Reproduced with permission of Tamura, T., 
Higuchi, Y., Kitamura, H., Murao, N., Saitoh, R., Morikawa, T., et al., 2016. Novel hyaluronic acid- 
methotrexate conjugate suppresses joint inflammation in the rat knee: efficacy and safety evaluation 
in two rat arthritis models. Arthritis Res. Ther. 18, doi:10.1186/s13075-016-0971-8. https://creative-
commons.org/licenses/by/4.0/legalcode.

https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
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Some alternatives that may overcome PLGA drawbacks can be found 
in recent literature like polyanhydride-esters, which have demonstrated to 
be good candidates for controlled drug delivery at inflamed areas enhanc-
ing therapeutic outcomes in in vitro (Chandorkar et al., 2014) and in vivo 
studies (Harten et al., 2005). Another example are the nanoparticles based 
on poly(tetrahydropyran-2-yl methacrylate) (poly(THPMA)) designed by 
Lee et al. in 2015. They demonstrated the in vitro-controlled release under 
acidic conditions of an antagonist of the P2X7 receptor, which plays a key 
role in inflammation (Lee et al., 2015).
Polyacetals have also attracted high interest as they present great pH 

sensitivity and nonacidic metabolites. In 2016, Chen et al. (2016) described 
microparticulated systems based on acetylated dextran biopolymers as po-
tential drug delivery systems in inflammation and tumor sites responding 
to acidic pH. The same year, Huang et al. reported a simple synthesis of 
pH-labile polyacetal dendrimers functionalized with PEG to obtain an am-
phiphilic polymeric system that form micelles and nanofibers in  aqueous 

TABLE 7.2 pH-Responsive Structures Used on the Design of Inflammation-
Responsive Polymers

Name Structure Reference

Anhydride ester Bazan et al. (2016) and 
Chandorkar et al. (2014)

Acetal Chen et al. (2016) and Tang 
et al. (2017)

Ketal Somasuntharam et al. (2013) 
and Yang et al. (2017a)

Hydrazone Yuan et al. (2012), Ren et al. 
(2014, 2015), Knudsen et al. 
(2015), and Quan et al. (2016)

Ortho ester Cheng et al. (2012)

Boronate ester Song et al. (2013)
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media. The drug delivery vehicle degrades at low pH values found in 
inflamed or tumor tissues, making it a potential candidate for controlled 
drug delivery at diseased sites (Huang et al., 2016). More interestingly, in 
2017, Tang et  al. designed a siRNA-delivery nanoparticulated system by 
chemically cross-linking it with multiarmed PEG via acetal linkers. They 
demonstrated that the system allowed a controlled delivery of TNF-α 
siRNA into macrophages in  vitro and, when presenting mannose target-
ing moieties accumulated in mice liver in  vivo, protected the mice from 
 inflammation-induced liver injury (Tang et al., 2017).
The ketal group has also gained some attention in the last decade 

presenting accelerated hydrolysis at low pH and biocompatible byprod-
ucts. In 2008, Yang et al. (2008) described polyketal copolymers as “a new 
 acid-sensitive delivery vehicle for treating acute inflammatory diseases” 
based on an in vivo study demonstrating that polyketal-based micropar-
ticles encapsulating an antiinflamamtory drug (i.e., imatinib) significantly 
improve the efficacy of the drug in treating acute liver failure (Fig. 7.4). 
In 2010, this system was compared to PLGA in a model of lung fibro-
sis. Results showed that it presents no alveolar or airway inflammation 
when compared to the small inflammatory response generated when 
using PLGA microparticles (Fiore et al., 2010). The same year, polyketal 
microparticles loaded with superoxide dismutase (SOD), an endogenous 
superoxide scavenger, were tested in  vivo in a rat model of ischemia/
reperfusion (IR) injury. The system allowed a sustained, controlled release 
of SOD leading to increased cardiomyocyte survival following injury and 
ultimately preserving cardiac function (Seshadri et  al., 2010). In 2013, 
Somasuntharam et al. (2013) tested the polyketal-based microparticulated 
system for siRNA-controlled delivery both in  vitro and in  vivo in mice 
model of myocardial infarction. They demonstrated the microparticles’ 
internalization by macrophages as well as the knockdown of the specific 
gene and protein levels in vitro and restoration of cardiac function in vivo. 
And finally, in 2017, another in vivo study in mice models of myocardial 
infarction demonstrated the feasibility of using this polyketal-based sys-
tem for the delivery of genetic material, miRNAs in this case, into infarcted 
areas improving therapeutic outcomes (Yang et al., 2017a).

FIG. 7.4 Chemical structure of the polyketal copolymer.
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Recently, ortho ester linkage-based polymers have also been proposed 
as potential pH-responsive vehicles for targeted drug delivery to inflamed 
areas (Cheng et al., 2012). More interestingly, these systems incorporating 
boronate esters also show oxidation-accelerated hydrolysis as good can-
didates for inflammation responsiveness and specific cargo delivery. Song 
et al. (2013) demonstrated that the phenylboronic ester oxidation rate was 
faster than the ortho ester hydrolysis rate at neutral pH, and that an in-
creased concentration of H2O2 accelerated these processes.
The hydrazone bond has also attracted much attention in 

 inflammation-targeting applications as it presents a degradation rate 10 
times faster at pH 5.5 than at pH 7.4. Already in 2007, Ito et al. described 
an HA-dexamethasone-based hydrogel cross-linked through hydra-
zone bonds that allowed a controlled delivery of the drug within 5 days 
and reduced inflammatory response in primary mouse macrophages 
in vitro (Wang et al., 2007). The same year, the already mentioned P-Dex 
copolymer conjugate was first described as a promising drug delivery 
system for selective targeting of dexamethasone to inflamed joints. 
They demonstrated in vitro the high level of drug release at pH 5, 37°C, 
thanks to the degradation of the hydrazone linkage between the poly-
mer and the drug. Since then, this hydrazone-containing polymer-drug 
conjugate has demonstrated, in several in vivo models of inflammation, 
its improved therapeutic effects when compared to the free drug (Yuan 
et al., 2012; Ren et al., 2014, 2015; Knudsen et al., 2015; Quan et al., 2016).
Moreover, recently, the hydrazone bond has been used to overcome the 

so-called PEG dilemma. PEGylation increases circulation time of nanopar-
ticulated systems favoring passive accumulation in inflammation or can-
cer sites by ELVIS or EPR effect, respectively. However, PEGylation also 
prevents internalization by inflammatory cells. To overcome this problem, 
novel inflammation-dependent dePEGylation strategies have been de-
scribed. The most popular one is the conjugation of PEG via an acid-labile 
hydrazone linkage. This approach was employed by Aldayel et al. (2016) 
who designed acid-sensitive sheddable PEGylated PLGA nanoparticles 
encapsulating TNF-α siRNA and compared them with PLGA nanopar-
ticles prepared with an acid-sensitive emulsifying agent. DePEGylation-
based strategy showed an in vivo increased biodistribution of the genetic 
cargo in an inflamed mouse foot and a reduction of the inflammatory pro-
cess at the disease area. Only 1 year later, Li et  al. (2017) exploited this 
strategy to increase the retention of PEG-prednisolone nanocarriers in a 
mouse model of collagen-induce arthritis. The system showed better anti-
inflammatory effects than the free drug.
Other acid-cleavable structures have been tested in other acidic pH en-

vironments like in cancer or in hybrid polymer-lipid structures like Schiff 
bases (imines, oximes, hydroazones), citraconic/dimethyl maleic, or sim-
ply β-carboxylic amides or β-thioether esters (d'Arcy and Tirelli, 2014). 
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However, to date, these polymeric structures have not been exploited for 
inflammation targeting or treatment.
Furthermore, although they are out of the scope of this review, which 

is focused on synthetic polymers, pH-responsive natural polymers con-
taining ionizable moieties on their structure have also been exploited with 
inflammation- targeting purposes. The most commonly used is chitosan, 
because it swells at acidic pH, presents intrinsic antiinflammatory capac-
ity, and presents mucoadhesive properties, which makes it a good candi-
date for the treatment of inflammatory diseases of the GI track (Rajitha 
et al., 2016). In the last 2 years, there are several examples of chitosan and 
chitosan- alginate nano- or microparticles that have demonstrated their high 
potential as drug and RNA delivery systems to inflamed tissues in vitro and 
in in  vivo models of rheumatoid arthritis (Kumar et  al., 2017), ulcerative 
colitis (Wang et al., 2016), diabetic wounds (Karri et al., 2016), or ophthalmic 
inflammation (Asasutjarit et al., 2015). Other polymeric structures based on 
polyelectrolyte natural polymers used in the field of inflammation are algi-
nate aerogels (Gaudio et al., 2013) or agarose hydrogels (Ninan et al., 2016).

7.3.5  Redox-Responsive Polymers

Redox-sensitive polymers (Table  7.3) have also been studied as 
 inflammation-responsive polymers.
In this sense, sulfur-based polymers present important advantages 

like the abrupt change in polarity that occurs when sulfur (II) is oxidized 
to sulfoxide (IV) or sulfone (IV), which facilitates inflammation- sensitive 
release and the facile synthesis through episulfide ring-opening polym-
erization (d'Arcy and Tirelli, 2014). In 2010, Mercanzini et  al. (2010) 

TABLE 7.3 ROS-Responsive Structures Used on the Design of Inflammation-
Responsive Polymers

Name Structure Reference

Poly(propylene 
sulfide)

Mercanzini 
et al. (2010), 
Gupta et al. 
(2012), and 
Poole et al. 
(2015)

Poly(oxalate) Kim et al. 
(2011) and Lee 
et al. (2013)

Poly(thioketal) Wilson et al. 
(2010) and 
Martin et al. 
(2014)
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designed a novel nanoparticle-embedded implant coating to reduce 
the postimplantation foreign body reaction to microfabricated cortical 
neuroprostheses. The coating was based on a bioresorbable polymer 
poly(ethylene oxide) (PEO) that degraded soon after implantation ex-
posing the poly(propylene sulfide) (PPS) nanoparticles containing dexa-
methasone. It was in vivo tested on the cortex of rats demonstrating a 
long-term decrease in the tissue response and increasing the half-life of 
implants. In 2012, Gupta et al. (2012) reported a new micelle drug deliv-
ery system consisting of a diblock amphiphilic copolymer of propylene 
sulfide (PS) and N,N-dimethylacrylamide (DMA); and only few years 
later, they also described an oxidation-responsive OEGylated poly-- 
cysteine homopolypeptide able to self-assemble into spherical micelles 
in aqueous solution (Fu et al., 2014). Both systems were designed for their 
applications in the inflammation field, and their feasibility to deliver 
cargo in the presence of an oxidative environment was demonstrated 
in  vitro. More recently, PPS nanoparticulated systems encapsulating 
curcumin were tested in an in vivo diabetic mouse hind limb ischemia 
model showing an accelerated recovery when compared with the free 
drug (Poole et al., 2015).
Besides, polyoxalates have also attracted much attention because they 

undergo depolymerization reactions when exposed to hydrogen perox-
ides. Based on these polymers, Kim et  al. (2011) developed in 2011 a p- 
hydroxybenzyl alcohol (HBA)-incorporated polyoxalate that decomposes 
in the presence of hydroxyl radicals into three known and safe compounds: 
cyclohexanedimethanol, HBA (a potent antioxidant), and CO2. The poly-
meric systems were tested in vivo in mice asthma models showing a reduc-
tion in pulmonary inflammation. Moreover, the intrinsic antioxidant and 
antiinflammatory activities of this system were also demonstrated in vitro 
and in vivo in a model of hind limb ischemia-reprefusion (Lee et al., 2013).
Furthermore, in 2010, Wilson et al. (2010) described a novel polymer, 

poly(1,4-phenyleneacetone dimethylene thioketal) (PPADT), contain-
ing the thioketal moiety that selectively degrades when in the presence 
of ROS. They encapsulated TNFα-siRNA and demonstrated that, when 
NPs were delivered orally in a murine model of ulcerative colitis, the 
mRNA levels in the colon were reduced as well as inflammation symp-
toms. More recently, Martin and collaborators developed a polythioketal 
urethane-based biomaterial scaffold that specifically degraded as a func-
tion of ROS concentration. They demonstrated the superior rate of tissue 
in-growth and cell-mediated scaffold biodegradation in comparison to 
analogous poly(ester urethane) scaffolds for their application in tissue en-
gineering and wound dressing (Martin et al., 2014).
Other redox-sensitive structures than have already been used in cancer 

therapy that may find application in the inflammation field are boronate, 
selenide, or telluride-based polymers (Xu et al., 2016).
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7.3.6  Enzyme-Responsive Polymers

The bibliography regarding enzyme-responsive polymers for their ap-
plication in inflammation-related disorders is limited and mainly recent 
(Table 7.4).
Polymeric systems exploiting overexpressed ECM-remodeling en-

zymes (i.e., cathepsins, neutrophil elastase and MMP2 or MMP9) are the 
most studied ones. In 2010, Homma et al. (2010) optimized the peptide, 
the linker and the molecular weight of a HA-MTX conjugate in which the 
drug and the polymer were linked by a cathepsin-cleavable peptide. They 
concluded that the conjugate with the Phe-Phe peptide chain and the eth-
ylenediamine linker was the best drug candidate for the treatment of os-
teoarthritis. The in vivo superior efficacy of this prodrug in comparison 
with the free drug was probed in 2016 in a collagen-induced arthritis rat 
knee model (Tamura et al., 2016).
In 2009, Aimetti et  al. (2009) developed a novel enzyme-responsive 

hydrogel drug delivery system with the potential to treat local inflam-
mation. The human neutrophil elastase (HNE)-sensitive peptide linkers 
(Ala-Ala-Pro-Val) were incorporated within PEG hydrogel by photopoly-
merization. They described the drug delivery platform and demonstrate 
its degradability in the presence of HNE in vitro.
More recently, MMP-2 and MMP-9-cleavable linkers have been used 

for the design of inflammation-responsive systems. In particular, in 2014, 
Steinhagen et  al. (2014) reported a novel polymeric film functionalized 
with the antiinflammatory chemokine stromal cell-derived factor 1α (SDF-
1α) via MMP-9-cleavable peptidic linker (Cys-Gly-Pro-Leu-Ser-Leu-Arg-
Ser-Ahx-Glu-Lys-Ahx-Pra-NH2) that demonstrated to have potential for 
biomedical applications by improving wound healing and tissue regener-
ation after surgery.

TABLE 7.4 Enzyme-Responsive Structures Used on the Design of Inflammation-
Responsive Polymers

Enzyme Cleavable structure References

Cathepsin Phe-Phe Homma et al. (2010) 
and Tamura et al. (2016)

Human neutrophil 
elastase (HNE)

Ala-Ala-Pro-Val Aimetti et al. (2009)

MMPs Cys-Gly-Pro-Leu-Ser-Leu-Arg-Ser-Ahx-
Glu-Lys-Ahx-Pra-NH2 (MMP-9)

Steinhagen et al. (2014)

Urease Urea linkage Xu et al. (2013)

Azoreductase Azo group Jilani et al. (2013)



 7.3 FE ATURES OF INFLAMMAT ION-RESPONSIVE POLYMERS 243

Besides, polymer backbones cleavable by specific enzymes generated 
by bacteria during infection-associated inflammatory processes have also 
been described (Xu et al., 2013). A good example is the asymmetric poly-
urethane (PU) membrane based on a sulfanilamide (antibiotic)-conjugated 
PU designed for wound dressing. The urea linkages are cleaved by ure-
ases generated by bacteria delivering the antibiotic, enhancing the efficacy 
and minimizing side effects (Xu et al., 2013). Another bacteria-generated 
enzyme that may be used with this purpose is the azoreductase, but, to 
date, the introduction of azo moieties has only been employed in the de-
sign of prodrugs (Jilani et al., 2013) and on a dual responsive system that 
will be described later.

7.3.7  Dual-Responsive Polymers

Some polymeric structures reported in the literature present a more com-
plex inflammation responsiveness as they combine sensitivity to two or 
more inflammatory microenvironment features at the same time. Examples 
of the three possible combinations can be found as pH/ROS responsive-
ness, enzyme/ROS responsiveness, and enzyme/pH responsiveness.
In a very recent study, Daniel et al. (2016) reported a dual-responsive 

nanoparticulated system capable of releasing the cargo in response to both 
ROS and MMPs (Fig. 7.5). A MMP-12 substrate (i.e., GPLGLAGGERDG) 
constituted the hydrophilic block of the amphiphilic polymeric system 
whereas the hydrophobic segment was based on a MMP inhibitor cova-
lently linked through a ROS-sensitive bond, specifically an aryl boronic 
ester. When exposed to MMPs in the inflammatory microenvironment, 
the hydrophilic block is cleaved and destabilization of the micelle occurs 
exposing the hydrophobic block. Then the aryl boronic ester bond suffers 
a nucleophilic attack by H2O2 leading to the release of the MMP inhibitor. 
However, this system was just tested in vitro, and it is necessary to per-
form further studies to demonstrate its efficacy in vivo.
Enzyme/pH-responsiveness has also been investigated mainly for the 

treatment of IBD. In 2014, Naeem et al. (2014) reported a colonic-specific 
nanoparticulated drug delivery system based on a polymeric mixture of 
enzyme-sensitive azo-polyurethane and the pH-sensitive Eudragit S100 
(a commercial form of PLGA) encapsulating coumarin-6 as a model drug. 
Both pH and enzyme-sensitivity were demonstrated in  vitro. They also 
demonstrated the selective distribution of the nanoparticles in the in-
flamed colon through an in vivo localization study in rat GI tract.
Knipe et al. (2016) designed a complex polymeric carrier for oral deliv-

ery of TNF-α siRNA. pH-responsive polycationic 2-(diethylamino)ethyl 
methacrylate (DEAEMA)-based nanogels (size ~100 nm) were encap-
sulated on a poly(methacrylic acid-co-N-vinyl-2-pyrrolidone) [P(MAA-
co-NVP)] microgel cross-linked via trypsin-degradable peptide linkers. 
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The  microgel provided protection to the nanogels under extreme acidic 
environment in the stomach (pH 2–4), but when in the intestine (pH 
6–7.5), it swelled favoring enzymatic degradation and nanogel delivery. 
This system was tested in vitro, which showed a significant reduction of 
secreted TNF-α level in murine macrophages.
pH and ROS-sensitivity have also been combined in polymeric struc-

tures to prepare inflammation-responsive drug delivery systems. In 2013, 
Kwon et al. (2013) developed the so-called poly(vanillin oxalate), a novel 
inflammation-responsive antioxidant polymeric prodrug containing 
vanillin, a potent antioxidant and antiinflammatory agent. The polymer 

GPLGLAGGERDG

gplglaggerdg*

FIG.  7.5 Monomer, polymer, and nanoparticle structures. (A) PS peptide substrate, 
(B)  PSC peptide substrate control, (C) PD1 prodrug-1, and (D) PD1C prodrug-1 control. 
(E)  Micellar structure with cores composed of the hydrophobic PD1 or PD1C, and shells 
composed of PS or PSC. Reproduced from Daniel, K. B., Callmann, C. E., Gianneschi, N. C., 
Cohen,  S. M., 2016. Dual-responsive nanoparticles release cargo upon exposure to matrix metal-
loproteinase and reactive oxygen species. Chem. Commun. 52, 2126–2128 with permission of The 
Royal Society of Chemistry.
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self-assembles into nanoparticles in aqueous media, and it was based on 
H2O2-reacting peroxalate ester bonds and bioactive vanillin linked via  
acid-cleavable acetal linkages. The system exhibited potent antioxidant 
and antiinflammatory activity both in vitro and in vivo on a mouse model 
of acetaminophen-induced liver injury demonstrating its great potential 
for the treatment of ROS-associated inflammatory diseases. Another well-
known antioxidant and antiinflammatory agent, curcumin, was encapsu-
lated on N-palmitoyl chitosan nanoparticles (NPCS) bearing a hydrophobic 
Cy3 moiety together with a ROS-responsive poly-(1,4-phenyleneactone 
dimethylene thioketal) (PPADT) (Pu et al., 2014). Chitosan-based polye-
lectrolyte swelled at the acidic pH encountered in the inflamed tissue, and 
the hydrophobic PPADT degrades into hydrophilic fragments in response 
to ROS, altogether contributing to the instability of the system leading to 
the curcumin release. The feasibility of this system for the treatment of 
arthritis was demonstrated in vitro and in an in vivo mouse model with 
lipopolysaccharide (LPS)-induced ankle inflammation as it was able to re-
duce the oxidative stress in inflamed tissue.

7.4  CURRENT AND FUTURE TRENDS

To date, in vitro and in vivo studies have demonstrated the great po-
tential of pH, ROS, enzyme, or dual-responsive polymeric systems for 
the treatment of inflammation-related diseases including diabetes, car-
diovascular diseases, pulmonary diseases, neurodegenerative diseases, 
IBD, cancer, skin diseases, ocular diseases, and arthritis, among others. 
In fact, they have been shown to be effective not only in controlled drug 
delivery but also in gene therapy facilitating the release of genetic mate-
rial (i.e., miRNAs or siRNAs) at the site of inflammation. These systems 
have also exhibited interesting outcomes in the field of implant coatings 
contributing to the reduction of the foreign body reaction to biomateri-
als that is the main cause of premature implant failure. They have even 
shown potential as scaffolds for tissue engineering and wound dressing 
applications.
Nevertheless, new trends have emerged in the last few years includ-

ing (i) cell-mediated targeting, which has demonstrated high efficiency 
on targeting inflammation sites, and (ii) the proposed solution to the PEG 
dilemma consisting on the shedding of PEG external shell in response to 
environmental specific stimuli. Due to the fact that, based on the ELVIS 
effect, to achieve retention in inflamed tissue internalization within in-
flammatory cells is crucial, these two approaches are considered highly 
promising and should be exploited in future research.
Finally, there are still unexplored pH, ROS, and enzyme-responsive 

structures that may be subjects of further studies. In fact, due to the tight 
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link between cancer and inflammation, most of the strategies used for can-
cer treatment may find promising applications in the inflammation field.

7.5  CONCLUSIONS

To conclude, and based on the recent literature mentioned in this chap-
ter, in the last decade, polymeric systems undergoing changes in response 
to specific features of the inflammatory microenvironment have demon-
strated great potential to significantly improve the treatment of most  
inflammation-associated diseases. The low bioavailability of inflamma-
tory drugs due to their hydrophobicity and the fact that most of these dis-
eases, like cardiovascular, cancer, or neurodegenerative diseases, present 
high-mortality rates, highlight the importance of further development of 
these systems.
pH, ROS, enzyme, and dual-responsive polymers have arisen as potent 

and relatively simple tools to achieve superior outcomes in inflammation 
therapies. However, the importance of an intelligent design strategy is 
still a challenge. In fact, the bibliography has undoubtedly probed that, to 
achieve the highest efficiency and minimization of adverse effects of these 
disease treatments, the inflammatory microenvironment should be deeply 
studied and understood.
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Triple recubrimiento capa-a-capa de nanopartículas poliméricas 

mediante interacción electroestática con polímeros naturales 
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Resumen 

Este trabajo describe la preparación y caracterización del triple recubrimiento con polímeros 

bioactivos (i.e. sulfato de condroitina (CS), quitosano (Chit) y ácido hialurónico (HA)) mediante 

deposición capa-a-capa de unas nanopartículas (NPs) poliméricas basadas en naproxeno, un 

potente anti-inflamatorio no esteroideo. Se consiguió un recubrimiento efectivo tras la 

optimización de la relación en masa y la concentración final de NPs después de cada 

recubrimiento. El sistema resultante es aniónico con una carga superficial de -15.8 ± 0.6 mV y 

un diámetro hidrodinámico medio (% intensidad) de 348 ± 8 nm. Además, el triple recubrimiento 

mejora la estabilidad en suspensión de las NPs haciéndolas estables a pH fisiológico.  
 

Palabras clave: Nanopartícula polimérica, capa-a-capa, sulfato de condroitina, quitosano, ácido 

hialurónico y multicapa. 

 

Abstract 

This work describes the preparation and characterization of triple LbL-coated polymeric 

nanoparticles based on naproxen, a potent non-steroidal anti-inflammatory drug, with bioactive 

polymers (i.e. chondroitin sulfate (CS), chitosan (Chit) and hyaluronic acid (HA)). An effective 

coating was achieved after the optimization of the mass ratio and the final concentration of the 

NPs after each coating step. The resultant NPs present a surface charge of -15.8 ± 0.6 mV and a 

mean hydrodynamic diameter (by intensity) of 348 ± 8 nm. Moreover, the coating confers the 

NPs improved stability in suspension with no significant changes in hydrodynamic properties up 

to one month at physiological pH. 
 

Keywords: Polymeric nanoparticles, layer-by-layer, chondroitin sulfate, chitosan, hyaluronic 

acid and multilayer 
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Introducción 

Nuestro grupo tiene una amplia experiencia en el desarrollo de nanopartículas (NPs) 

poliméricas basadas en copolímeros anfifílicos conformados por un bloque rico en 

monómero hidrofílico y un bloque rico en monómero hidrofóbico. Su microestructura 

permite que, en medio acuoso, estos copolímeros se autoensamblen en forma de micela 

quedando los segmentos hidrofóbicos en el núcleo, protegidos por los segmentos 

hidrofílicos que quedan expuestos en la corona. En concreto, recientemente hemos 

descrito varias familias de copolímeros formados por 1-vinyl-imidazol (VI) y derivados 

metacrílicos de fármacos antiinflamatorios no esteroideos, como el naproxeno (HNAP)1 

o el ibuprofeno2. Las partículas basadas en el copolímero poli(HNAP-co-VI)(71:29 %mol) 

(HNAP71 1), denominadas NAP NPs, se obtienen por autoensamblado del copolímero 

anfifílico en medio acuoso formando una estructura con una carga superficial positiva 

debido a la exposición en superficie de los anillos de imidazol (VI) y la formación de un 

núcleo hidrofóbico con el naproxeno covalentemente anclado. El núcleo hidrofóbico las 

hace buenas candidatas para la encapsulación y liberación controlada de otros fármacos 

de carácter apolar. Su alta carga superficial positiva permitió su inmovilización en 

superficie, mediante deposición capa-a-capa, con polianiones, dando lugar a 

recubrimientos de cuádruple bicapa (NPs-polianión) Así se obtuvieron superficies con 

propiedades anti-inflamatorias a largo plazo gracias a la liberación controlada del 

naproxeno que debía difundir desde el interior de la partícula y a través de las distintas 

capas del recubrimiento1. La deposición capa-a-capa implica la adsorción alterna en 

medio acuoso de dos o más polímeros u otras especies multivalentes con interacciones 

complementarias. Debido a la simplicidad de este método, el número de sistemas de 

liberación controlada que explota esta metodología ha aumentado significativamente 

en los últimos años3. La modificación superficial de NPs mediante la técnica capa-a-capa 

implica: a) superior capacidad de carga, ya que se podrán incorporar en mayor cantidad 

componentes bioactivos como fármacos 4 o material genético 5 en las distintas capas; b) 

mejor control en la liberación de fármacos, al incorporarse más barreras físicas que 

pueden ser sensibles a estímulos específicos 6; c) fácil funcionalización con moléculas o 

polímeros que favorezcan la vehiculización activa y pasiva; d) multifuncionalidad,  

mediante el uso de polímeros o pro-fármacos bioactivos con funciones específicas 4. En 
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concreto, este artículo expone la preparación y caracterización del triple recubrimiento 

de las NAP NPs previamente descritas por interacción electroestática con sulfato de 

condroitina (CS), quitosano (Chit) y ácido hialurónico (HA) (esquema 1). Los tres 

polielectrolitos utilizados son polímeros naturales muy utilizados en el campo de los 

biomateriales por su alta biocompatibilidad y sus propiedades terapéuticas intrínsecas 

7. Además, el recubrimiento final de HA pretende conferir al sistema estabilidad en el 

medio fisiológico y vehiculización activa al ser el principal ligando de los receptores CD44 

sobreexpresados en células inflamatorias activadas o cancerígenas 5, 8, 9. Para conseguir 

un recubrimiento efectivo, se optimizó la relación en masa y la concentración final de 

NPs después de cada recubrimiento. Además, para su aplicación en el ámbito biomédico 

la concentración y la estabilidad en pH fisiológico (7.4) son determinantes. Por eso, se 

estudió la influencia del volumen final y el pH en las propiedades hidrodinámicas de las 

partículas y se demostró la estabilidad en suspensión a pH 7.4, hasta un mes.  

Materiales y Métodos 
 

Síntesis de las partículas basadas en HNAP71. La síntesis de las NAP NPs se llevó a 

cabo mediante el método de nanoprecipitación a partir del co-polímero anfifílico 

HNAP71, previamente sintetizados por nuestro grupo 1. Este copolímero está basado en 

1-vinyl-imidazol como componente hidrofílico y un derivado sintético metacrílico del 

naproxeno (HNAP) como componente hidrofóbico. En resumen, se disolvió el co-

polímero HNAP71, a una concentración de 10 mg/mL en una mezcla de disolventes 

orgánicos, acetona:etanol (8:2, v:v). Después, esta fase orgánica se goteó lentamente 

sobre una disolución acuosa (0.1 M ácido acético y 0.1 M NaCl) a pH 4.5 en constante 

agitación para obtener una concentración final de NPs de 3 mg/mL.    
 

Recubrimiento con sulfato de condroitina, quitosano y ácido hialurónico: ratios 

en masa y concentración final de nanopartículas. Las nanopartículas catiónicas, NAP 

NPs, se recubrieron mediante interacción electroestática de forma consecutiva con 

sulfato de condroitina (CS-NPs), quitosano (Chit-CS-NPs) y ácido hialurónico (HA-Chit-

CS-NPs) (esquema 1).  
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Esquema 1. Representación gráfica de los sistemas resultantes del recubrimiento de a) 

las NAP NPs con CS, b) las CS-NAP-NPs con Chit y c) las Chit-CS-NAP-NPs con HA.  
 

En resumen, para cada recubrimiento, se goteaba 1 mL de a) NAP NPs, b) CS-NAP NPs 

o, c) Chit-CS-NAP NPs a pH 4.5 sobre 2 mL de una disolución acuosa (0,1 M ácido acético 

y 0,1 M NaCl, pH 4.5) de a) sulfato de condroitina (CS; 10 KDa, BioIberica, España), b) 

quitosano (Chit; 300 KDa, grado de desacetilación 90%) y, c) ácido hialurónico (HA; 1000 

KDa, BioIberica, España). Se probaron distintas ratios en masa: a) mg NPs:mg CS = 3,33; 

3,00; 2,50; 2,00; 1,50; 0,50 b) mg CS-NPs:mg Chit = 0,60; 0,40; 0,20 and, c) mg Chit-CS-

NPs:mg HA = 0,05, 0,03, 0,02; y distintas concentraciones finales de NPs ([NPs]F): a) 1,00 

mg/mL, 0,83 mg/mL, 0,67 mg/mL, 0,50 mg/mL y 0,33 mg/mL, b) 0,04 mg/mL y 0,03 

mg/mL, y c) 0,01 mg/mL. En todos los casos, se midieron las propiedades hidrodinámicas 

(i.e. tamaño, polidispersidad de la distribución de tamaños y carga superficial) después 

de cada recubrimiento. 

Determinación de las propiedades hidrodinámicas: distribución de tamaños y 

carga superficial. La distribución de tamaño de las partículas sin recubrir y con uno, dos 

o tres recubrimientos (NAP NPs, CS- NAP NPs, Chit-CS-NAP NPs o HA-Chit-CS-NAP NPs, 

respectivamente) se determinó mediante la técnica de dispersión de luz dinámica (DLS) 

utilizando un equipo Malvern Nanosizer NanoZS (Madrid, España) equipado con un láser 

He-Ne de 4 mW (λ = 633 nm) a un ángulo de dispersión de 173°. Las medidas se 

realizaron en cubetas de poliestireno (Sarstedt, Nümbrecht, Alemania) y la temperatura 

se mantuvo constante a 25 °C. Basándose en la ecuación de Stokes-Einstein y asumiendo 

que las partículas son esféricas, se determinó (ZetaSizer Software versión 7.10) el 

diámetro hidrodinámico medio (Dh) en % intensidad y el índice de polidispersidad de 

tamaño de las partículas (PdI). Este último será un valor entre 0 (partículas 
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monodispersas) y 1 (partículas polidispersas). Para cada sistema, se hizo la media 

estadística y desviación estándar de 3 muestras diferentes (media de 11 medidas cada 

una). El potencial zeta (ξ) de la dispersión de NPs se determinó mediante Electroforesis 

Doppler Láser (LDE) utilizando un equipo Malvern Nanosizer NanoZS (Madrid, España). 

En este caso, la media estadística y la desviación estándar se calcularon a partir de 3 

muestras (media de 20 medidas cada una). 
 

Influencia del volumen final, el pH y el tiempo en las propiedades hidrodinámicas 

de las NPs. Tras el triple recubrimiento, las NPs se liofilizaron y resuspendieron (5 

minutos de agitación manual y 5 minutos de baño de ultrasonidos a temperatura 

ambiente) en distintos volúmenes (i.e. 2/3, 1/2 y 1/4 del volumen inicial (Vi)), de 

disolución acuosa (0.1 M ácido acético, 0.1M NaCl) a pH 4,5. También se estudió la 

influencia del pH, para ello se resuspendieron en el Vi pero a distintos pH (4,5; 5,5; 6,5 y 

7,5). En todos los casos, después de resuspender las partículas, se midieron las 

propiedades hidrodinámicas (i.e. tamaño, polidispersidad de la distribución de tamaños 

y carga superficial). Por último, se evaluó la estabilidad con el tiempo en suspensión a 

pH fisiológico (7,4) midiendo el tamaño, la distribución de tamaños y la carga superficial 

todas las semanas hasta un mes.  

 

Resultados y Discusión 

Optimización de la ratio en masa y la concentración final de NPs 

El pKa de los grupo sulfato del CS es 1,5-2,0 y el de los grupos carboxilo 3,4-3,6 10; el 

de los grupos carboxilo del HA es 3-3,5 11; mientras que el pKb de los grupos imidazol de 

las NAP NPs y de los aminos del Chit es aproximadamente 5,5 12 y 6,5 13, 

respectivamente. Sabiendo esto, se estableció pH 4,5 como el más adecuado para el 

recubrimiento electroestático de las NPs ya que, a este pH todos los polielectrolitos se 

encuentran cargados en mayor o menor medida. Siguiendo el protocolo que se ve en el 

esquema 2, se optimizó la relación en masa que permitía un recubrimiento adecuado 

de las NPs con el polielectrolito natural correspondiente en cada caso.  
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Esquema 2. Representación gráfica de la metodología utilizada para establecer la 

relación en masa (mg NPs:mg polielectrolito) más apropiado para el recubrimiento de 

las distintas partículas (i.e. NAP-NPs, CS-NAP NPs o Chit-CS-NAP-NPs) con el 

correspondiente polielectrolito (CS, Chit y HA, respectivamente). 

 

Como puede observarse en la figura 1a, para todas las relaciones mg NAP NPs:mg CS 

probados se observa un aumento en el tamaño de partícula debido a la adsorción de CS 

en la superficie de la partícula. Este aumento se hace menos acusado a medida que 

disminuye la relación NAP NPs:CS (mg:mg) (i.e. a medida que aumenta la masa de CS), 

Δdiámetro = 153 ± 13 nm (NAP NPs:CS (mg:mg) = 3.3) ó 23 ± 3 nm (NAP NPs:CS (mg:mg) 

= 0.5); indicando una mayor compactación de las CS-NPs. La reducción de tamaño viene 

acompañada de una disminución de la polidispersidad en la distribución de tamaños 

consiguiéndose valores por debajo de 0,2 a partir de NAP NPs:CS (mg:mg) = 2,5 y 

similares a los de las partículas sin recubrir a partir de NAP NPs:CS (mg:mg) = 1,5. 

Además, para todas las relaciones en masa testadas se consiguió una reducción de la 

carga superficial y, para todas menos para la más alta (3.33), una inversión de la misma 

de +28 ± 1 mV sin recubrimiento hasta -21 ± 1 mV para la relación en masa más baja 

(0.5). La inversión de carga se hace más acusada cuanto más CS se añade al quedar los 

grupos sulfato y carboxilo del CS expuestos en la superficie de la NPs, otro indicativo de 

que se ha conseguido un recubrimiento efectivo. Además, cuanto más negativa sea la 

carga superficial, más fácil será la deposición electroestática de la siguiente capa. Por 

tanto, se estableció que entre las relaciones NAP:NPs (mg:mg) CS testadas, 0.5, era la 

más adecuada para el recubrimiento electroestático. En el caso del recubrimiento con 

Chit de las CS-NAP NPs (figura 1b), se observa también esa inversión del potencial zeta 

de valores negativos a positivos, siguiendo la misma tendencia creciente del valor 
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absoluto del potencial zeta con la adición de Chit. Además, se observa de nuevo una 

reducción del tamaño al aumentar la masa de Chit sin cambios importantes en la 

polidispersidad para las dos primeras ratios testadas. Sin embargo, para la última ratio 

de 0.2 empieza a aumentar el tamaño de NPs y la PdI. Por tanto, se seleccionó la ratio 

de 0.4 como la más adecuada para el recubrimiento con Chit de las CS-NAP NPs. El 

mismo patrón se observó con el recubrimiento de HA (figura 1c) y por eso se seleccionó 

también la ratio intermedia de entre las testadas como la más apropiada, por ejemplo, 

Chit-CS-NAP NPs: HA = 0.03 (mg:mg). Una vez optimizada la relación NPs:polielectrolito 

(mg:mg) en cada paso, se intentó maximizar la [NPs]F. 

Figura 1. Diámetro hidrodinámico en % intensidad (Dh, nm), polidispersidad de la 

distribución de tamaño (PdI) y la carga superficial (ξ, mV) de a) NAP NPs antes del 

recubrimiento (rojo) y CS-NAP-NPs después del recubrimiento a distintas relaciones en 

masa de NAP NPs:CS (3.33, 3.00, 2.50, 2.00, 1.50, 1,00 y 0,50); b) NAP NPs (rojo) y CS-

NAP NPs (gris) antes de los correspondientes recubrimientos y Chit-CS-NAP NPs
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En la figura 2a se muestran las propiedades hidrodinámicas de las CS-NPs a todas las 

concentraciones testadas. Como para la mayoría de los sistemas nanoparticulados 

descritos en bibliografía 14, un aumento de la concentración se tradujo en un aumento 

del tamaño sin importantes cambios en la polidispersidad o la carga superficial para las 

concentraciones testadas. La concentración más alta a la que pudieron medirse las 

propiedades hidrodinámicas sin que hubiera agregación o desestabilización del sistema 

fue 1 mg/mL. Para las Chit-CS-NAP NPs, la [NPs]F más alta que se consiguió sin 

desestabilización del sistema para la relación en masa seleccionada fue 0.04 mg/mL 

figura 2b. Finalmente, la figura 2c muestra la evolución del tamaño medio, la 

polidispersidad de la distribución de tamaños y la carga superficial con cada una de las 

capas. Como era de esperar, al igual que en otros sistemas parecidos descritos en 

bibliografía 5, 15, se observa una tendencia creciente en el tamaño y la PdI al añadir capas 

y alternancia en el signo de la carga superficial predominando el signo del polielectrolito 

que queda expuesto en la superficie. El diámetro final de las NPs, 348 ± 8 nm, favorece 

la internalización de las mismas por parte de células inflamatorias como el macrófago 16 

y, por tanto, la retención de las mismas en el tejido inflamado por el denominado efecto 

ELVIS 17. El protocolo final para el triple recubrimiento de las NAP NPs queda resumido 

en el esquema 3.
 

 

Esquema 3. Representación gráfica del protocolo final de recubrimiento de a) NAP NPs 

con CS, b) CS-NAP NPs con Chit y c) Chit-CS-NAP NPs con HA. 
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Figura 2. Diámetro hidrodinámico en intensidad (Dh, nm), polidispersidad de la 

distribución de tamaño (PdI) y potencial zeta (mV) de a) CS-NAP-NPs y b) Chit-CS-NAP 

NPs a distintas concentraciones finales de NPs; y c) evolución de las propiedades 

hidrodinámicas del sistema después de cada recubrimiento. 

Redispersibilidad de NPs liofilizadas  

La concentración final de nanopartículas recubiertas con triple capa ([HA-Chit-CS-

NAP NPs]F) que se obtuvo era de 13 μg/mL, una concentración que podía limitar el uso 

de las NPs. Por tanto, se barajó la posibilidad de liofilizar las partículas y resuspenderlas 

en volúmenes más pequeños para concentrarlas. Sin embargo, como se observa en la 

figura 3, solo si se resuspendían en el volumen inicial, Vi, se conseguía recuperar el 

tamaño y la polidispersidad de la muestra inicial aunque disminuía ligeramente el 

potencial zeta, probablemente debido al baño de ultrasonido que puede afectar a la 

interacción electroestática en la que se basa el recubrimiento al ser una interacción no 
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covalente 18. La muestra resuspendida en 2/3Vi suponía un ligero aumento en el tamaño 

respecto a la resuspendida en Vi sin cambios en PdI o carga superficial, mientras que en 

volúmenes más pequeños el aumento en el tamaño y la PdI era muy significativo. Por 

tanto, se observó de nuevo la influencia de la concentración en el tamaño de partícula 

y se descartó la posibilidad de concentrar las NPs sin comprometer las propiedades 

hidrodinámicas después de su preparación.

Figura 3. Distribución de tamaños de las HA-Chit-CS-NAP NPs y representación gráfica 

del diametro hidrodinámico en intensidad (Dh, nm), la polidispersidad (PdI) y la carga 

superficial (ξ, mV) antes de liofilizar (verde) y después de liofilizar y resupender 

(respusp.) las NPs en distintas fracciones del volumen inicial (Vi) de disolución acuosa a 

pH 4,5.  

Influencia del pH en las propiedades hidrodinámicas 

Para aplicaciones biológicas, trabajar a pH fisiológico (7,4) es crucial, sin embargo, 

como se discutió previamente, para conseguir una interacción electroestática efectiva 

los recubrimientos se realizaron a pH 4,5. El pH influye de forma determinante en la 

carga de los polielectrolitos 12. Aquellos que contienen grupos catiónicos en su 

estructura, como el HNAP71 o el Chit, presentaran menor carga a medida que el pH del 

medio aumente respecto a su pKb, que en ambos casos está por debajo del pH fisiológico. 

Por el contrario, los que contienen grupos carboxilo o sulfato, como el CS o el HA, 
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presentarán mayor carga a pH fisiológico ya que está muy por encima de su pKa. La carga 

superficial de NPs es crítica para su estabilidad, a mayor carga, mayor repulsión 

electroestática entre partículas y menor probabilidad de agregación [19]. Por lo tanto, 

el recubrimiento de NAP NPs con CS, Chit y, en última estancia, HA debería contribuir a 

estabilizar las NPs a pH fisológico. Para comprobar esta teoría, se midieron las 

propiedades hidrodinámicas de las NAP NPs y HA-Chit-CS-NAP NPs tras liofilizarlas y 

resuspenderlas en el mismo volumen de disolución acuosa, pero a distintos pH (figura 

4).  Se observa claramente como con el aumento del pH, la carga superficial de las NAP 

NPs disminuye, y por encima del pKb del HNAP71 (i.e. 5,5) se produce agregación y no 

es posible medir tamaño o polidipersidad. Esto no sucede con las HA-Chit-CS-NAP NPs 

que mantienen la PdI y la carga superficial relativamente constante en todo el rango de 

pH con un ligero aumento a partir del pH 5,5 probablemente debido a una interacción 

electroestática más débil entre las capas al descargarse ligeramente el Chit o el HNAP71. 

Confirmamos así que la triple capa estabiliza las NAP NPs a pH fisiológico.   

Figura 4. Evolución del diámetro hidrodinámico (Dh, nm), la polidispersidad de la 

distribución de tamaños (PdI) y la carga superficial (potencial zeta, mV) de las NAP NPs 

y las HA-Chit-CS-NAP NPs con el pH.   

Estabilidad en el tiempo a pH fisiológico 

Por último, se evaluó la estabilidad de las HA-Chit-CS-NAP NPs en suspensión a pH 

7,4 midiendo las propiedades hidrodinámicas de las mismas cada 7 días hasta los 28 

días. Como se muestra en la figura 5, no hay diferencias significativas ni en tamaño, ni 

en PdI ni en carga superficial a lo largo del tiempo y en especial entre los valores a día 1 

y día 28. De esta forma, confirmamos que las NPs con el triple recubrimiento son 

estables a pH 7,4 hasta un mes.  
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Figura 5. Evolución del diámetro hidrodinámico medio en intensidad (Dh, nm), la 

polidispersidad de la distribución de tamaños (PdI) y la carga superficial (potencial zeta, 

mV) de las HA-Chit-CS-NAP NPs con el tiempo a pH 7,4 en suspensión.   

 

Conclusiones 

Se prepararon con éxito NPs con naproxeno, un potente anti-inflamatorio no 

esteroideo, anclado covalentemente en su núcleo hidrofóbico y con un triple 

recubrimiento hidrofílico de CS, Chit, HA, tres polímeros naturales con propiedades anti-

inflamatorias intrínsecas. Las HA-Chit-CS-NAP NPs resultantes presentaron un diámetro 

hidrodinámico medio de 348 ± 8 nm, baja polidispersidad de distribución de tamaños y 

una carga superficial de -15.8 ± 0.6 mV. Su tamaño favorecerá la internalización de las 

mismas por parte de células inflamatorias como los macrófagos [16] y, probablemente, 

la retención de las mismas en el tejido inflamado por el denominado efecto ELVIS [17]. 

Las NPs pueden liofilizarse y redispersarse en el mismo volumen de partida sin cambiar 

las propiedades hidrodinámicas y en 2/3 de su volumen inicial con un aumento de 

aproximadamente 100 nm en su diámetro. El triple recubrimiento le confiere estabilidad 

a distintos pH a las NPs y, en especial, a pH fisiolófico hasta un mes en suspensión. Por 

tanto, estas partículas tienen potencial como sistemas multifucionales de liberación 

controlada de naproxeno y polímeros bioactivos para el tratamiento de procesos 

inflamatorios.  
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