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ABSTRACT 
 
	  

Cancer is one of the leading causes of morbidity and mortality all over the world. 

Conventional treatments, such as chemotherapy, are generally expensive and highly 

toxic. Cancer chemoprevention using phytochemicals is emerging as a promising 

approach for the treatment of early carcinogenic processes. (−)-Epigallocatechin-3-gallate 

(EGCG) is the major bioactive constituent in green tea with numerous health benefits, 

including anti-cancer activity, which has been intensively studied. Besides its potential for 

chemoprevention, EGCG has also been shown to synergize with common anti-cancer 

agents, which makes it a suitable adjuvant in chemotherapy. However, limitations in terms 

of stability and bioavailability have hampered its application in clinical settings. 

Nanotechnology may have an important role in improving the pharmacokinetic and 

pharmacodynamics of EGCG and specific target cancer cells.    

 In this work, EGCG-loaded nanostructured lipid carriers (NLC) functionalized with 

folic acid targeting ligand were produced to increase EGCG bioavailability and promote an 

active cancer cell targeting.	   The final purpose of the formulation is to be administered 

orally as a dietary supplement for cancer prevention or as an adjuvant cancer therapy in 

combination with other chemotherapeutic drugs. 

 The nanoparticles (NPs) presented a size of approximately 320 nm, which is 

suitable for an oral administration route and a highly negative zeta potential around -30 

mV, suggesting physical stability. The encapsulation efficiency (EE) of the produced NLC 

was higher than 80%. Nanoformulations revealed high storage stability, without 

substantial alterations of their physicochemical characteristics up to 8 weeks of storage at 

4ºC. EE also remained almost inalterable during the storage time. A controlled release 

profile of EGCG was obtained in simulated gastric and intestinal fluids, with only 50% 

release of the total EGCG after 26 hours. Viability and cytotoxicity assays in intestinal 

Caco-2 cells revealed that NLC were not cytotoxic at concentrations lower than 25 µM of 

catechin. The anti-cancer efficiency of the nanoformulations was tested in breast cancer 

cells MDA-MB-231. A significant decrease in cell viability after treatment with 25 µM of 

each EGCG-loaded nanoformulation was determined, suggesting an increase in the 

uptake of EGCG by these cancer cells. A combination treatment with the cytostatic drug 

tamoxifen induced a demarked reduction in cell viability, which suggests an enhancement 

of the synergistic effect between EGCG and tamoxifen. 

 
 



	  
ii 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- This page was intentionally left in blank - 
 

 



	  
iii 

GRAPHICAL ABSTRACT 
 
 

 

 

 

 

 

 

Keywords: Green tea; (−)-Epigallocatechin-3-gallate (EGCG); Cancer; Nanotechnology; 
Nanostructured Lipid Carriers (NLC); Active Targeting; Folic Acid Functionalization, 4-
Hydroxytamoxifen (4-OHT); Synergistic effect 
	  
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

EGCG

Lipid 
nanoparticle

Cancer cell targetting

folic acid

PEG

	  

	  	  	   	  	   	  	  
	  

<<<

	  

	  	  	  

	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	   	   	  	   	  	  	  	  	  	  
	  	  	  	  	  	  

	   	  	  

	  

	  	  

	  	  	  	  	  	  	  	  	  	  
	  

	   	  	  	   	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  

	   	  	   	  
	  	  
	  
	  

	   	  
	  	  	  

	  	  	   	  	  

	  
	  
	  
	   	   	  	  

	  	  	   	  

	   	  	  
	  

	   	  

	  	  

	  

	  
	  	  	   	  	  	   	  

	  

	  

	  	  	  	   	  	   	  	  	  	  

	  	  	  	  	  	  

	  
	  	  	  
	  	  	  	  	   	   	  

	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  

	   	  

	  	  
	  

	  	  	  	  	  	  	  	  

	  

	  	   	  	  

EGCG 	  	  	  	  

Synergistic effect 

	  	   	  	  

Oral	  delivery 

	  



	  
iv 

	  
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

- This page was intentionally left in blank - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



	  
v 
	  

ACKNOWLEDGMENTS 
 
 
I am profoundly grateful to professor Salette Reis for giving me the opportunity to work in 

her research team and for all her kindness and comprehension in more difficult times.  

I would like to thank to Dr. Marina Pinheiro for her guidance during these two semesters, 

for all the opportunities she has giving me, all her patience to listen to my concerns and all 

the encouragement.  

I would like to thank to Dr. Ana Rute Neves (Nini) for helping me with some of my 

experimental work, particularly for teaching me all about cells. Thanks for the support, 

good vibrations and all the hours (including that one day at 7 am) that you spent with me 

in the lab.  

I am deeply grateful to Alexandre Vieira for his infinite kindness, support and helpfulness 

in numerous stages of my lab work.  

I would also want to thank Luise for all the motivation and for her support in some points 

of my experimental work. 

I want to thank to all my lab fellows for all the help, kindness and encouragement 

particularly do my dear friend Rita for all the moments of joy, all the support in difficult 

times and all the friendship during these semester and the remaining 5 years. 

Thanks to my friends Bárbara, Mariana, Lúcia, Eva, Sofia and Tânia for all the joy and 

friendship during these 5 years. I am glad that I met you.  

To my dear friends Ana and Joana a special thanks for these 13 years of friendship, our 

fantastic dinners and all the support you always have given me during all these years.  

I would like to thank my parents and my little brother for all the comprehension, endless 

love, support and concern and all the strength and union we have revealed even in 

difficult times such as this particular year. A special thanks to my godparents and my 

cousin Diogo for all the encouragement and to Rosa for being like a grandmother for me.  

Finally, I want to honor the memory of my dear grandparents Maria das Dores and 

António and thank for all the love and care they always gave me. I hope that, wherever 

they are, they are proud of me.  

	  



	  
vi 

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

- This page was intentionally left in blank - 



	  
vii 

TABLE OF CONTENTS 
 
ABSTRACT .......................................................................................................................... I 

GRAPHICAL ABSTRACT ................................................................................................. III 

ACKNOWLEDGMENTS ..................................................................................................... V 

CHAPTER 1. INTRODUCTION ........................................................................................... 1 
1.1.	  CANCER	  DISEASE	  ..................................................................................................................................................	  1	  
1.2.	  EPIGALLOCATECHIN	  GALLATE	  (EGCG)	  ...........................................................................................................	  2	  
1.3.	  NANOTECHNOLOGY	  ...........................................................................................................................................	  10	  
1.4.	  LIPID	  NANOPARTICLES	  .....................................................................................................................................	  21	  

CHAPTER 2. MATERIALS AND METHODS ................................................................... 25 
2.1.	  MATERIALS	  .........................................................................................................................................................	  25	  
2.2.	  SYNTHESIS	  OF	  NLC:	  INITIAL	  FORMULATION	  ...............................................................................................	  26	  
2.3.	  SYNTHESIS	  OF	  DISTEROYLPHOSPHATIDYLETHANOLAMINE-‐POLY(ETHYLENE	  GLYCOL)2000-‐FOLIC	  

ACID	  (DSPE-‐PEG2000-‐FA)	  CONJUGATE	  ...........................................................................................................	  26	  

2.4.	  SYNTHESIS	  OF	  FUNCTIONALIZED	  NANOSTRUCTURED	  LIPID	  CARRIERS	  .................................................	  27	  
2.5.	  EXPERIMENTAL	  DESIGN	  ...................................................................................................................................	  27	  
2.6.	  SYNTHESIS	  OF	  FINAL	  FORMULATIONS	  ...........................................................................................................	  30	  
2.7.	  LYOPHILIZATION	  OF	  THE	  FORMULATIONS	  ....................................................................................................	  30	  
2.8.	  CHARACTERIZATION	  OF	  NLC	  ..........................................................................................................................	  30	  
2.9.	  CELLULAR	  STUDIES	  ...........................................................................................................................................	  35	  
2.10.	  STATISTICAL	  ANALYSIS	  ..................................................................................................................................	  38	  

CHAPTER 3. RESULTS AND DISCUSSION ................................................................... 39 
3.1.	  INITIAL	  FORMULATIONS	  ...................................................................................................................................	  39	  
3.2.	  EXPERIMENTAL	  DESIGN	  ...................................................................................................................................	  40	  
3.3.	  FINAL	  FORMULATIONS	  .....................................................................................................................................	  45	  
3.4.	  CHARACTERIZATION	  OF	  NLC	  ..........................................................................................................................	  46	  
3.5.	  CACO-‐2	  CELL	  VIABILITY	  AND	  CYTOTOXICITY	  ASSAYS	  .................................................................................	  54	  
3.6.	  EFFICACY	  TEST	  ON	  BREAST	  CANCER	  CELL	  LINE	  MDA-‐MD-‐231	  AND	  SYNERGISTIC	  ACTIVITY	  WITH	  4-‐

OHT	  .............................................................................................................................................................................	  57	  

CONCLUSION .................................................................................................................. 59 

FUTURE PROSPECTS ..................................................................................................... 61 

REFERENCES .................................................................................................................. 63 



	  
viii 

APPENDIX ........................................................................................................................ 79 
 



	  
ix 

 

LIST OF FIGURES 
FIGURE 1 - CHEMICAL STRUCTURE OF  (−)-EPICATECHIN (EC), (−)-EPICATECHIN-3-GALLATE (ECG), (−)- 

EPIGALLOCATECHIN (EGC), AND  (−)-EPIGALLOCATECHIN-3-GALLATE (EGCG) ............................... 2 

FIGURE 2 - CANCER CELLS PASSIVE (A) AND ACTIVE (B) TARGETING ...................................................... 11 

FIGURE 3 - CRYSTALLINE STRUCTURE OF SLN (A) AND NLC (B). A HIGH ORDERED CRYSTALLINE 

STRUCTURE OF SLN CONTRASTS WITH THE IMPERFECT LIPID MATRIX OF THE NLC. ADAPTED FROM 

[147] ........................................................................................................................................ 22 

FIGURE 4 - GEOMETRIC REPRESENTATION OF A BOX-BEHNKEN DESIGN FOR 3 FACTORS. ADAPTED FROM 

[155] ........................................................................................................................................ 28 

FIGURE 5 - WORKING PRINCIPLE OF DYNAMIC LIGHT SCATTERING (DLS). ADAPTED FROM [161] ............ 31 

FIGURE 6 - DSPE-PEG-FA CONJUGATE AFTER LYOPHILIZATION .......................................................... 39 

FIGURE 7- 3-D RESPONSE SURFACE PLOTS SHOWING: (A) THE EFFECT OF THE AMOUNT OF SOLID AND 

LIQUID LIPID IN PARTICLE SIZE, (B) THE EFFECT OF THE AMOUNT OF EGCG AND SOLID LIPID IN 

PARTICLE SIZE, (C) THE EFFECT OF THE AMOUNT OF EGCG AND LIQUID LIPID IN PARTICLE SIZE, (D) 

THE EFFECT OF THE AMOUNT OF SOLID AND LIQUID LIPID IN EE, (E) THE EFFECT OF THE AMOUNT OF 

LIQUID AND EGCG IN EE, (F) THE EFFECT OF THE AMOUNT OF EGCG AND SOLID LIPID IN EE, (G) THE 

EFFECT OF THE AMOUNT OF EGCG AND LIQUID LIPID IN LC. ........................................................ 44 

FIGURE 8 - FINAL NANOFORMULATIONS BEFORE 1) AND AFTER 2) LYOPHILIZATION: (A) NLC PLACEBO, (B) 

NLC-DSPE-PEG-FA, (C) NLC EGCG, (D) NLC-DSPE-PEG-FA EGCG .................................. 45 

FIGURE 9 - DSC THERMOGRAMS OF THE SYNTHESIZED NANOFORMULATIONS (NLC PLACEBO, NLC EGCG, 

NLC-DSPE-PEG-FA AND NLC- DSPE-PEG-FA EGCG) ......................................................... 48 

FIGURE 10 - EFFECT OF FUNCTIONALIZATION AND DRUG INCORPORATION ON THE LIPID CRYSTAL LATTICE 

OF THE NLC. ............................................................................................................................ 49 

FIGURE 11 - TEM PHOTOGRAPHS OF LYOPHILIZED FORMULATIONS (A) NLC PLACEBO, MAGNIFICATION 

25000X         (B) NLC- DSPE-PEG-FA, MAGNIFICATION 50000X, (C) NLC EGCG, MAGNIFICATION 

25000X, (D) NLC- DSPE-PEG-FA EGCG 50000X .................................................................. 50 

FIGURE 12 - TEM PHOTOGRAPHS OF NON-LYOPHILIZED FORMULATIONS (A) NLC PLACEBO, 

MAGNIFICATION 100000X         (B) NLC- DSPE-PEG-FA, MAGNIFICATION 50000X, (C) NLC 

EGCG, MAGNIFICATION 25000X, (D) NLC- DSPE-PEG-FA EGCG 25000X ............................. 50 

FIGURE 13 - EFFECT OF TIME OF STORAGE ON SIZE AND PDI OF THE NANOFORMULATIONS. BARS 

REPRESENT SIZE (LEFT Y AXIS) AND SYMBOLS THE PDI (RIGHT Y AXIS). VALUES REPRESENT THE 

MEAN ± SD (N=3), (*) DENOTES STATISTICALLY SIGNIFICANT DIFFERENCES RELATIVELY TO THE 

CORRESPONDENT WEEK 0 (P<0.05) ........................................................................................... 51 



	  
x 
	  

FIGURE 14 - EFFECT OF TIME OF STORAGE ON EE OF EGCG-LOADED NANOFORMULATIONS 

FUNCTIONALIZED AND NON-FUNCTIONALIZED WITH DSPE.PEG-FA CONJUGATE. VALUES REPRESENT 

THE MEAN ± SD (N=3), (*) DENOTES STATISTICALLY SIGNIFICANT DIFFERENCES RELATIVELY TO THE 

CORRESPONDENT WEEK 0 (P<0.05). .......................................................................................... 52 

FIGURE 15 - EFFECT OF TIME OF STORAGE ON EE OF EGCG-LOADED NANOFORMULATIONS 

FUNCTIONALIZED AND NON-FUNCTIONALIZED WITH DSPE.PEG-FA CONJUGATE. VALUES REPRESENT 

THE MEAN ± SD (N=3), (*) DENOTES STATISTICALLY SIGNIFICANT DIFFERENCES RELATIVELY TO THE 

CORRESPONDENT WEEK 0 (P<0.05). .......................................................................................... 53 

FIGURE 16 - IN VITRO EGCG RELEASE PROFILE FROM FUNCTIONALIZED AND NON-FUNCTIONALIZED 

EGCG-LOADED NLC IN SIMULATED GASTRIC (PH=1.6) AND INTESTINAL (PH=6.5) FLUIDS. VALUES 

REPRESENT MEAN ± SD (N=3). .................................................................................................. 54 

FIGURE 17 - MORPHOLOGY OF CONFLUENT CACO-2 CELLS OBSERVED BY INVERTED MICROSCOPE. 

MAGNIFICATION 100X ................................................................................................................ 55 

FIGURE 18 - CACO-2 CELL VIABILITY ASSESSED BY MTT ASSAY AFTER 4 HOURS OF EXPOSURE TO THE 

DIFFERENT NANOFORMULATIONS AT INCREASING CONCENTRATIONS OF EGCG (OR THE EQUIVALENT 

SOLID AMOUNT OF PLACEBO NLC). VALUES REPRESENT THE MEAN ± SD (N>3), RESULTS WERE 

COMPARED WITH DMEM MEDIUM, WHICH REPRESENTS THE MAXIMUM OF CELL VIABILITY. (*) 

DENOTES STATISTICALLY SIGNIFICANT DIFFERENCES (P<0.05) .................................................... 56 

FIGURE 19 - CACO-2 CELL VIABILITY ASSESSED BY MTT ASSAY AFTER 4 HOURS OF EXPOSURE TO THE 

DIFFERENT NANOFORMULATIONS AT INCREASING CONCENTRATIONS OF EGCG (OR THE EQUIVALENT 

SOLID AMOUNT OF PLACEBO NLC). VALUES REPRESENT THE MEAN ± SD (N>3), RESULTS WERE 

COMPARED WITH DMEM MEDIUM, WHICH REPRESENTS THE MAXIMUM OF CELL VIABILITY. (*) 

DENOTES STATISTICALLY SIGNIFICANT DIFFERENCES (P<0.05) .................................................... 56 

FIGURE 20 - MORPHOLOGY OF MDA-MB-231 CELLS OBSERVED BY INVERTED MICROSCOPE . 

MAGNIFICATION 100X ................................................................................................................ 57 

FIGURE 21 - EVALUATION OF NANOFORMULATIONS EFFICACY ON MDA-MD-231 BREAST CANCER CELL LINE 

INDIVIDUALLY AND IN COMBINATION WITH CYTOSTATIC 4-HYDROXYTAMOXIFEN (4-OHT). CELLS WERE 

TREATED FOR 24 HOURS WITH 25 ΜM OF EACH NANOFORMULATION AND FREE CATECHIN 

INDIVIDUALLY (A) AND IN COMBINATION WITH 50 ΜM OF 4-OHT (B). CELL VIABILITY WAS ASSESSED 

BY MTT ASSAY. RESULTS WERE COMPARED WITH RPMI MEDIUM, WHICH REPRESENTS THE MAXIMUM 

OF CELL VIABILITY. *DENOTES STATISTICALLY SIGNIFICANT DIFFERENCES (P<0.05 ........................ 58 

 

 



	  
xi 

LIST OF TABLES 
  

TABLE 1 - GOLD NPS USED AS EGCG NANOCARRIERS FOR CANCER THERAPY ..................................... 13 

TABLE 2 - POLYMERIC NPS USED AS EGCG NANOCARRIERS FOR CANCER THERAPY ............................. 18 

TABLE 3 -  LIPOSOMES USED AS EGCG NANOCARRIERS FOR CANCER THERAPY .................................... 19 

TABLE 4 - NPS DESIGNED WITH VARIOUS MATERIALS USED AS EGCG NANOCARRIERS FOR CANCER 

THERAPY .................................................................................................................................. 20 

TABLE 5 - BOX-BEHNKEN DESIGN FOR 3 FACTORS ............................................................................... 29 

TABLE 6 - PHYSICOCHEMICAL CHARACTERIZATION OF THE INITIAL FORMULATIONS: MEAN SIZE, PDI, ZETA 

POTENTIAL, EE AND LC ............................................................................................................. 40 

TABLE 7 - COMPOSITION OF THE 15 FORMULATIONS SYNTHESIZED FOR THE EXPERIMENTAL DESIGN AND 

CORRESPONDENT CHARACTERIZATION PARAMETERS: SIZE, EE AND LC. ....................................... 41 

TABLE 8 - SUMMARY OF RESULTS OF REGRESSION ANALYSIS FOR THE CONSIDERED RESPONSES (SIZE, EE 

AND LC).  THE BOLD VALUES REFER TO STATISTICALLY SIGNIFICANT, P≤0.05 WITH A 95% 

CONFIDENCE INTERVAL. ............................................................................................................. 42 

TABLE 9 -  PREDICTED VERSUS OBSERVED VALUES FOR THE OPTIMIZED NLC ....................................... 45 

TABLE 10 - PHYSICOCHEMICAL CHARACTERIZATION OF THE FINAL FORMULATIONS BEFORE LYOPHILIZATION: 

SIZE, PDI, ZETA POTENTIAL, EE AND LC. VALUES REPRESENT MEAN ± SD (N=3); A P < 0.05 

RELATIVELY TO THE PLACEBO FORMULATION (NLC PLACEBO); B P < 0.05, RELATIVELY TO THE 

FUNCTIONALIZED PLACEBO FORMULATION (NLC- DSPE-PEG-FA) .............................................. 47 

TABLE 11 - PHYSICOCHEMICAL CHARACTERIZATION OF THE FINAL FORMULATIONS BEFORE LYOPHILIZATION: 

SIZE, PDI, ZETA POTENTIAL, EE AND LC. VALUES REPRESENT MEAN ± SD (N=3) .......................... 47 

TABLE 12 - DSC PARAMETERS OF THE SYNTHESIZED NANOFORMULATIONS (NLC PLACEBO, NLC EGCG, 

NLC- DSPE-PEG-FA AND NLC- DSPE-PEG-FA EGCG) ........................................................ 49 

 



	  
xii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

- This page was intentionally left in blank - 



	  
xiii 

 

ABBREVIATIONS AND SYMBOLS 
 
4-OHT   4-Hydroxytamoxifen 

67LR    67-kD Laminin Receptor 

AD    Alzheimer’s disease 

ANOVA   Analysis of Variance 

BCCs    Basal Cell Carcinomas 

Caspases   Cysteine-aspartic proteases 

DCC    Dicyclohexylcarbodiimide 

DCU    Dicylcohexylurea 

DLS    Dynamic light scattering 

DMEM   Dulbecco’s Modified Eagle Medium 

DMSO   Dimethyl sulfoxide 

DNMT    DNA methyltransferase 

DSC    Differential scanning calorimetry 

DSPE-PEG-FA  Disteroylphosphatidylethanolamine-poly(ethylene glycol)-folic acid 

EAC    Ehrlich’s Ascites Carcinoma 

EC    - (−)-Epicatechin 

ECG    - (−)-Epicatechin-3-gallate 

EE    Encapsulation Efficiency 

EGC    - (−)- Epigallocatechin 

EGCG    - (−)-Epigallocatechin-3-gallate 

EGFR    Epidermal Growth Factor Receptor 

ELS    Electrophoretic light scattering 

EPR    Enhanced Permeability and Retention Effect 

FDA    Food and Drug Administration 

G3BP1   Ras–GTPase-activating protein SH3 domain-binding protein 1 

GRP78   Glucose-regulated protein 78 

HCC    Hepatocellular Carcinoma Cells 

HER2    Human Epidermal growth factor Receptor 2 

HGF    Hepatocyte Growth Factor 

HIF-1α   Hypoxia-inducible factor 1-alpha 

IGFIR    Insulin-like Growth factor I receptor 

LC    Loading Capacity 



	  
xiv 

LDC   Lipid-drug conjugates 

LDH    Lactate Dehydrogenase 

MAPK     Mitogen-activated protein kinases 

MMPs   Matrix Metalloproteinases 

MTT    Methylthiazolyldiphenyl-tetratozium Bromide 

NF-κB    Nuclear factor kappa B 

NHS    N-hydroxysuccinimide 

NHS-FA   N-Hydroxysuccinimide ester of folic acid 

NLC    Nanostructured Lipid Carriers 

NMWCO   Nominal Molecular Weight Cut Off 

NO     Nitric Oxide 

NPs     Nanoparticles 

PCL    Polycaprolactone 

PD    Parkinson’s disease 

PDI    Polydispersity Index 

PEG    Polyethylene glycol 

PLA    Polylactic acid 

PLGA    Poly(lactic- co-glycolic acid 

PSMA    Prostate-specific membrane antigen 

Pen-strep   Penicillin-Streptomycin 

Pin1    Peptidyl prolyl cis/trans isomerase 

ROS    Reactive Oxygen Species 

RPMI    Roswell Park Memorial Institute Medium 

SGF    Simulated Gastric Fluid 

SIF    Simulated Intestinal Fluid 

SLN    Solid Lipid Nanoparticles 

TEA    Triethylamine 

TEM    Transmission Electron Microscopy 

VEGF    Vascular Endothelial Growth Factor 

W/O    water/oil 

W/O/W   water/oil/water 



	  
1 

CHAPTER 1. INTRODUCTION 
 

1.1. Cancer disease 

Cancer is a group of diseases characterized by an excessive and uncontrolled 

growth of cells that can metastasize to several organs and eventually cause death of the 

host [1]. This disease is one of the leading causes of morbidity and mortality all over the 

world [2]. In 2012, approximately 14.1 million new cases were diagnosed and 8.2 million 

cancer-related deaths occurred worldwide [2]. By 2025, 19.3 million new cases are 

expected to emerge each year [3]. The costs associated with cancer are also a major 

matter of concern. In 2013, the total healthcare expenditures associated with cancer in the 

US were $74.8 billion [1].        

 This disease is caused by multiple changes in gene expression, which affect the 

normal mechanisms of cell division and differentiation [4]. The factors that trigger these 

alterations are not clearly defined in most cases, however, it is established that both 

external (such as an unhealthy diet, chemicals, tobacco and radiation) and internal (such 

as inherited genetic mutations and immune conditions) factors may have an impact on the 

onset of the disease [4].       

 Conventional treatments for the disease include surgery, hormone therapy, 

radiation and chemotherapy [1]. Chemotherapy is the main treatment for most cancers in 

advanced stage [5]. This therapy has, however, several associated limitations. One of the 

most relevant is the lack of precision, meaning that only a small part of the drug can reach 

the tumor region, which reduces its efficacy and causes systemic toxicity [6]. Another 

drawback is the fact that the drugs are also toxic to healthy cells, including bone marrow 

and gastrointestinal cells [6]. All these factors contribute to the well-known side effects 

associated with chemotherapy, such as anemia, nausea, fatigue and hair loss [6]. 

Therefore, it is essential to explore and develop novel strategies to minimize the 

undesirable effects of chemotherapy and increase its anti-cancer efficacy [5]. 
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1.2. Epigallocatechin gallate (EGCG) 

1.2.1. Source and chemical structure  

Green tea is composed of different chemical compounds, such as amino acids, 

vitamins, inorganic elements, carbohydrates, lipids, caffeine and tea polyphenols [7]. 

Polyphenols constitute about 30% of the dry weight of green tea leaves and are the main 

responsible for its health promoting effects [8]. Catechins form the major group of 

polyphenols and comprise different molecules, such as (−)-epicatechin (EC), (−)-

epicatechin-3-gallate (ECG), (−)- epigallocatechin (EGC), and  (−)-epigallocatechin-3-

gallate (EGCG) [9] (Figure 1). These molecules are composed of a polyphenolic structure 

that allows electron delocalization, enabling the quenching of free radicals [10].  Catechins 

are characterized by a dihydroxyl or trihydroxyl substitution on the B ring, a meta-5,7-

dihydroxyl substitutions on the A ring and, in the case of the galloylated catechins ECG 

and EGCG, the trihydroxyl substitutions on the D ring [10]. EGCG is the major catechin 

and the most biologically active compound, accounting for 50-80% of the total catechins in 

green tea [5, 11]. This molecule has a trihydroxyl substitution on the B ring and a gallate 

moiety esterified at carbon 3 on the C ring [9]. These structural characteristics contribute 

to its increased antioxidant and iron-chelating activities [9].  
 

 

 

 

 

 

 

 

 

 

 

Figure 1 - Chemical structure of  (−)-epicatechin (EC), (−)-epicatechin-3-gallate (ECG), (−)- epigallocatechin 

(EGC), and  (−)-epigallocatechin-3-gallate (EGCG) 
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1.2.1. Health benefits 

Tea catechins, particularly EGCG, have several pharmacological and biological 

properties, such as anti-oxidant, free radical scavenging [12, 13], anti-bacterial [14, 15], 

anti-viral [16-18], anti-diabetic [19-22], cardioprotective, anti-atherosclerotic, anti-

inflammatory [23-28], anti-obesity [29], neuroprotective [30-32] and anti-carcinogenic 

effects [11, 33-40].These properties are responsible for green tea’s numerous health 

promoting effects, which have been demonstrated in several animal models and 

supported by some epidemiological studies [33-41]. In addition, in vitro studies using 

multiple cell lines have confirmed and unraveled some of the mechanisms responsible for 

EGCG health benefits [42].  

 

1.2.1.1. Anti-diabetic 

Diabetes is a metabolic disorder caused by defects in insulin secretion and/or 

action that lead to chronic hyperglycemia and abnormalities in carbohydrate, fat and 

protein metabolism [43]. Several studies revealed that EGCG inhibits gluconeogenesis, 

enhances insulin secretion, reduces insulin resistance and stimulates glucose uptake, 

leading to a decrease in the fasting blood glucose levels [19, 20, 44]. Two cohort studies 

also concluded that green tea consumption is associated with a reduced risk of diabetes 

[21, 22]. Iso et al. [21] showed that participants who drank 6 cups of green tea per day 

had 33% lower chances of developing diabetes, compared with participants who drank 

less than 1 cup per week Panagiotakos et al. [22] demonstrated that moderate tea 

consumption (1-2 cups a day) lead to 70% lower odds of having type 2 diabetes.  

	  

1.2.1.2. Cardioprotective 

Cardiovascular disease is associated with multiple biological events, such as 

oxidative stress, alterations in lipid metabolism, platelet aggregation and vascular cell 

proliferation [42]. The cardioprotective function of EGCG is associated with modulation of 

several different pathways. In vitro results suggested that EGCG is able to inhibit platelet 

aggregation by influencing intra-cellular calcium signaling, as well as inhibiting vascular 

smooth muscle cell activation, proliferation and migration [23]. EGCG was shown to 

combat abnormalities related with reactive oxygen species (ROS) production, such as 

cardiac hypertrophy and atherosclerosis [23]. EGCG also revealed anti-hypertensive 

effects, inducing blood pressure reduction through stimulation of nitric oxide (NO) 
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production, improving endothelial dysfunction and promoting vasodilation [23]. EGCG is 

also able to inhibit lipid peroxidation, thus inhibiting atherogenesis [24]. Multiple 

epidemiological studies corroborate these effects, describing an inverse relationship 

between green tea consumption and incidence of cardiovascular diseases [25-27]. 

Geleijnse et al. [26] determined that tea drinkers with a daily intake higher than 375 mL 

had 43% less risk of having a myocardial infarction compared to non tea drinkers. Yang et 

al. [27] demonstrated that the risk of hypertension development in participants who drank 

120 to 599 mL per day tea decreased by 46% compared with non tea drinkers.  

 

1.2.1.3. Anti-obesity 

EGCG is able to combat obesity by inducing a reduction of body weight and body 

fat [29]. This catechin has revealed capacity to promote thermogenesis and fat oxidation, 

stimulate reduction of food intake and increase energy expenditure [29].  

 

1.2.1.4. Neuroprotective 

Neurodegenerative diseases are characterized by oxidative damage, deregulation 

of redox metal homeostasis, protein aggregation, inflammation and deficiency of 

endogenous anti-oxidants [31]. As a consequence, several anti-oxidants and anti-

inflammatory agents, such as EGCG can be used as possible therapies against the 

disease [31]. Examples of these diseases, include Parkinson’s disease (PD), Huntington’s 

disease, Down’s syndrome and Alzheimer’s disease (AD) [31]. Several different 

mechanisms mediated by EGCG contribute to its neuroprotective activity. EGCG presents 

iron-chelating activity and stimulates anti-oxidative enzymes, such as superoxide 

dismutase and catalase, thus inhibiting oxidative stress and accumulation of iron in brain 

regions, factors that can contribute to neurodegeneration [31]. EGCG can also inhibit the 

fibrillogenesis of amyloid, by binding directly to Amyloid beta (Aβ) and α-synuclein 

polypeptides and converting them into smaller non-toxic aggregates [31]. This can impact 

the progression of AD and PD [31]. Preclinical studies also demonstrated that oral delivery 

of EGCG improves spatial learning and memory deficits in transgenic mouse model of AD 

[30]. In addition, this catechin stimulates protection against cerebral ischemia injuries [31]. 

Another important aspect of EGCG that further highlights its ability to treat 

neurodegenerative diseases is its capacity to penetrate into the brain after oral 

administration [32]. 
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1.2.1.5. Anti-carcinogenic 

EGCG has been shown to play a significant role as an anti-cancer agent, being 

involved in numerous signaling pathways and biological mechanisms related with cancer 

development and progression.  

 

1.2.1.5.1. Inhibition of DNA hypermethylation  

DNA methylation is a biochemical modification that consists of the addition of a 

methyl group to a cytosine within a CpG site, a process that is performed by the enzyme 

DNA methyltransferase (DNMT) [45]. Hypermethylation usually inhibits the binding of the 

transcription factors to the promoter region, which induces gene silencing [46]. This 

process occurs frequently during cancer development with inhibition of cell cycle 

regulator, receptor and apoptotic genes [47]. It has been demonstrated that EGCG has 

the ability to directly block DNMT, and consequently, restore the expression of these 

genes, which may have an impact on cancer progression [48]. 

 

1.2.1.5.2. Inhibition of telomerase 

Telomeres are regions localized at the end of eukaryotic chromosomes responsible 

for DNA protection and genomic stability [49]. Telomerase is a reverse transcriptase 

responsible for telomere preservation [49]. These enzymes were found to be upregulated 

in various types of tumors [50]. Different studies demonstrated the capacity of EGCG to 

inhibit telomerase activity in different cancer cell lines including lung carcinoma [51], 

cervical cancer [52], leukemia and adenocarcinoma cells [53], thus emphasizing its 

potential to block the development and progression of these tumors. 

 

1.2.1.5.3. Inhibition of tumor angiogenesis 

Tumor angiogenesis is one of the hallmarks of cancer with a huge impact on tumor 

progression [54]. It consists of the recruitment of blood vessels to the tumor site, to assure 

oxygen and nutrient supply [55]. Angiogenesis is stimulated by several different factors, 

including Vascular Endothelial Growth Factor (VEGF) [56]. Various studies described that 

EGCG can significantly inhibit VEGF expression through repression of transcription factors 

Hypoxia-inducible factor 1-alpha  (HIF-1α) and nuclear factor kappa B (NF-κB), thus 

suppressing angiogenesis [57-59]. In vivo studies using nude mice also corroborated this 
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capacity, showing an inhibition of vascularity and tumor growth and proliferation after 

treatment with EGCG [58-60]. 

 

1.2.1.5.4. Inhibition of cancer cell metastasis 

Another cancer hallmark is cell metastasis, which is an extension of cell invasion [55]. 

After invasion, cancer cells can pass through the extracellular matrix and enter into the 

bloodstream, being able to disseminate and create a new niche in another location, forming a 

metastatic focus [54]. To metastasize, tumor cells have to degrade the basement 

membrane and the stroma, which is possible through the secretion of specific proteases 

called matrix metalloproteinases (MMPs) [54]. Inhibition of these MMPs has been revealed to 

inhibit metastasis and tumor growth in mouse xenograft models [54]. EGCG has 

demonstrated ability to prevent cancer cell metastasis, due to inhibition of matrix MMPs -2, -3 

and -9, which play an important role in metastasis, via direct binding and gene expression 

repression [61-64]. 

 

1.2.1.5.5. Promotion of apoptosis in cancer cells 

Apoptosis is the process of programmed cell death that often culminates in the 

activation of cysteine-aspartic proteases (caspases), which are responsible for the 

cleavage of intra-cellular proteins triggering sequential events that will culminate into 

induction of cell death [65]. Two main pathways can induce this event: extrinsic and 

intrinsic pathway [65]. In the extrinsic pathway, apoptosis is triggered by the binding of 

death ligands to death receptors, which induces intra-cellular signaling mechanisms that 

activate caspases [65]. In the intrinsic pathway, activation of pro-apoptotic proteins BAX 

and BAK promotes the release of proteins from the mitochondria leading to the formation 

of the apoptosome and culminating in the activation of caspases [65]. The regulation of 

this pathway is done by apoptosis inhibitors, such as BCL-2 and BCL-XL, which 

antagonize with BAX and BAK [65]. The apoptotic pathways described above are often 

down-regulated in cancer [65, 66]. As a consequence, apoptosis has been widely studied 

as a target for anti-cancer therapies [65] [72]. Different studies have demonstrated that 

EGCG can inhibit the expression of the anti-apoptotic proteins BCL-2 and BCL-XL and 

induce the expression of apoptotic proteins BAX and BAK, with subsequent activation of 

caspases in several types of cancers [66-69]. In addition, EGCG has revealed ability to 

induce H2O2 production [70], block cell cycle progression [71] and NF-κB [72, 73], events 

which will also induce apoptosis. 
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1.2.1.5.6. Activation of tumor suppressor genes and inhibition of 
oncogenes 

Tumor suppressor genes are genes that reduce the probability of a normal cell to 

become a tumor cell [74]. These genes are usually associated with cell cycle arrest and 

apoptosis induction triggered by DNA damage [74]. Mutations in tumor suppressor genes 

severely increase the probability of cancer development [74]. In fact, their inactivation has 

been observed in several types of tumors [74]. EGCG has revealed capacity to increase 

the expression of tumor suppressor gene p53 [75, 76] and PTEN [77] and cyclin-

dependent kinase inhibitors p21 and p27 [76-78] in different cancer cell lines, including 

breast, pancreas and prostate cancer. Oncogenes are mutated genes that have influence 

on the development of cancer [79]. There are several types of oncogenes, whose function 

is usually associated with cell proliferation, such as Epidermal growth factor receptor 

(EGFR) and human epidermal growth factor receptor 2 (HER2). These genes are 

frequently overexpressed in several types of cancers [80, 81]. Some studies revealed that 

EGCG is able to inhibit the activation of HER2 and EGFR in different cancer cells lines, 

such as lung, thyroid, breast cancer and squamous-cell carcinoma [82-85]  

  

1.2.1.5.7. Inhibition of NF-κB 

NF-κB is a family of transcription factors activated by numerous stimuli, amongst 

them free radicals, inflammatory signals, cytokines, carcinogens, UV-light and tumor 

promoters [86]. After activation, NF-κB migrates to the nucleus and induces the 

expression of genes responsible for the suppression of apoptosis, inflammation, 

proliferation and metastasis [86]. Different studies showed that EGCG can efficiently 

inhibit the activation and nuclear translocation of this transcription factor, preventing the 

subsequent events related to cancer progression in different types of tumor cell lines, 

including epidermoid carcinoma cells [87], bladder [88], breast, and head and neck [89] 

cancer cells. 

 

1.2.1.5.8. Anti-proliferative activity 

EGCG revealed anti-proliferative ability on cancer cells by inhibiting mitogenic signal 

transduction pathways. Mitogen-activated protein kinases (MAPK) are protein kinases 

involved in the cytoplasmic phase of the signaling pathway initiated by the binding of 
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growth factor to a transmembrane receptor [90]. These pathways are responsible for cell 

survival and proliferation and are highly related to cancer development [90]. EGCG has 

proven its ability to inhibit MAPK pathway in different cancer cell types, such as colon [91], 

endometrial [92] and leukemia [93]. In addition, EGCG was shown to directly bind and 

inhibit insulin-like growth factor I receptor (IGFIR) activity, which is one of the receptors 

than can lead to activation of the MAPK pathway and plays an important role in cell 

proliferation [94, 95]. 

 

1.2.1.5.9. Protein binding 

The anticancer effects of EGCG may be explained in part due to its capacity to bind 

directly to several proteins involved in different cell mechanisms, such as proliferation, 

apoptosis and metastasis. Suzuki et al. showed that EGCG can bind to plasma protein 

fibrinogen and cell adhesive proteins fibronectin and laminin [96, 97]. These interactions 

may be related to the capacity of EGCG to inhibit metastasis [98]. EGCG has also been 

shown to directly bind to Fas, triggering Fas-mediated apoptosis [99]. This may be one of 

the main mechanisms by which EGCG induces apoptosis in cancer cells [99]. Tachibana 

et al. identified 67-kDa laminin receptor as a mediator of EGCG anticancer effects (67LR) 

[100]. Ermakova et al. [101] demonstrated that EGCG binds to vimentin, a protein 

responsible for mitosis, locomotion and structural integrity, and inhibits its 

phosphorylation, decreasing cell proliferation. The same authors found other relevant 

proteins inhibited by EGCG via direct binding, such as the chaperone protein glucose-

regulated protein 78 (GRP78), whose anti-apoptotic effects are related to 

chemotherapeutic drug resistance [102], IGFIR highly associated with cell proliferation 

and cancer development [95] and the tyrosine kinases Fyn [103] and ZAP-70 [104]. Other 

EGCG-binding proteins were also identified such as Ras–GTPase-activating protein SH3 

domain-binding protein 1 (G3BP1) [104] and peptidyl prolyl cis/trans isomerase (Pin1) 

[105], both involved in oncogenic cell signaling pathways. 

 

1.2.1.5.10. In vivo experiments 

Inhibition of tumorigenesis by EGCG was also demonstrated in vivo in mice models 

for different types of cancer, including breast [33, 106], lung [34], intestine [35], skin [41] 

and prostate [106]. 
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1.2.1.5.11. Clinical studies 

Different clinical studies have corroborated the in vitro results. Patients with papilloma 

virus-infected cervical lesions were treated with 200 mg capsules of EGCG or green tea 

extracts and the treatment demonstrated effectiveness, with a 69% response rate [107]. 

Bettuzzi et al. demonstrated that daily administration of 600 mg of EGCG was effective in 

treating premalignant lesions in men with high-grade prostate intraepithelial neoplasia 

[37]. Consistent with this, McLarty et al. developed a phase II clinical trial in prostate 

carcinoma patients demonstrating a significant reduction in the levels of different cancer-

related biomarkers in serum after oral administration of 800 mg of EGCG [108]. On the other 

hand, in a phase II study after administration of daily doses of EGCG (6 grams of green 

tea) to 42 androgen independent prostate cancer patients, only limited antineoplasic 

activity was detected [109]. 

 

1.2.1.5.12. Epidemiological data 

Different epidemiological studies have addressed the effects of green tea and 

particularly EGCG, in prevention and treatment of cancer, further supporting the in vitro 

and in vivo results. A prospective cohort study with over 8000 individuals found that daily 

consumption of green tea delayed cancer onset [36]. Additionally, a follow up study with 

stages I and II breast cancer patients, determined lower recurrence rate and longer 

disease-free period after daily consumption of green tea [36]. Green tea daily 

consumption has also demonstrated a preventive effect against prostate cancer [38]. A 

prospective cohort study also revealed that green tea consumption is inversely associated 

with distal gastric cancer occurrence among women [39]. In this study, participants who 

consumed five or more cups per day had 49% less risk of having gastric tumors in the 

distal portion compared with the ones who drank less than 1 cup per day [38]. More 

recently, the protective role of green tea against stomach cancer was also demonstrated 

in a meta-analysis, where a reduction of 14% in the risk of stomach cancer with high 

green tea consumption was determined [40]. On the other hand, there are also many 

studies where weak or no association between cancer risk and green tea consumption 

was found as reported by Zhou et al. [110], Lin et al. [111] and Sasazuki et al. [112] These 

differences in results may be explained in part by the low levels of EGCG present in the 

blood following green tea consumption, which may be insufficient to induce a 

chemopreventive effect [113]. 
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1.2.1.5.13. Synergy with anticancer therapies 

In addition to all its individual anti-cancer effects different studies have demonstrated 

a capacity of EGCG to act in combination with common anticancer therapies. Cumulative 

and synergistic effects have been reported following association with conventional 

anticancer drugs currently used in chemotherapy, such as doxorubicin, tamoxifen and 

paclitaxel, as well as radiotherapy [6]. In addition, EGCG has been proposed to prevent 

chemo and radiotherapy adverse side effects. These results suggest that green tea 

catechin may be employed not only as a cancer chemopreventive agent but also as an 

adjuvant in cancer therapy [6] 

 

1.3. Nanotechnology 

Nanotechnology is an interdisciplinary field that comprises the areas of biology, 

engineering, chemistry and medicine and relies on the use of nanosystems, which are 

man-made devices with at least one dimension in the range of 1-100 nanometers [114]. 

Nanotechnology is currently being studied and implemented in different areas of cancer, 

including diagnosis, detection and treatment [115]. Two areas are being explored: 

nanosensor devices and nanovectors, such as NPs for loading drugs or imaging agents 

and subsequent delivery and targeting to tumor cells [115]. A wide variety of different NPs 

may be applied to develop anticancer drug delivery systems, including liposomes, 

magnetic NPs, polymeric NPs, among many others [115]. NPs potential as anti-cancer 

drug delivery systems is enormous since they increase the absorption, solubility and 

bioavailability of the drug, protect it from premature degradation and extend its circulation 

time [115-117]. In addition, NPs can increase drug retention in tumor tissues, due to the 

enhanced permeability and retention effect (EPR), facilitate intra-cellular penetration, 

increase target specificity due to the possibility of surface functionalization and minimize 

drug toxic effects [116]. Furthermore, they enable oral administration of the drug, which is 

the preferred delivery route in terms of patient compliance and convenience [118].   

 

1.3.1. Targeted delivery of nanoparticles to cancer cells 

In ideal conditions, an anticancer drug should be able to reach the tumor region 

and specifically interact with cancer cells, without compromising the viability of healthy 

cells. This can be achieved by drug incorporation within specific nanovehicles. First, it is 

important to assure that the nanocarrier is able to remain in the blood circulation for a 
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reasonable amount of time without being eliminated and recognized by the 

reticuloendothelial system. In order to do so, the particle is frequently coated with a 

hydrophilic polymer, such as PEG, which blocks the opsonization of the nanoparticle and 

avoids its elimination. Following that, the nanoparticle needs to reach the tumor region. 

This can be achieved in a passive way due to the particular characteristics of the tumor 

area, such as increased vascularization, higher permeation and compromised lymphatic 

drainage (EPR effect), which leads to a higher accumulation of NPs in the tumor region. 

To increase cancer cell-specificity active targeting of the NPs may be necessary. In this 

approach, an antibody or targeting ligand is incorporated at the surface of the particle, so 

that it can bind to a tumor-specific antigen or receptor, and allow cell internalization [119]. 

A schematic representation of cancer cells active and passive targeting is shown in Figure 

2.  One common cancer-cell targeting moiety is folic acid, which is a non-immunogenic 

water-soluble B vitamin critical for DNA synthesis, methylation and repair. This vitamin 

binds to the folate receptors located within caveolae and is internalized in the cells 

through endocytic pathway. Folate receptors are highly overexpressed in most tumor cells 

due to their great demands of folic acid, while having a limited expression in healthy cells 

[120]. Several studies have already demonstrated the effectiveness of the use of folic acid 

as an active targeting moiety for the delivery of drug-loaded NPs to cancer cells [121-124]  

 

 

Figure 2 - Cancer cells passive (a) and active (b) targeting 
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1.3.2. Nanochemoprevention 

Chemoprevention is a promising strategy that consists on the use of natural and 

synthetic compounds, such as EGCG, as a strategy for cancer prevention, slowdown or 

reversion [115]. Despite its potential, the efficiency of this approach is still limited due to 

toxicity and ineffective systemic delivery and bioavailability [115]. To overcome these 

limitations, Siddiqui et al. [125] introduced the concept of nanochemoprevention, the use 

of nanotechnology to improve the pharmacokinetic and pharmacodynamic of 

chemopreventive agents in order to manage cancer. 

 

1.3.3. Nanotechnology strategies for the delivery of EGCG to cancer 
cells  

Several studies reported in the literature have already applied nanotechnology 

strategies, using different types of NPs as delivery vehicles of EGCG to target different 

types of cancer both in vitro and in vivo. In general, the results are very promising and 

highlight the importance that nanotechnology has to enhance the efficiency of EGCG as 

an anticancer agent. These studies are described below in more detail grouped according 

to the type of nanoparticle used. 

 

1.3.3.1. Gold nanoparticles 

Gold NPs present unique physicochemical properties, such as small size, plasmon 

resonance, capacity to bind amine and thiol groups, high atomic number and 

biocompatibility [126]. Synthesis of these NPs usually involves the reduction of Au (III) 

derivatives, such as sodium tetrachloroaurate (NAuCl4) [126]. Generally, an aqueous 

solution of NAuCl4 is mixed with an aqueous solution of a reducing agent, which leads to 

the reduction of Au3+ and formation of gold NPs [126]. Polyphenols may act as both 

reducing and capping agents of this process as reported by Nune et al. [127]. This 

approach avoids the use of an additional synthetic chemical reagent, making it a green 

chemistry process [127]. Due to their distinctive properties, gold NPs have been exploited 

in several biomedical applications as biosensors, contrast agents, drug delivery vehicles 

and antitumoral agents [117]. Their potential for cancer treatment is enormous: they can 

easily penetrate in the tissues and accumulate in the tumor site due to their small size; 

they can be functionalized with several molecules and ligands in order to bind to cancer 
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cells overexpressing specific receptors and they can be used in photothermal therapy 

against tumor cells [117].  

Several report have described the effect of gold NPs in conjugation with EGCG for 

cancer treatment. The main results of these studies, including nanoparticle type, size, zeta 

potential, Loading capacity (LC), EE and in vitro and in vivo evaluation are summarized in 

Table 1.   

 

Table 1 - Gold NPs used as EGCG nanocarriers for cancer therapy 

 

Sanna et al. [128] synthesized gold NPs using a similar process to the one 

described by Nune et al. [127]. EGCG-conjugated gold NPs revealed high stability in 

simulated biological fluids and were able to retain EGCG’s antioxidant activity.[65] In 

addition, the NPs were efficient in inducing apoptosis (through activation of caspase-3) in 

neuroblastoma SH-SY5Y- CFP-DEVD-YFP cells in a concentration dependent-manner 

after 72 hours of exposure. The authors concluded that the efficiency of EGCG was 

maintained after adsorption to gold NPs surface. The same chemical process of gold NPs 
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- 
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Gold 45 +43 - - N/A 
High toxicity towards EAC 

cells and protection of 
normal mouse hepatocytes 

[129] 
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50 µM:1.5 
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1200 

 
+21 ± 5 

 
- 

 
- 

 
Oral 

Intra-tumoral 
or 

intra-peritoneal 

High cytotoxicity towards 
bladder cancer cells (MBT-

2) 
High reduction in tumor 

volume in bladder cancer 
xenograft model more 
accentuated via intra-

tumoral and intra-
peritoneal administration 

route 

[130] 

Gold 
(EGCG/pNG 

50 µM:2.5 
ppm) 

64.7 -3.36 27 - intra-tumoral 

High cytotoxicity towards 
B16F10 murine melanoma 

cells 
Reduction in tumor volume 
in a mice melanoma model 

 

[117] 
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synthesis was replicated recently by Mukherjee et al. also with encouraging results [129]. 

EGCG-conjugated gold NPs revealed higher anti-oxidant activity, cellular internalization 

and cytotoxicity towards tumor cells than EGCG’s original form. At the same dose (20 

µg/ml), EGCG NPs induced 30% more cell death in Ehrlich’s Ascites Carcinoma (EAC) 

cells than native EGCG. Apoptosis was induced due to an increase in lipid peroxidation 

and in the levels of ROS. A reduction in the levels of antioxidant enzymes, such as 

glutathione was observed, as well as an inhibition of  the nuclear translocation of the 

trancription factor NF- κB and subsequent activation of its downstream survival molecules. 

On the other hand, in normal primary mouse hepatocytes, EGCG NPs promoted an 

increase in the levels of antioxidant enzymes, protecting the cells against tumor-induced 

cellular damage. The results revealed that these NPs are able to induce tumor cells 

apoptosis and simultaneously protect hepatocytes against undesirable effects.   

 Hsieh et al. [130] also coated gold NPs with EGCG (ECGC-pNG) through 

ultrasonification process and tested their effect in the treatment of bladder cancer both in 

vitro and in vivo. Their results showed that this strategy induced high levels of cytotoxicity 

in bladder cancer cells (MBT-2) without affecting the viability of normal cells (Vero cells). 

Treatment with ECGC-pNG was shown to induce apoptosis through triggering of intrinsic 

apoptotic pathway with activation of caspases-3 and -7. In vivo tests confirmed these 

previous results. C3H/HeN mice subcutaneously implanted with MBT-2 cells revealed a 

significantly higher reduction in tumor volume after oral administration of ECGC-pNG in 

comparison with free EGCG. In addition, NPs were also administered via intra-tumoral 

and intra-peritoneal. This last two administration routes revealed more effectiveness than 

oral administration in suppressing tumor growth. In a more recent work, the same group 

[117] tested the efficiency of similar NPs against melanoma both in vivo and in vitro. In 

vitro results showed that gold NPs induced 4.91 times higher levels of apoptosis in 

B16F10 murine melanoma cells compared to nonencapsulated EGCG. Apoptosis was 

caused by activation of a mitochondrial-mediated pathway. This nanocarrier also 

demonstrated a high biocompatibility, inducing low damage to human red blood cells. In 

vivo results demonstrated that intra-tumoral injection of EGCG NPs induced a reduction in 

the tumor volume of a mice melanoma model compared with the control treatment. This 

ability to inhibit tumor growth was 1.66 times higher when EGCG was encapsulated 

compared to free EGCG.  
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1.3.3.2. Polymeric nanoparticles 

	  
 Polymeric NPs present important characteristics, which make them suitable for 

biomedical applications, such as biocompatibility, biodegradability, with possibility of 

controlling the rate of polymer degradation, mechanical strength, and high structure 

versatility [131, 132]. These NPs can be designed and functionalized with specific 

molecules according to their therapeutic application, target site and route of administration 

[131, 132]. Several polymers, natural or synthetic, can be employed to produce polymeric 

NPs, the most common include polycaprolactone (PCL), polylactic acid (PLA), poly(lactic- 

co-glycolic acid) (PLGA),chitosan and gelatin [131, 133]. PLA and PLGA are approved 

and recognized as safe by the US Food and Drug Administration (FDA) for human 

applications and are metabolized in the organism into biodegradable biocompatible 

monomers (lactic and glycolic acid) [125]. Intravenous injection of PLGA and PLA usually 

leads to their rapid clearance by the immune system. To increase their circulation time, 

NPs are frequently coated with PEG, which is also approved by the FDA, stabilizing and 

avoiding their recognition by the immune system [125]. Chitosan is a natural polymer 

characterized by its non-toxic, non-immunogenic and mucoadhesive properties in the 

gastrointestinal tract, which makes it suitable for oral routes of administration [118]. 

Gelatin is intensively used in food and medical products and it is also a non-toxic 

biodegradable polymer. It is characterized by its mechanical, thermal and swelling 

properties, which are highly dependant of its crosslinking degree [133]. Several groups 

have already encapsulated EGCG into different polymeric NPs for cancer therapy. Main 

results regarding these studies are shown in Table 2.     

 Sanna et al. [134] designed EGCG-loaded PLGA-PEG NPs for treatment against 

prostate cancer. In this study, NPs were functionalized with a prostate-specific membrane 

antigen (PSMA) ligand (DCL). These NPs allowed a higher control of EGCG’s rate release 

comparing with free EGCG. Encapsulation and functionalization with DCL increased the 

cytotoxicity of the NPs towards LNCaP prostate cancer cell line, which were PSMA-

positive. On the other hand, no significant cell growth inhibition was detected in HUVECs 

(human umbilical vein endothelial cells). These results suggested that PLA-PEG-DCL 

EGCG-loaded NPs were able to efficiently kill PSMA-positive prostate cancer cells without 

influencing the viability of normal cells.      

 Alotaibi et al. [131] also prepared PLGA NPs for EGCG encapsulation. The DNA 

damage effect of these NPs was tested against lymphocytes of healthy and colorectal 

cancer patients pretreated with oxaliplatin of satraplatin. The obtained results suggest that 

encapsulated EGCG significantly intensifies DNA damage levels in a dose-dependent 

way. In contrast, free EGCG promoted a reduction in DNA damage. The authors 
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suggested that this catechin might alter between an anti-oxidant (bulk form) and a pro-

oxidant (encapsulated form) state.       

 Narayanan et al. [135] synthesized PLGA-casein NPs constituted by a core and a 

shell, where paclitaxel and EGCG, respectively, were entrapped. This organization 

enabled a sequential and controlled release of both compounds. Nanocarriers revealed 

high circulation lifetime and increased biocompatibility both in vitro and in vivo. In a more 

recent study, the same authors tested their chemotherapeutic effect against breast cancer 

cells (MDA-MB-231 cells and patient-derived tumor cells) [136]. With that purpose some 

of the NP were functionalized with antibodies specific for some cells surface receptors 

(anti-EGFR and anti-HER2). The results showed an enhanced cellular uptake by MDA-

MB-231 cells and a higher rate of apoptosis compared with individually encapsulated 

paclitaxel and EGCG. Both results were improved when NPs were functionalized with 

anti-EGFR. This therapy also showed an inhibitory effect in the protein levels of NF-κB, 

one signaling molecule activated by paclitaxel that may interfere with chemotherapy 

effectiveness, promoting angiogenesis, metastasis and drug resistance. Combination 

treatment functionalized with both EGFR and HER2 antibodies towards breast cancer 

samples from patients also showed significantly higher anti-tumor activity.   

 Siddiqui et al. [125] reported the use of polylactic acid-polyethylene glycol NPs to 

encapsulate EGCG. NPs’ efficiency against human prostate cancer was determined both 

in vitro and in vivo. The in vitro results showed that EGCG NPs induced the same extend 

of cellular death in human prostate cancer PC3 cells as nonencapsulated EGCG with an 

over 10-fold dose advantage. These NPs promoted an increase in proapoptotic 

molecules, such as Bax and a decrease in antiapoptotic molecules, such as Bcl-2 

confirming the ability that the NPs have to retain EGCG’s biological activity even at very 

low concentrations. Furthermore, EGCG-loaded NPs were also able to efficiently inhibit 

angiogenesis. This data was validated by the in vivo results where it was observed that 

treatment with EGCG NPs induced a significant decrease in the tumor volume of athymic 

nude mice injected with androgen-responsive 22Rν1 cells with a 10-fold lower dose. More 

recently the same group [118]  developed an EGCG nanocarrier specifically designed for 

oral administration using water-soluble chitosan. In this study, chitosan NPs revealed 

stability in acidic environment, inducing a very slow release of EGCG in simulated gastric 

juice and a faster release in neutral pH (simulated intestinal fluid). The in vivo results 

determined in a prostate cancer xenograft model showed a significantly higher inhibition 

of tumor growth compared with both control and free EGCG-treated groups. This inhibition 

was found to be dose-dependent. Other relevant in vivo results include: inhibition of serum 

prostate cancer marker PSA; activation of DNA damage-related protein PARP; activation 

of mitochondrial pathway of apoptosis with increase in the levels of proapototic protein 
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Bax, decrease in the levels of antiapoptotic protein Bcl-2 and activation of caspases -3, -8 

and -9, inhibition of cell proliferation markers (Ki-67 and PCNA) and angiogenesis markers 

(CD31 and VEGF). This oral nanoformulation with EGCG also demonstrated efficiency 

against melanoma cells [137]. After treatment with EGCG-encapsulated chitosan NPs, a 

higher cytotoxic effect against Mel 928 human melanoma cells was observed with 

regulation of intrinsic apoptotic pathways and induction of cell cycle arrest with a dose 

advantage over free EGCG. These results were supported by the in vivo tests performed 

in a melanoma xenograft model where it was shown that oral administration of 

encapsulated EGCG was able to inhibit tumor growth and induce the intrinsic apoptotic 

pathway and cell cycle arrest.  

 Hu et al. [138] reported the use of genipicin-crosslinked 

caseinophosphopeptide)−chitosan NPs for encapsulation of EGCG. Cross-linking of the 

NPs with genipicin increased the stability of the nanocarriers at different pH values, and at 

simulated gastric and intestinal fluid (SGF and SIF). Alterations in the crosslinking degree 

of the NP enabled the modulation of the release profile of EGCG. This release rate was 

found to be higher in the SIF than in the SGF, which is appropriate for an oral delivery 

system. In vitro test with gastrointestinal cancer cell line BGC823 demonstrated that 

encapsulated EGCG retained its anti-tumoral activity.     

 Chitosan may also be used as a surface coating to increase celular uptake. In a 

work published by de Pace et al. [116] EGCG was encapsulated in the hydrophilic core of 

nanoliposomes formed by cholesterol and phosphatidylcholine and coated with 0.2% of 

chitosan. In vitro results demonstrated that these NPs promoted a more extended release 

and a higher EGCG content in MCF7 breast cancer cells compared to free EGCG. 

Differences in EGCG cellular content were also detected after treatment with both 

chitosan-coated and non-coated nanoliposomes suggesting that chitosan increases cell 

absorption. A dose of 10 mM of chitosan-coated liposomes also revealed significant anti-

proliferative and pro-apoptotic effects with a decrease of 40% of MCF7 cells’ proliferation 

compared with native EGCG and induction of 27% of MCF7 cell apoptosis.  

 Shutava et al. [139] synthesized gelatin-based NPs with or without a coating of 

polyelectrolytes polystyrene sulfonate/polyallylamine hydrochloride produced through the 

layer-by-layer technique. Gelatin NPs revealed a more sustained release of EGCG as 

compared with uncoated NP’s. Encapsulated EGCG maintained its biological activity, 

being able to inhibit hepatocyte growth factor (HGF) and subsequent activation of cell 

signaling pathways responsible for cell invasion in breast cancer cell line MDA-MD-23. 
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Table 2 - Polymeric NPs used as EGCG nanocarriers for cancer therapy 

 
Composition 

 
Size 
(nm) 

 
Zeta 

potential 
(mV) 

 
LC 
(%) 

 
LE 
(%) 

 
Route of 

administration 
 

 
In vitro/ in vivo results 

 
Ref. 

 
PLGA-PEG 

 
80.53±15 

 
N/A 

 
- 

 
9.61
±0.7 

 

N/A 

Increased cytotoxicity 
towards PSMA-positive 
LNCaP prostate cancer 

cell line 

 
[134] 

 

PLGA 

 
1 

27.2 
± 12 

 
 

-24.5 
± 1.89 

 
 
- 

 
 

6 

 
 

N/A 

Increase in DNA damage 
levels of  oxaliplatin- and 

satraplatin-treated 
lymphocytes from 

colorectal and healthy 
cancer patients 

 

[131] 

 

PLGA-casein 

 
 

190-250 
 

 
 

-41 
± 3.4 

 
 
- 

 
 

76.8
±9.1 

 
 

N/A 

Inhibition of NF-κB 
signaling 

Enhanced cytotoxicity 
towards breast cancer 

cells (MDA-MB-231 cell 
line and patient-derived 

cells) 

 
 
 

[135, 136] 

 
 
 

PLA-PEG 

 
 
 

260 

 
 
 

-7.92 

 
 
 
- 

 
 
 
- 

 
 
 

Intra tumoral 

High induction of 
apoptosis in prostate 
cancer PC3 cell line; 

inhibition of angiogenesis 

Significant decrease in 
tumor size in  prostate 

cancer xenograft model 

 
 
 

[125] 

 
 

Chitosan 

 
 
 

150–200 

 
 
 

N/A 

 
 
 
- 

 
 
 

10 

 
 
 

Oral 

Higher inhibiton of  tumor 
growth in  prostate 

cancer xenograft model 
Inhibition of cancer cell 

proliferation and 
angiogenesis. 

 
 
 

[118] 

 
 

Chitosan 

 
 

N/A 

 
 

N/A 

 
 
- 

 
 
- 

 
 

Oral 

High cytoxicity against 
Mel 928 human 
melanoma cells 

Inhibition of tumor growth 
in melanoma xenograft 

model 

 
 
 

[137] 

 
Genipicin-

crosslinked 
CPP−chitosan 

 
 

245.3 
± 18.3 

 
 

32.4 
± 6.1 

 
- 

 
 

71 

 
N/A 

Higher stability in 
simulated GI tract 

conditions 
Maintenance of EGCG 

antitumoral activity 
against  gastrointestinal 
cancer cell line BGC823 

 
 
 

[138] 

 
Chitosan-coated 

liposomes 

 
 

85± 6.6 

 
 

16.4 ±2.8 
 

 
 

3 

 
 

90 

 
 

N/A 

High antiproliferative and 
proapoptotic effects in 

MCF7 breast cancer cell 
line 

 
 

[116] 

 
 

Gelatin 

 
 

200 

 
 

N/A 

 
 
- 

 
 

20-
70 

 
N/A 

Sustained release of 
EGCG 

Ability o inhibit HGF in 
MDA-MD-231 breast 

cancer cell line 

 
 

[139] 
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1.3.3.3. Liposomes 

Liposomes are vesicles forming a membrane-like phospholipid bilayer enclosing 

an aqueous compartment [140]. These structural properties enable the encapsulation of 

both lipophilic and hydrophilic drugs [141]. In addition liposomes are biodegradable and 

present minimal levels of toxicity [141, 142].  Few studies have used these nanocarriers 

for delivery of EGCG to cancer cells. Results are summarized in Table 3.  

 

Table 3 -  Liposomes used as EGCG nanocarriers for cancer therapy 

 

Ramadass et al. [141] developed a liposomal co-delivery system comprising 

EGCG and paclitaxel for invasive cancer therapy using MDA-MB-231 breast cancer cell 

line. The results proved that these synergistic combination was effective in inducing 

cancer cell apoptosis and inhibiting cell invasion, which was demonstrated by an increase 

in caspase-3 activity and a decrease in MMPs expression. These effects were higher in 

comparison with both paclitaxel and EGCG individual effects.   

 Fang et al. [140] developed liposomal formulations with EGCG and other catechins 

for topical and intratumoral administration in female nude mice. The authors concluded 

that intratumoral injection of liposomes was the most effective route to reach cancer cells, 

promoting a great amount of EGCG deposition in tumor tissues. The same group reported 

the use of liposomal formulations for basal cell carcinomas (BCCs) treatment [142]. The 

synthesized liposomes enable higher EGCG accumulation in tumor tissues induced higher 

 
Composition 

 
Size 
(nm) 

 
Zeta 

potential 
(mV) 

 
LC 
 (%) 

 
LE 
(%) 

 
Route of 

administra
tion 

 
In vitro/in vivo results 

 
Ref. 

 

Liposomes 

 
126.7
± 4.3 

 
-37.5   

 

 
 
- 

 
60.21 
± 1.59 

 
 

N/A 

 
MDA-MB-231 breast cancer 
cell apoptosis and cell 
invasion inhibition 

 
 

[141] 

 
 
 

Liposomes 

 
 

157.4
-

268.9 
 

 
 

-7.2  
- 

 -66 

 
 
- 

 
 

36.3 
- 

89.7 

 
 

Topic and 
intra 

tumoral 

 
Great amount of EGCG 
deposition in tumor tissues in 
a cancer model in female 
nude mice  

 
 
 

[140] 

 
 

Liposomes 
 

 
104.6
- 
378.2 

 
-0.9  

-  
-36.1 

 
 
- 

 

 
99.6 

- 
85.6 

 
 

 
 

Intra 
tumoral 

 
Higher EGCG accumulation 
in BCCs cells and higher 
apoptosis induction 
compared to free EGCG 

 
 

[142] 

	  

Ca/Al-‐
NO3	  LDH	  

	  
	  
	  

 
Size 
(nm)	  

 
Zeta pot. 

(mV)	  

	  

N/
A	  

	  

N/A	  

	  

+30.
6	  	  

	  

N/A	  

	  

N/A	  

Enhanced	  anti-‐tumor	  
activity	  of	  EGCG	  in	  
PC3	  prostate	  cancer	  

cell	  line	  

	  

[
4
]	  
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levels of BCC cell death compared to the non encapsulated EGCG treatment at lower 

concentrations. [76]  

 

1.3.3.4. Other type of Nanoparticles 

A large variety of other different materials can be used for NPs design. 

Encapsulation of EGCG for cancer therapy purposes using different materials, including 

carbohydrates, transition metals, inorganic materials and lipids are summarized in Table 

4.   
Table 4 - NPs designed with various materials used as EGCG nanocarriers for cancer therapy 

 

Rocha et al. [143] reported the encapsulation of EGCG into carbohydrate NPs 

composed of gum arabic and maltodextrin. This nanocarrier promoted a reduction in cell 

viability in Du145 human prostate cancer cells and an induction of caspase-3 activation, 

and hence, apoptosis. These effects were higher comparing to free EGCG at low 

concentrations. 

Zhou et al [114] developed an anti liver cancer therapy based on ruthenium NPs 

loaded with luminescent ruthenium complexes using EGCG as reducing and capping 

agent. Functionalization with EGCG was performed due to its high affinity to laminin 

receptor (67 LR) overexpressed in Hepatocellular carcinoma cells (HCC). In vitro results 

showed that the synthesized NPs had high specificity to liver cancer cells (SMMC-7721 

HCC) and their route of internalization was endocytosis mediated by 67LR. These NPs 

 
Composition 

 
Size 
(nm) 

 
Zeta 

potential 
(mV) 

 
LC 
(%) 

 
LE 
(%) 

 
Route of 

administration 

 
In vitro/ in vivo results 

 
Ref. 

Maltodextrin
–gum arabic 120 

± 28 
-12.3 
± 0.8 

- 

 
85 
± 3 

 

N/A 

 
Higher reduction in cell 

viability in Du145 
human prostate cancer 

cells 
 

[143] 

 

Ruthenium 
 

73.59 
 

-17.9 
 
- 

 
- 

 
Intra-tumoral 

Induction of cancer cell 
apoptosis, oxidative 

stress and inhibition of 
migration 

Tumor growth inhibition 
in liver cancer 

xenograft model 

 
[114] 

Ca/Al-NO3 
LDH 

 

N/A 

 

+30.6 

 

- 

 

- 

 

N/A 

Enhanced anti-tumor 
activity of EGCG in 

PC3 prostate cancer 
cell line 

 

[5] 

	  

Ca/Al-‐
NO3	  LDH	  

	  
	  
	  

 
Size 
(nm)	  

 
Zeta pot. 

(mV)	  

	  

N/
A	  

	  

N/
A	  

	  

+
3
0
.
6	  	  

	  

N/A	  

	  

N/A	  

Enhanced	  anti-‐tumor	  
activity	  of	  EGCG	  in	  
PC3	  prostate	  cancer	  

cell	  line	  

	  

[
4
]
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induced high levels of cytotoxicity, cell migration inhibition and induction of oxidative 

stress in HCC, while no harmful effects were detected in normal L-02 cells. The in vivo 

assay performed in a liver tumor xenograft model showed that intra-tumoral injection of 

EGCG functionalized nanocarriers could significantly inhibit tumor growth.  

 In a recent study developed by Shafiei et al. [5] EGCG was incorporated in Ca/Al-

NO3 Layered double hydroxide. NPs using co-precipitation and ion-exchange techniques. 

The in vitro results revealed a higher anti-tumor activity of the EGCG-LDH nanohybrid in a 

prostate cancer cell line (PC3), with a 5-fold dose advantage over native ECGC and a 

longer release period compared to physical mixture of Layered double hydroxide and 

EGCG.  

 

1.4. Lipid Nanoparticles 

Lipid NPs are colloidal carriers with a lipid matrix solid at body temperature. These 

particles present several advantages over other types of nanovehicles, such as good 

tolerability, low cost, constitution based on commercially available lipids and surfactants 

approved by the FDA, organic solvent-free production, possibility of large-scale 

production, controlled release properties and good stability in vivo [144]. Lipid NPs are 

composed of a solid lipid, a surfactant and an active ingredient (drug). A broad diversity of 

lipid materials can be used for the production of these nanocarriers, including fatty acids, 

fatty esters, fatty alcohols, triglycerides and waxes. Surfactants are amphipathic 

molecules that promote the dispersion of the lipid melt in the aqueous phase during the 

synthesis and induce the stabilization of the NPs in the dispersion after cooling. Three 

different types of surfactants can be used: ionic, non-ionic (eg. Tween®) and amphoteric 

(eg. phospholipids). The choice of the surfactant depends on various factors, such as the 

route of administration. For instance, non-ionic surfactants are generally used for oral and 

parenteral routes due to their lower associated toxicity [145] .  

 There are different types of lipid NPs including solid lipid NPs (SLN), 

Nanostructured lipid carriers (NLC) and lipid-drug conjugates (LDC). 
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1.4.1. Solid Lipid Nanoparticles (SLN)       

SLN are the first generation of lipid NPs. They are composed of 0.1-30% (w/w) of 

solid lipids dispersed in an aqueous solution of 0.5-50% (w/w) of surfactant that acts as a 

stabilizing agent. Their mean size ranges from 40 to 1000 nm and their simplicity and 

versatility have made them popular drug carriers. Despite their potential and benefits over 

other types of NPs, SLN also present some limitations, such as low drug loading and 

possibility of drug expulsion during storage due to rearrangements of the lipids matrix from 

low to high ordered structures (ß-modification) [144-146] To overcome some of these 

limitations, a second generation of lipid NPs was designed, NLC. 

 

1.4.2. Nanostructured lipid carriers (NLC)  

NLC are composed of a binary mixture of a solid lipid and a liquid lipid from a ratio 

of 70:30 up to a ratio of 99.9:0.1. This composition promotes the formation of a less 

organized lipid matrix, which contributes to a higher drug-loading capacity and avoids the 

leakage of the drug during storage [144-146]. A schematic representation of the lipid 

matrix of both drug-loaded NLC and SLN is presented in Figure 3. Another advantage of 

NLC is the fact that many drugs present better solubility in liquid lipids than in solid lipids 

[144].  

  
 

 

 

 

 

 

 

 

 

Figure 3 - Crystalline structure of SLN (A) and NLC (B). A high ordered crystalline structure of SLN contrasts 

with the imperfect lipid matrix of the NLC. Adapted from [147] 
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1.4.3. Lipid drug conjugates (LDC) 

This type of lipid NPs was designed to allow a more efficient encapsulation of 

hydrophilic drugs, which are conjugated with a lipid molecule by salt formation or covalent 

linkage. These NPs act in a similar way as the prodrugs being cleaved in vivo [145].  

 

1.4.4. Synthesis methods 

Numerous different methods for the production of lipid NPs have been reported in 

the literature. The choice of the appropriate method is done according to the composition 

and the desired characteristics of the lipid nanoparticle, as well as the properties of the 

drug [145]. Some the most common synthesis methods for lipid NPs are described above. 

 

1.4.4.1. High pressure homogenization 

High pressure homogenization is the preferred choice for synthesis of lipid 

nanoparticle. There are two different variants: hot and cold homogenization. In the hot 

homogenization method, solid lipids are heated at temperatures above their melting points 

and the drug is solubilized or dispersed in the molten lipid followed by dispersion in a hot 

aqueous surfactant solution under high speed stirring. A pre-emulsion is obtained after 

ultrasonication. The pre emulsion is then subjected to high pressure homogenization to 

induce the formation of a colloidal emulsion, which is left cooled down at room 

temperature. In cold homogenization technique similarly to hot homogenization, the drug 

is dispersed in the molten lipid. After that the mixture is cooled with dry ice or liquid 

nitrogen to induce the solidification of the lipids and grounded into a fine powder. The 

powder is then dispersed in a cold aqueous surfactant solution followed by high pressure 

homogenization [145]. 

 

1.4.4.2. Microemulsion 

In this technique, the lipid phase+drug and the aqueous surfactant solution are 

heated separately to a temperature above the lipid melting point. The lipid melt is then 

dispersed in the hot surfactant solution to form a hot microemulsion followed by dispersion 

in cold water. Both dispersions are performed under continuous stirring [145]. 
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1.4.4.3. Microwave-assisted microemulsion  

In this method drug, lipid and aqueous surfactant solution are subjected to 

microwave heating at temperatures above the lipid melting point under continuous stirring. 

The hot microemulsion is then dispersed in cold water for the production of lipid NPs 

[145]. 

 

1.4.4.4. Solvent evaporation 

In this technique, the solid lipid and the lipophilic drug are dissolved in an organic 

solvent followed by mixing with an aqueous surfactant solution. Lipid NPs are formed after 

complete evaporation of the organic solvent under reduced pressure [145]. . 

 

1.4.4.5. Double emulsion 

This method was designed to create an internal water compartment that allows the 

encapsulation of hydrophilic drugs. Here an aqueous solution of drug is emulsified in the 

molten lipid, creating a water/oil (W/O) emulsion followed by dispersion in a second 

aqueous solution to generate a W/O/W double emulsion under constant stirring, which 

culminates in the precipitation of lipid NPs [145]. 

 

1.4.4.6. Solvent diffusion 

In this method, solid lipids and drug are solubilized in a solution containing a 

partially water miscible organic solvent. This organic phase is then emulsified with a 

solvent saturated aqueous phase containing an emulsifier. NPs are formed after the 

addition of water to the emulsion [145]. 

 

1.4.4.7. High shear homogenization and ultrasound 

In the high shear homogenization and ultrasound techniques lipids are melted at 

temperatures 5-10ºC above their melting point followed by dispersion in a warm aqueous 

solution of surfactants under high speed stirring. The produced emulsion is then sonicated 

to reduce the size of droplets and is left cooled down until the formation of a lipid 

nanoparticle dispersion [145]. 
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CHAPTER 2. MATERIALS AND METHODS 
 

2.1. Materials 

Lipid Precirol® Ato 5 was provided by Gatefossé (Gatefossé, France). Miglyol 812 

and Aerosil® 200 were purchased from Acofarma® (Terrassa, Spain).Tween® 60, TritonTM 

X-100, Thiazolyl Blue Tetrazolium (MTT), Trypan Blue powder, dimethyl sulfoxide ≥99.9%, 

Sodium phosphate monobasic anhydrous, Sodium chloride, folic acid, triethylamine, 

dicyclohexylcarbodiimide, N-hydroxysuccinimide and Dulbecco’s Phosphate Buffered 

Saline pH7.4 (PBS), (-)- epigallocatechin gallate (EGCG) ≥80% (HPLC) from green tea 

and (Z)-4-Hydroxytamoxifen (≥98% Z isomer) were obtained from Sigma-Aldrich® (St 

Louis, MO, USA). Sodium hydroxide was obtained from VWR International (Belgium). 

DSPE-PEG-NH2 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[amino(polyethylene glycol)-2000] (ammonium salt)) was purchased from (Avanti® Polar 

Lipids Inc.; Alabaster, Alabama, USA). Fasted state simulated gastric fluid (FaSSGF) and 

fasted state simulated intestinal fluid (FaSSIF) were prepared by using SIF instant powder 

(Phares Drug Delivery AG, Switzerland) according to the manufacture instructions. 

Lactate dehydrogenase (LDH) Cytotoxicity Detection Kit was obtained from Takara Bio 

Inc. (Shiga, Japan). Hanks’ Balanced Salt Solution [-] CaCl2, [-] MgCl2 (HBSS), 

Dulbecco’s Modified Eagle’s Medium (DMEM) GlutaMAXTM-I, Roswell Park Memorial 

Institute medium (RPMI) (RPMI Medium 1640 - GlutaMAX™), 0.25% Trypsin-EDTA (1X), 

Penicillin-Streptomycin (Pen Strep), Fungizone (amphotericin B, 250 µg mL−1) and Heat 

Inactivated Fetal Bovine Serum (FBS) (origin: South America) were purchased from 

Gibco® by Life TechnologiesTM (UK). Caco-2 cell line (passages 62-70) was purchased 

from the American Type Culture Collection (ATCC, Wesel, Germany). MDA-MB-231 cell 

line was obtained from American Type Culture Collection (Rockville, MD).   

 All the weighting measurements were performed using a Kern ABT 120-5DM 

digital analytical balance (Kern & Sohn; Balingen, Germany). pH measurement were 

obtained using a Crison pH meter GLP22 with a Crison 52-02 tip (Crison; Barcelona, 

Spain). Ultrapure water was purified by an Ultra-pure water system (Milli-Q, Sartorius, 

Arium® pro, Sartorius Weighing Technology; Gettingen, Germany, Filters: Sartorius 

Arium® Cartige 1 and 2, Sartorius Stedin Biotech; Gettingen, Germany) by a reverse 

osmosis process.  
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2.2. Synthesis of NLC: Initial formulation 

The initial formulation chosen for the production of NLC comprised the following 

constituents: solid lipid Precirol® ATO 5 (320 mg), liquid lipid Mygliol® 812 (150 mg) and 

surfactant Tween® 60 (100 mg). Precirol (glyceryl palmitostearate) is a mixture of glycerol 

esters generally recognized as safe (GRAS) and currently employed in approved 

pharmaceutical products [148]. Miglyol is a mixture of medium-chain triglycerides mainly 

composed of caprylic and capric acid and it is also a GRAS product [149]. Tween 60, also 

known as Polyethylene glycol sorbitan monostearate is a non ionic surfactant widely used 

as an emulsifier, dispersant or stabilizer in food, cosmetic, and pharmaceutical industries 

[150].            

 NLC were synthesized by high shear homogenization and ultra-sonication 

techniques. In this process lipids are melted at a temperature of 5-10ºC above their 

melting point and mixed with a pre-heated aqueous solution. The mixture is then 

dispersed in a high shear-mixing device to produce an emulsion followed by 

ultrasonication until a nanoemulsion is obtained. The resulting nanoemulsion is then 

cooled at room temperature to allow the formation of lipid NPs [151].  

 In this work, the lipid phase containing solid and liquid lipids and surfactant was 

melted at 70ºC in a water bath (Medingen E5 Bath-Thermostat). After complete melting, 

4.4 mL of pre-heated ultrapure water was added to the lipid phase followed by stirring in 

an ultra-turrax (Ystral X10/20 E3; Ballrechten-Dottingen, Germany) at 7000 rpm for 30 

seconds, and ultrasonication using a probe sonicator (VCX130, Sonics and Material 

Vibra-CellTM with a CV-18 probe; 115 Newtown CT, USA) at 70% for 5 min. The 

produced nanoemulsion was cooled at room temperature and stored at 4ºC until further 

use. For the production of EGCG-loaded NLC, 30 mg of EGCG were dissolved in the 

aqueous phase and added to the lipid phase followed by mixing in ultra-turrax and 

ultrasonication as previously mentioned. All the formulations were protected from light with 

aluminum foil during the synthesis process and storage since EGCG is a light-sensitive 

compound.  

 

2.3. Synthesis of Disteroylphosphatidylethanolamine-poly(ethylene 
glycol)2000-folic acid (DSPE-PEG2000-FA) Conjugate  

The synthesis of Disteroylphosphatidylethanolamine-poly(ethylene glycol)2000-

folic acid DSPE-PEG2000-FA was performed as previously described [152]. Four main 

steps compose this process: activation of Folic acid (FA), coupling to DSPE-PEG2000-
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NH2, purification and lyophilisation. First, 1 g of FA was dissolved into a mixture of 40 mL 

of anhydrous dimethyl sulfoxide (DMSO) and 0.5 mL of triethylamine (TEA) and the 

mixture was stirred under anhydrous conditions in the dark overnight. The resulting 

solution was then mixed with 0.5 g of dicyclohexylcarbodiimide (DCC) and 0.52 g of N-

hydroxysuccinimide (NHS) and stirred for 18h in the dark. To remove the precipitated side 

product dicylcohexylurea (DCU), the solution was filtered with a 0.45 µM filter. DMSO and 

TEA were evaporated under vacuum [153, 154]. After formation of N-Hydroxysuccinimide 

ester of folic acid (NHS-FA), the next step was coupling to DSPE-PEG2000-NH2. This 

was done by addition of 2 mL of the solution containing activated FA to 50 mg of DSPE-

PEG2000-NH2 dissolved in 1 mL of DMSO followed by overnight stirring in the dark under 

anhydrous conditions. After that, the mixture was evaporated under vacuum to remove 

DMSO and 6 mL of water were added [153]. DSPE-PEG2000-FA conjugate was then 

dialyzed against 500 mL of ultrapure water using a dialysis membrane (Cellu.Sep®T1, 

3500 nominal molecular weight cut off (NMWCO), Membrane Filtration Products, Inc.; 

Seguin, TX, USA) for 48h in order to remove unconjugated FA [154]. Finally, the resulting 

solution was lyophilized using a freeze dryer (LyoQuest −85 plus v.407, Telstar). The 

obtained orange dry powder was stored at -25ºC until further use.  

 

2.4. Synthesis of Functionalized Nanostructured Lipid Carriers 

Synthesis of DSPE-PEG-FA functionalized NLC was performed by adding DSPE-

PEG2000-FA to the lipid phase in a ratio of 1% w/w of the total formulation mass. The 

amount of components in the formulation was then optimized. Before the experimental 

design the final amounts of the functionalized formulation were the following: 160 mg of 

Precirol, 75 mg of Mygliol 812, 50 mg of Tween 60, 7 mg of EGCG 3 mg of DSPE-PEG-

FA conjugate and 4.4 mL of ultrapure water. 

 

2.5. Experimental Design 

A 3-level, 3-factor Box–Behnken design was applied to optimize the functionalized 

NLC formulation. Box-Behnken design is a tool for multivariate optimization [155]. In 

multivariate optimization 2 variables are present: the responses (dependent variables) and 

the factors (independent variables) [155]. The values of the responses are dependent on 

the levels of the factors [155]. If the nature of relationships between the responses and 

the factors (response surfaces) is unraveled, the optimal values of the factors can be 
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determined [155]. In multivariate optimization it is possible to change of levels of all 

variables simultaneously, which allows for the study of the interaction between factors 

[155]. The first step of the design is the screening of the factors and the determination of 

the significant ones for the process [155]. After that, a study of their effects in the 

responses is performed and the optimum operation conditions are achieved using 

complex experimental designs, such as Box-Behnken [155]. Box-Behnken is a response 

surface experimental design. Here, the chosen factors are run at different levels (in a 

minimum of 3) and each run combines the different levels of each of the factors [155]. An 

example of a Box-Behnken design for 3 factors is represented in Figure 4 and Table 5. An 

advantage of these types of designs is the reduction in the number of experiments, which 

leads to reagent savings and less laboratory work [155]. These methods can also assess 

the relevance and statistical significance of the factors that are being studied [155]. Box-

Behnken has been used for optimization of numerous analytical methods, including 

spectroanalytical and chromatographic methods and capillary electrophoresis processes 

[155]. In addition, Box-behnken has been applied in the optimization process of several 

drug-loaded nanoparticle formulations [156-159]. 

 

 

 

	  
	  

 

 

 

	  
Figure 4 - Geometric representation of a Box-Behnken design for 3 factors. Adapted from [155] 

 

	  
	  
	  
	  
	  
	  
	  
	  
	  



	  
29 

Table 5 – Box-Behnken design for 3 factors 

 

Runs 
Factors 

A B C 

1 -1 -1 0 

2 -1 1 0 

3 1 -1 0 

4 1 1 0 

5 -1 0 -1 

6 -1 0 1 

7 1 0 -1 

8 1 0 1 

9 0 -1 -1 

10 0 -1 1 

11 0 1 -1 

12 0 1 1 

13 0 0 0 

 

In this work, 3 independent variables were selected and their effect on 3 

dependent variables was analyzed. The independent variables chosen were the amount 

of solid lipid, the amount of liquid lipid and the amount of EGCG. Other parameters, such 

as the amount of DSPE-PEG-FA conjugate, the amount of surfactant, sonication time and 

amplitude and ultra-turrax time and speed were set at fixed values. Mean particle size, EE 

and LC were selected as dependent variables. For each factor the lower (-1), medium (0) 

and higher (+1) values were chosen. Data was statistically evaluated using ANOVA by 

STATISTICA 10  (Statsoft®, Inc) software by statistical significance of coefficients (p 

values ≤ 0.05). Best fitting experimental model (linear, 2 factor interaction, quadratic and 

cubic model) was statistically evaluated regarding multiple correlation coefficient (R2) 

provided by STATISTICA 10 software (Statsoft®, Inc). After determination of the optimum 

values of independent variables a checkpoint NLC formulation was prepared to compare 

the observed values with the predicted values given by the software.  
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2.6. Synthesis of final formulations 

After determination of the optimum values for the amount of solid lipid, liquid lipid 

and EGCG, 4 different formulations were synthesized: Functionalized EGCG-loaded NLC 

(NLC-DSPE-PEG-FA EGCG), Functionalized placebo NLC (NLC-DSPE-PEG-FA), 

EGCG-loaded NLC (NLC EGCG) and placebo NLC (NLC placebo). 
 

2.7. Lyophilization of the formulations 

Formulations were frozen at -80ºC (Deep freezer, GFL®, Germany) and 

lyophilized using a freeze dryer (LyoQuest −85 plus v.407, Telstar) for 48 h at -80 ºC. To 

minimize NPs instability upon freeze-drying and protect them from the mechanical stress 

of ice crystals cryoprotectant Aerosil® was added to each formulation before freezing in a 

ratio of 2% w/w of the total formulation mass. 

 

2.8. Characterization of NLC 

2.8.1. Size and Polydispersity Index (PDI)      

Dynamic light scattering (DLS), also known as photon correlation spectroscopy or 

quasi-elastic light scattering is a technique used for particle size and Polydispersity Index 

(PDI) measurements. In this technique, a laser beam passes through a suspension of 

particles and scattered light is collected in a detector. The Brownian random motion of the 

particles causes time-dependent fluctuations in the intensity of the scattered light, and 

information regarding particles diffusion coefficient can be obtained. Once diffusion 

coefficient is determined, the average hydrodynamic radius can be estimated by the 

Stoke-Einstein relationship. [160-163].  A schematic representation of DLS working 

principle is presented in Figure 5. 
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Figure 5 - Working principle of Dynamic Light Scattering (DLS). Adapted from [161] 

	  
The mean size and PDI of the synthesized formulations were determined using a 

Particle Size Analyzer (Brookhaven Instruments Corporation; Software: Particle Sizing v.5 

Brookhaven Instruments; Holtsville, NY, USA) operating at a scattering angle of 90º, at 

room temperature, with dust cut-off set to 30 and refractive index of 1.33. For each 

sample, 6 runs of 2 min each were performed. Before the measurements, non-lyophilized 

formulations were diluted in a ratio of 1:100 and 3 mg of the lyophilized formulations were 

resuspended in ultrapure water, followed by filtration with a syringe filter to remove 

aggregates (Ministart ®, pore size 800 nm, Satorius Stedin Biotech; Goettingen, 

Germany). 

 

 2.8.2. Zeta Potential  

In a colloidal solution each particle presents an electrical double layer composed 

by an inner zone (stern layer) where the ions are firmly bonded to the surface and an 

outer region (diffuse layer) where ions are less strongly attached. The potential measured 

within the diffuse layer in a boundary within which the particle acts as a single entity is 

called the zeta potential [163].        

 Zeta potential provides information regarding the stability and agglomeration 

potential of the NPs in the dispersion. A high zeta potential (> ±40 mV) indicates that the 

system is highly stable and will not aggregate. When zeta potential is low (< ±5 mV), 

attraction between particles will exceed repulsion, which will lead to aggregation due to 

van der Waals interactions. A value of ±25 mV can be taken as the value that separates 

low-charged from high-charged surfaces [163].  

Electrophoretic light scattering (ELS) is an analytical methods used for the 
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measurement of the electrophoretic mobility of a suspension of particles. The working 

principle of ELS is similar to that of DLS. The sample is irradiated by a laser and scattered 

light is collected in a photodetector. In ELS, however, 2 electrodes are placed into the 

dispersion and an electric field of sufficient strength is applied so that electrokinetic 

behavior dominates random Brownian motion. According to the particles charge, migration 

occurs towards the oppositely charged electrode with a specific velocity (mobility), which 

will promote fluctuations in the scattered light frequency. Frequencies are then converted 

to electrophoretic mobility, which is related with particles zeta potential by Henry equation. 

[161, 163, 164].          
 Zeta potential of the nanoformulations was determined using an electrode and 

Zeta Potential Analyzer (ZetaPALS, Brookhaven Instruments Corporation, Software: 

PALS Zeta Potential Analyser v.5, Brookhaven Instruments; Holtsville, NY, USA) 

operating at a scattering angle of 90º at room temperature. For each sample, 6 runs of 10 

cycles each were performed. Before the measurements, non-lyophilized formulations 

were diluted in a ratio of 1:100 and 3 mg of the lyophilized formulations were resuspended 

in ultrapure water, followed by filtration with a syringe filter (pore size 800 nm) to remove 

aggregates. 

 

 2.8.3. Encapsulation Efficiency (EE) and Loading Capacity (LC) 

Determination of EGCG EE and LC was determined by UV-vis spectrophotometry 

using an indirect method. Non-lyophilized formulations were diluted in ultrapure water in 

ratio of 1:50 in a final volume of 2 mL and the equivalent amount of formulation mass of 

lyophilized NLC was resuspended in 2 mL of ultrapure water. Formulations were 

centrifuged (Allegra X-15R Centrifuge, Beckman Coulter, Fullerton, California) in 

centrifugal filter units (Amicon® Ultra Centrifugal Filters Ultracell-50 kDa, MERK Milipore, 

Ltd; Cork, Ireland) at 3500 RPM for 20 min or until complete separation between NLC and 

the aqueous phase containing free EGCG. The amount of non-encapsulated EGCG 

present in the supernatant was quantified by UV-vis spectroscopy (Jasco V-660 

Spectrophotometer, Software: Spectra Manager v.2, Jasco Corportation, USA) at 273 nm. 

Prior to these measurements, a calibration curve of EGCG in ultrapure water with 

increasing known concentrations was constructed to determine the linear relationship 

between EGCG absorbance and concentration.  

 

 

 



	  
33 

EGCG EE was determined by calculating the difference between the initial amount 

of EGCG added for the preparation of NLC and the amount of EGCG present in the 

supernatant, as shown by the following equation: 

 

𝐸𝐸 = !"#$%  !"#$%&  !"  !"#"!!"#$%&  !"  !"#"  !"  !!!  !"#$%&'('&(
!"#$%  !!"#$%  !"  !"#"

  (Equation 1) 

 

LC was calculated as follows: 

 

 𝐿𝐶 = !!  ×  !"!#$  !"#$%&  !"  !"#"  
!"#$%  !"#$%&  !"  !"#"$%!!"#$%&'%('!!"#"

   (Equation 2) 

  

2.8.4. Transmission Electron Microscopy (TEM) analysis 

 The morphology of the different synthesized formulations was observed via 

transmission electron microscopy (TEM). In TEM, an electron beam is accelerated from a 

tungsten cathode towards the anode (with an acceleration voltage between 50 and 150 

kV) and focused by a condenser lens before it passes through the sample, which is 

mounted on a transparent grid. A portion of electrons is absorbed or scattered by the 

sample and the rest is transmitted. An electromagnetic objective lens will collect the 

transmitted electrons and magnify the image of the specimen. The degree of darkness in 

the obtained image is related with electron density, which means that samples composed 

by atoms with low atomic numbers (C,H,N,O), will present weak contrast. As a result, 

some preparations need to be treated with special contrast agents, such as heavy metals, 

to increase contrast [165] .        

 Non-lyophilized formulations were diluted 100 times in ultrapure water, or the 

equivalent amount of mass of lyophilized formulations was resuspended in 2 mL of 

ultrapure water. Samples were prepared by placing 10 µL of the nanoparticle suspension 

over a cooper-mesh grid for 2 min after which the excess of solution was removed. The 

sample was then stained with 10 µL of 0.75% uranyl acetate for 30 seconds to improve 

image contrast. The excess of solution was then removed and the samples were 

observed in a JEM-1400 Transmission Electron Microscope (TEM Jeol JEM-1400; JEOL 

Ltd., Tokyo, Japan) with an accelerating voltage of 80 kV. 



	  
34 

2.8.5. Differential scanning calorimetry (DSC) analysis 

Differential scanning calorimetry (DSC) is a technique that enables the study of 
structural properties of a sample by measuring heat exchanges during controlled 
temperature programs. In DSC measurements, samples are heated or cooled at a 
controlled rate and the heat flow into or out of the sample is quantified. In each 
measurement, 2 identical pans are heated or cooled (the reference and the sample) and 
the temperature remains the same in both pans until a structural change (e.g. melting 
transition, which takes up heat from the system) occurs in the sample. During this 
transition and in contrast with the reference pan, the sample temperature will not increase 
and a temperature difference between the 2 of them will be detected. This temperature 
difference leads to the acquisition of a signal of the heat flow as a function of time or 
temperature [166]. In lipid NPs, DSC is often used to examine the effect of the drug 
loading and to investigate the status of the lipid, given that different lipid modifications 

possess different melting points and melting enthalpies [166, 167].  

DSC measurements were performed using a differential scanning calorimeter 

(DSC 200 F3 Maia Netzsch). Approximately 5 mg of formulations were weighted in 

aluminum pans and sealed. An empty aluminum pan was used as reference. Heating 

curves were recorded with a heating rate of 10°C/min from 20 ºC to 160 ºC. The onset, 

melting point (peak maximum), and melting enthalpy (ΔH) were calculated using the 

software provided by the DSC equipment (NETZSCH Proteus® Software – Thermal 

Analysis – Version 6.1). 

 

2.8.6. Stability study 

To evaluate the stability of the formulations over time, regular measurements of size, 

PDI, zeta potential, EE and LC were performed over a period of 8 weeks using the 

characterization techniques previously described. Formulations were stored at 4ºC and 

protected from light with aluminum foil. The stability study was conducted in triplicate for 

each formulation to achieve statistical significance.  

 

2.8.7. In vitro release study 

In vitro release studies were performed to evaluate the release of EGCG from the 

NPs in similar conditions to that of the gastrointestinal tract. Functionalized and non-
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functionalized EGCG-loaded NLC (90 mg) were resuspended in 2 mL of ultrapure water 

and suspensions were transferred to a cellulose dialysis bag (Cellu.Sep®T1, 3500 

NMWCO, Membrane Filtration Products, Inc.; Seguin, TX, USA). The dialysis bags were 

immersed in a compartment containing 60 mL of fasted state simulated gastric fluid 

(FaSSGF: NaCl/HCl solution, pH 1.6 with SIF® Powder) and placed over a heating and 

magnetic stirring plate (IKA-Werke, Staufen, Germany) at 37ºC with constant stirring. After 

3h, samples were incubated in 60 mL of fasted state simulated intestinal fluid (FaSSIF: 

buffer solution containing NaOH, NaH2PO4 anhydrous and NaCl, pH 6,5 with SIF Powder) 

within the same conditions of stirring and temperature for 23h. At regular intervals aliquots 

of 200 µL of medium were collected and transfered to a 96 UV-Vis microplate (UV flat 

bottom Microliter® plates, Thermo Electron Corporation; Vantaa, Finland) and replaced by 

an equal volume of pre-heated fresh medium. EGCG release content was analysed by 

UV-Vis spectroscopy using a microplate reader (BioTek Instruments Inc., Synergy HT, 

Software: Gen5 v1.08.4, BioTek Instruments Inc.; Winooski, USA) at 273 nm. Prior to this 

assay 2 calibration curves of EGCG in each of the mediums were performed at 273 nm.  

The cumulative percentage of release compound was determined using the average of 

the triplicates. 

 

2.9. Cellular studies  

 2.9.1. Cell culture 

Caco-2 cells (ATCC® HTB-37™) were cultured at 37ºC in a 5% CO2 atmosphere 

(Unitherm CO2 Incubator 3503 Uniequip; Planegg, Germany) in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) 1% Penicillin-

Streptomycin (Pen-Strep) and 1% fungizone (amphotericin B, 250 µg mL−1). For every 2 

to 3 days cells were washed twice with Hank's Balanced Salt Solution (HBSS) and the 

medium replaced by fresh supplemented DMEM. Cells were subcultured at 80 to 90% 

confluence by chemical detachment with trypsin-EDTA followed by centrifugation at 1500 

RPM for 5 min (Multifuge X1R,Thermo Fisher Scientific, USA) and re-suspension in fresh 

medium. Cell counting was performed in a Neubauer chamber (Improved Neubauer 

Bright-line, Boeco; Germany) after addition of 25% (v/v) Trypan Blue solution (0.4% (w/v) 

in PBS) to exclude non-viable cells. Cells were seeded at a density of 750000 cells per 75 

cm2 flasks (Tissue Culture flasks,	   Falcon®, Becton Dickson; England) in 10 mL of 

supplemented DMEM.        

 MDA-MB-231 cells (ATCC® HTB-26™) were cultured at 37ºC in a 5% CO2 
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atmosphere in Roswell Park Memorial Institute Medium (RPMI) supplemented with 10% 

FBS and 1% Pen-Strep. For every 2 to 3 days cells were washed twice with Hank's 

Balanced Salt Solution (HBSS) and the medium replaced by fresh supplemented RPMI. 

Cells were subcultured at 80 to 90% confluence by chemical detachment with trypsin-

EDTA followed by centrifugation at 1500 RPM for 5 min and re-suspension in fresh 

medium. Cell counting was performed in a Neubauer chamber after addition of 25% (v/v) 

Trypan Blue solution. Cells were seeded at a density of 5 x 105 cells per 75 cm2 flasks in 

10 mL of supplemented RPMI. 

 

 2.9.2. Caco-2 cell viability assay 

Caco-2 cell viability following incubation with the synthesized nanoformulations 

was measured using the methylthiazolyldiphenyl-tetratozium bromide (MTT) conversion 

assay.  MTT is a quantitative colorimetric assay in which a yellow water-soluble 

tetrazolium salt (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide - MTT) is 

cleaved by mitochondrial enzyme succinate dehydrogenase into water-insoluble dark blue 

formazan crystals by cleavage of the tetrazolium ring. The formazan crystals are then 

solubilized using an organic solvent and the absorbance of the resulting solution is 

measured. This absorbance is directly proportional to the concentration of blue formazan 

crystals, which is proportional to the number of metabolically active cells [168] . 

 To perform this assay Caco-2 cells were seeded onto 96-well tissue culture plates 

(Tissue Culture OrPlate - Orange Scientific Products, Belgium) at a density of 6.65 x 103 

cells per well in 100 µL of supplemented DMEM and incubated for 20 h at 37ºC, 5% CO2. 

Meanwhile the different formulations (NLC placebo, NLC-DSPE-PEG-FA, NLC EGCG and 

NLC-DSPE-PEG-FA EGCG) and free EGCG were diluted in DMEM to reach specific 

increasing concentrations: 5, 10, 25 50, 100 and 500 µM. After the incubation period, cells 

were treated with 100 µL each concentration of the 4 formulations and free EGCG and 

incubated for 4 h at 37ºC, 5% CO2. A positive control containing the equivalent volume of 

fresh DMEM and a negative control (Triton X-100 1% (v/v) in sterile water) were also 

included. After 4 h, the medium was transferred to another culture plate and reserved for 

cell toxicity assay and 200 µL MTT (0,5 mg/mL in DMEM) were added to each well 

followed by incubation for 3 h at 37ºC, 5% CO2 After that MTT solution was discarded and 

200 µL of DMSO were added to each well followed by incubation as 37ºC for 15 min 

protected from light. The absorbance was then measured using a microplate reader at 

550 nm and 690 nm for background subtraction.  
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Cell viability was calculated using the following equation: 

 

𝐶𝑒𝑙𝑙  𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦   % = !"#$"%&'(  !"#$%&
!"#$  !"#$%$&'  !"#$%"&  !"#$%&

×  100   (Equation 3) 

 

2.9.3. Caco-2 Cell Toxicity assay 

The cytotoxic effect of the formulations in Caco-2 cell line was determined by the 

LDH assay. This assay is based on the measurement of the activity of cytosolic enzyme 

lactate dehydrogenase (LDH) in the culture medium, which is an indicator of cell 

membrane damage and, consequently, irreversible cell death [169].  Quantification of LDH 

is done be a coupled enzymatic reaction in which LDH catalyzes the conversion of lactate 

to pyruvate, reducing NAD+ to NADH followed by reduction of a tetrazolium salt to a red 

formazan product by diaphorase using NADH. The amount of formazan is then quantified, 

being directly proportional to the amount of LDH released in the medium.   

 LDH quantification was performed in the medium collected after incubation with 

nanoformulations as aforementioned. Microplates were then centrifuged at 250 g for 10 

min at room temperature (Centrifuge 5810R, Eppendorf, Germany) to deposit cell debris. 

After that, 100 µL of the resulting supernatant were carefully collected and transferred to 

another 96-well plate. LDH assay was performed following the instructions indicated by 

the LDH Cytotoxicity Detection kit. After mixing the 2 different solutions of the kit, 100 µL 

were added to each well containing the supernatant followed by incubation for 15 min at 

room temperature protected from light. Absorbance values were measured at 490 and 

690 nm in a microplate reader. Cytotoxicity was determined by subtracting to each 

absorbance value, the average value of the negative control (corresponding to treatment 

with culture medium) and dividing the samples absorbance values by the positive control 

(cell treated with 1% Triton X-100) as indicated by the following equation: 

 

𝐶𝑒𝑙𝑙  𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦   % = !"#$"%&'(  !"#$%&!!"#$  !"#$%&'"  !"#$%"&  !"#$%&
!"#$  !"#$%$&'  !"#$%"&  !"#$%&!!"#$  !"#$%&'"  !"#$%"&  !"#$%&

×  100          

(Equation 4) 
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2.9.4.  MDA-MB-231 Cell synergistic assay: EGCG and 4-
hydroxytamoxifen (4-OHT) 

MDA-MB-231 cells were seeded onto 96-well tissue culture plates at a density of 5 

x 103 cells per well in 100 µL of supplemented RPMI and incubated for 20 h at 37ºC, 5% 

CO2. Meanwhile the different formulations (NLC placebo, NLC-DSPE-PEG-FA, NLC 

EGCG and NLC-DSPE-PEG-FA EGCG), free EGCG and 4-hydroxytamoxifen (4-OHT) 

were diluted in RPMI to reach a final concentration of 25 µM (formulations and free 

EGCG) and 50 µM (4-OHT). After the incubation period, cells were treated with 100 µL of 

each diluted formulation, EGCG and 4-OHT individually and in combination (formulation + 

4-0HT) and incubated for 24 h at 37ºC, 5% CO2. A positive control containing the 

equivalent volume of fresh RPMI was also included. After 24 h, the medium was 

discarded and MTT assay was performed as previously mentioned for determination of 

cell viability. 

 

2.10. Statistical analysis 

Statistical analyses were performed using IBM® SPSS® Statistics software 

(v.22.0.0.0; IBM, Armonk, NY, USA). The measurements were repeated at least 3 times 

and data expressed as mean ± SD. Data were analyzed using one-way analysis of 

variance (ANOVA) and differences between groups compared by Bonferroni, Tukey and 

Dunnet post-hoc tests with a P value of <0.05 considered statistically significant.  
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CHAPTER 3. RESULTS AND DISCUSSION 
 

3.1. Initial formulations 

The initial non-functionalized NLC formulations (both placebo and EGCG-loaded) 

were synthesized using specific amounts of lipids and a specific synthesis protocol that 

was established in a previous work [170] . After that, DSPE-PEG2000-FA conjugate was 

synthesized (Figure 6) and functionalized NLC were produced by adding the conjugate 

(PEG2000-FA) to the lipid phase in a ratio of 2% w/w of the total formulation mass. 

However, the obtained formulation presented a brown precipitate. Since the appearance 

of the placebo formulation remained homogeneous, this precipitate was attributed to 

interactions between EGCG and DSPE-PEG2000-FA. As a result, the amount of EGCG 

was reduced to 20 mg and no precipitate was formed. These preliminary formulations 

were analyzed in terms of size, zeta potential, EE and the results are presented in Table 

6. It is possible to notice that the addition of the conjugate to the nanoformulation 

promoted an increase in the size of the NLC, although, the size it is still suitable for an oral 

administration route. Zeta potential measurements demonstrated that formulations 

remained stable with highly negative zeta potential and EE of EGCG decreased after 

functionalization, which may indicate that the conjugate can interfere with the lipids 

packaging of the NLC, thus reducing the amount of EGCG that can be encapsulated 

inside of the lipids matrix. Nevertheless, the EE was still high with 70% of EGCG 

entrapped inside of the lipid matrix. 

 

 

 

 

 

 

 

 

Figure 6 - DSPE-PEG-FA conjugate after lyophilization 
	  
	  
	  
	  



	  
40 

	  

	  
 

The final formulation produced before the experimental design was composed by 

160 mg of Precirol, 75 mg of Mygliol 812, 50 mg of Tween 60, 7 mg of EGCG, 3 mg of 

DSPE-PEG-FA conjugate and 4.4 mL of ultrapure water.  

 

3.2. Experimental design 

To optimize the 3 desired characterization parameters, i.e., size, EE and LC a 

Box-Behnken experimental design was performed. This design allowed the study of the 

influence of three critical factors, amount of solid lipid (X1), amount of liquid lipid (X2) and 

amount of EGCG (X3) on the three selected parameters. In this experimental design, 13 

different formulations were synthesized, with a triplication of the central point, resulting in 

15 formulations. The results of the 3 selected responses are presented in Table 7. Based 

on these results, the fitting models of polynomial equations of the main effects and 

interaction factors for size, EE and LC were statistically analyzed by calculating the P-

values with 95% confident level (Table 8). 

 

	  
	  
	  
	  
	  

Table 6 - Physicochemical characterization of the initial formulations: mean size, PDI, zeta potential, EE and LC  

 NLC placebo NLC-	  DSPE-PEG-
FA 

NLC EGCG  NLC-	  DSPE-PEG-
FA  EGCG  

Size (nm) 251 ± 44 285 ± 4 247 ± 27 331 ± 7 

PDI 0.14 ± 0.01 0.12 ± 0.04 0.21 ± 0.058 0.16 ± 0.07 

Zeta potential (mV) -31 ± 4 -24 ± 2 -33 ± 9 -27 ± 3 

EE (%) N/A N/A 91.1 ± 0.1 70 ± 17 

LC (%) N/A N/A 4.57 ± 0.06 2.4 ± 0.6 

 



	  
41 

Table 7 - Composition of the 15 formulations synthesized for the experimental design and correspondent 

characterization parameters: size, EE and LC. 

 Factors Responses 

Formulation Solid lipid (mg) 
(X1) 

Liquid lipid (mg) 
(X2) 

EGCG (mg) 
(X3) 

Size (nm) EE (%) LC (%) 

1 140 60 7 372.5 32.05 0.82 

2 180 60 7 401.4 61.01 1.36 

3 140 90 7 433.2 57.47 1.32 

4 180 90 7 434.9 57.73 1.17 

5 140 75 5 265.5 44.60 0.78 

6 180 75 5 206.5 65.51 1.00 

7 140 75 9 236.6 73.95 2.28 

8 180 75 9 301 74.67 2.03 

9 160 60 5 288.2 43.93 0.75 

10 160 90 5 321.3 61.13 0.95 

11 160 60 9 364.4 58.03 1.77 

12 160 90 9 410.7 63.62 1.37 

13 160 75 7 274.0 66.44 1.50 

14 160 75 7 256.1 72.97 1.65 

15 160 75 7 254.8 70.15 1.58 

 

As observed in the Table 8, the values of the coefficients are either positive or 

negative, which indicates a synergistic or an antagonistic effect, respectively. Interaction 

terms are represented by more than one factor and quadratic relationships are 

represented by higher order terms. Polynomial equations were statistically validated using 

ANOVA.  
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Table 8 - Summary of results of regression analysis for the considered responses (size, EE and LC).  The 

bold values refer to statistically significant, P≤0.05 with a 95% confidence interval. 

 
Size EE LC 

 
Coefficient P-value Coefficient P-value Coefficient P-value 

Intercept 336.350 0.000 57.808 0.000 1.300 0.000 

X1 9.000 0.507 12.712 0.008 0.088 0.574 

X1
2 -27.558 0.031 4.889 0.076 0.049 0.672 

X2 43.400 0.018 11.231 0.013 0.028 0.855 

X2
2 -121.308 0.000 12.895 0.002 0.359 0.021 

X3 57.800 0.006 13.774 0.006 0.994 0.001 

X3
2 36.792 0.0011 0.278 0.904 0.009 0.938 

X1X2 -13.600 0.480 -14.349 0.019 -0.342 0.160 

X1X3 61.700 0.018 -10.095 0.062 -0.239 0.301 

X2X3 6.600 0.726 -5,802 0.227 -0.295 0.213 

 

By the analysis of Table 8 it is possible to observe that the effect of the amount of 

solid lipid was only statistically significant for the EE. Since the value of the coefficient is 

positive, one can infer that an increasing amount of solid lipid induced a higher EE in a 

linear way. The amount of liquid lipid has a positive significant effect in the size of the 

particle and in the EE, which may be attributed to the creation of a less ordered crystalline 

structure that may increase particle size and, simultaneously, create a higher number of 

cavities to encapsulate EGCG. The amount of EGCG has a significant positive linear 

influence in all the evaluated responses, meaning that higher amounts of EGCG promoted 

an increase in the size, EE and LC of the nanoparticle. These results may be explained by 

the fact that an increase in the content of EGCG will allow a higher incorporation inside of 

the lipid matrix, which will result in an increase of the mean size of the NP. 
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Based on the polynomial models, the results of three-dimensional response 

surface analysis were plotted, representing the effect of the significant factors on each 

observed response (Figure 7).  

 

 
 
 
 
 
 
 

a) b) 

c) d) 
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Figure 7- 3-D response surface plots showing: (a) the effect of the amount of solid and liquid lipid in particle 

size, (b) the effect of the amount of EGCG and solid lipid in particle size, (c) the effect of the amount of EGCG 

and liquid lipid in particle size, (d) the effect of the amount of solid and liquid lipid in EE, (e) the effect of the 

amount of liquid and EGCG in EE, (f) the effect of the amount of EGCG and solid lipid in EE, (g) the effect of 

the amount of EGCG and liquid lipid in LC. 

 

To validate the prediction capability of the model and confirm the validity of the 

optimization procedure, the optimized formulation was produced and measurements of its 

size, EE and LC were performed. The composition of the optimized formulation was the 

following: 70 mg of liquid lipid, 180 mg of solid lipid and 9 mg of EGCG. This optimum 

formulation was based on the set criteria of maximum entrapment efficiency, maximum 

drug loading and a particle size of 350 nm. Table 9 shows the observed and predicted 

values for these parameters. It is possible to conclude that the observed responses were 

in good agreement with the predicted values for NPs size and LC. Interestingly, the 

observed value for the EE was higher than the predicted value. These results indicate that 

the experimental design could effectively predict the relationships between the dependent 

and independent variables and the established model contributed to a successful 

optimization of the functionalized NLC. 

f) e) 

g) 
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Table 9 -  Predicted versus observed values for the optimized NLC 

Dependent variables Predicted Observed 

Size (nm) 324.06 359.22 

EE (%) 72.93 84.93 

LC (%) 2.00 2.31 

 

3.3. Final formulations 

After determination of the ideal amounts of solid lipid, liquid lipid and EGCG to 

maximize the EE and LC and maintain the nanoformulations within a range of sizes 

suitable for oral administration (350 nm), 4 different formulations were produced: the 

placebo NLC (NLC placebo), functionalized placebo NLC (NLC-	   DSPE-PEG-FA), non-

functionalized EGCG-loaded NLC (NLC EGCG) and functionalized EGCG-loaded NLC 

(NLC-DSPE-PEG-FA EGCG). All the formulations appeared milky and homogeneous with 

absence of precipitates. EGCG-loaded formulations presented a relatively higher apparent 

viscosity comparing to the correspondent placebos. As shown in Figure 8 a slight color 

change of the different NLC can be observed after addition of DSPE-PEG-FA conjugate 

and EGCG, which makes each formulation easily identifiable: NLC placebo remained 

milky white, NLC	  DSPE-PEG-FA appeared pale yellow due to the presence of the orange 

DSPE-PEG-FA conjugate, NLC EGCG appeared light pink due to the addition of EGCG 

and NLC-DSPE-PEG-FA EGCG revealed a light orange color due to the addition of both 

EGCG and DSPE-PEG-FA.  

 

 

 

 

 

Figure 8 - Final nanoformulations before 1) and after 2) lyophilization: (a) NLC placebo, (b) NLC-DSPE-PEG-

FA, (c) NLC EGCG, (d) NLC-DSPE-PEG-FA EGCG 

1) a b c d 2) a b c d 
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3.4. Characterization of NLC 

3.4.1. Physicochemical characterization 

The synthesized nanoformulations were characterized in terms of size, PDI, zeta 

potential, EE and LC as shown in Table 11. It is possible to observe that the 

encapsulation of EGCG promoted a statistically significant increase (p<0.05) in terms of 

size comparing to the correspondent placebos, indicating that EGCG is in fact being 

entrapped, leading to a different rearrangement of the lipid matrix of the lipid NPs. PDI 

remained at values below 0.2, pointing to the presence of an homogenous population of 

NPs, with acceptable monodispersity [171]. Zeta potential of all the formulations was in 

the range of -30 mV, meaning that the NPs are stable in suspension, having no tendency 

to aggregate due to the repulsion forces promoted by their surface charge [172].  No 

statistically significant differences were found in terms of zeta potential between EGCG-

loaded and functionalized NLC comparing to the correspondent placebos and non-

functionalized formulations, which indicates that the functionalization and loading 

processes do not interfere with particles stability. High values of EE were obtained for 

both functionalized and non-functionalized NLC, although, as aforementioned, the 

functionalization appears to interfere with the lipids packaging, promoting a slight 

decrease in the EE of EGCG. By comparing the value of EE with the one from the 

preliminary formulation (Table 6) it is possible to conclude that the experimental design 

contributed to a considerable improvement on these parameters. All these 

physicochemical values were in agreement with the predicted values for the Box-Behnken 

design. 
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 Table 10 - Physicochemical characterization of the final formulations before lyophilization: size, PDI, zeta 

potential, EE and LC. Values represent mean ± SD (n=3); a p < 0.05 relatively to the placebo formulation (NLC 

placebo); b p < 0.05, relatively to the functionalized placebo formulation (NLC- DSPE-PEG-FA) 

 

After the lyophilization process, physicochemical parameters of the NLC were 

once again evaluated (Table 11). The results suggest that the lyophilization process 

promoted an increase in the size of the placebo nanoformulations. EGCG-loaded NLC did 

not show relevant alterations in terms of size, PDI and zeta potential. EE and LC also 

remained in very similar levels to the ones obtained before the freeze-drying process. 

These results demonstrated that the lyophilization process promoted minor alterations on 

of NLC physicochemical characteristics.  

 

Table 11 - Physicochemical characterization of the final formulations before lyophilization: size, PDI, zeta 

potential, EE and LC. Values represent mean ± SD (n=3) 

 
NLC placebo NLC-	  DSPE-PEG-FA NLC EGCG NLC-	  DSPE-PEG-FA 

EGCG 

Size (nm) 241 ± 8 
 

234 ± 21 
 

358 ± 19a 359 ±21b 

PDI 
 

0.14 ± 0.01 
 

0.16 ± 0.01 0.19 ± 0.01a 0.18 ± 0.01 

Zeta potential 
(mV) 

 
-30 ± 3 

 
-29 ± 1 -32 ± 3 -27.86 ± 0.51 

EE (%) N/A N/A 91 ± 1 85 ± 3 

LC (%) N/A N/A 2.50 ± 0.03 
 

2.31 ± 0.08 
 

 NLC placebo NLC-	  DSPE-PEG-FA NLC EGCG  NLC-	  DSPE-PEG-FA  
EGCG  

Size (nm) 
 

338 ± 5 
 

 
332 ± 4 

 
333 ± 12 313 ± 7 

PDI 
 

0.15 ± 0.01 
 

0.16 ± 0.03 0.17 ± 0.01 0.15 ± 0.03 

Zeta potential 
(mV) 

 
-31 ± 1 

 
-32 ± 4 -30.8 ± 0.8 -30 ± 1 

EE N/A N/A 95.6 ± 0.3 85 ± 3 

LC N/A N/A 2.62 ± 0.01 
 

2.31 ± 0.07 
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3.4.2. Differential Scanning Calorimetry (DSC) analysis  

DSC analysis was used to examine alterations in lipid matrix after drug loading 

and functionalization [173].  

DSC thermograms for the placebo, functionalized and EGCG-loaded formulations 

are presented in Figure 9 and specific parameters for the 4 formulations are shown in 

Table 12. It is possible to observe a broadening of the melting peak and a shift towards 

lower temperatures for EGCG-loaded and functionalized NPs compared to the NLC 

placebo. By the analysis of the table it is clear that the addition of both EGCG and DSPE-

PEG-FA conjugate promoted a decrease of the melting point and the onset of the melting 

curve when compared the placebo nanoformulation. This alteration can be attributed to 

the incorporation of EGCG or intercalation of DSPE inside the lipid matrix, which results in 

an increase in the number of defects in the lipid crystal lattice, creating crystal order 

disturbance thus decreasing the melting point of the lipid [173]. A schematic 

representation of the interaction between the ligand and EGCG in the lipid matrix is shown 

on Figure 10. These results suggest that the incorporation of both EGCG and DSPE-PEG-

FA in the NLC was efficiently performed. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 

Figure 9 - DSC thermograms of the synthesized nanoformulations (NLC placebo, NLC EGCG, NLC-DSPE-

PEG-FA and NLC- DSPE-PEG-FA EGCG) 

 
 

NLC Placebo 

NLC EGCG

NLC-DSPE-PEG-FA 

NLC-DSPE-PEG-FA EGCG 
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Table 12 - DSC parameters of the synthesized nanoformulations (NLC placebo, NLC EGCG, NLC- DSPE-

PEG-FA and NLC- DSPE-PEG-FA EGCG) 

Samples 
Melting point 

(ºC) 
ΔH 

(J/g) 
ΔTonset 

(ºC) 
ΔTend (ºC) 

NLC placebo 57.9 -56.04 55.9 60.6 

NLC EGCG 57.1 -76.95 46.0 61.6 

NLC-DSPE-PEG-FA 55.7 -64.30 49.8 60.6 

NLC-DSPE-PEG-FA EGCG 56.2 -70.46 44.3 59.9 

 

	  
 

 
 

 

 
 

Figure 10 - Effect of functionalization and drug incorporation on the lipid crystal lattice of the NLC. 
f	  

3.4.2. Morphology evaluation 

Transmission electron microscopy photographs of both lyophilized and non-

lyophilized formulations are presented in Figures 11 and 12, respectively. It is possible to 

notice that the vast majority of the produced NLC presents a spherical regular 

morphology, with no visible signs of aggregation. However, in EGCG-loaded formulations, 

some particles with irregular shapes were also found, which may be attributed to the 

presence of free EGCG or DSPE-PEG-FA conjugate.  

As shown in the figures, the majority of sizes varied between 100 to 300 nm, which 

correlates well with the DLS measurements. However, there are some particles with 

higher dimensions (approximately 500 nm). This differences between the DLS 

measurements and the TEM analysis can be explained due to the fact that in DLS an 

average of the sizes is obtained, while in TEM one can observe the real size of all the 

produced NLC. As shown in the figures, there are no visible differences between EGCG-

loaded and functionalized NLC, which indicates that the process of EGCG incorporation 

and functionalization did not affect the morphology of the particle. In addition, no 

differences were found in terms of morphology between lyophilized and non-lyophilized 

nanoformulations, which indicates that the freeze-drying process did not alter the 

morphology of the NPs. 
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Figure 11 - TEM photographs of lyophilized formulations (A) NLC Placebo, Magnification 25000X         (B) 

NLC- DSPE-PEG-FA, Magnification 50000X, (C) NLC EGCG, Magnification 25000X, (D) NLC- DSPE-PEG-

FA EGCG 50000X 

 

Figure 12 - TEM photographs of non-lyophilized formulations (A) NLC Placebo, Magnification 100000X         

(B) NLC- DSPE-PEG-FA, Magnification 50000X, (C) NLC EGCG, Magnification 25000X, (D) NLC- DSPE-

PEG-FA EGCG 25000X 
	  

0.5 µm 200 nm 

0.5 µm 200 nm 

A B 

C D 

100 nm 200 nm 
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A B 

C D 
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3.4.4. Stability studies  

The physical stability of NLC upon storage was evaluated over a period of 8 

weeks. NLC were stored at 4ºC protected from light. During this time periodic 

measurements of the particle size, PDI, zeta potential, EE and LC were performed. As 

shown in Figure 13 a decrease in the size of functionalized and non-functionalized 

placebo formulations occurred over time. However, after 2 months, no statistically 

significant differences compared to the week 0 are observed. In terms of polydispersity, 

significant different values were found in week 1, while remaining at similar levels of the 

ones from week 0 for the rest of the duration of the study. After 8 weeks one can conclude 

that PDI remains stable. Concerning the EGCG-loaded nanoformulations, no statistically 

significant differences in terms of size were detected until week 4 were a slight decrease 

in the size of non-functionalized EGCG-loaded NLC was detected and week 8 where a 

slight increase in the size of functionalized EGCG-loaded NLC was determined. In terms 

of PDI, with exception of week 1, no statistically significant differences were found. These 

results demonstrated that EGCG-loaded NPs appeared to be more stable than its placebo 

counterparts in terms of size and PDI over time, which indicates that EGCG may help 

stabilize the nanoformulation.	  	  

 
Figure 13 - Effect of time of storage on size and PDI of the nanoformulations. Bars represent size (left Y axis) 

and symbols the PDI (right Y axis). Values represent the mean ± SD (n=3), (*) denotes statistically significant 

differences relatively to the correspondent week 0 (P<0.05) 
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In terms of zeta potential (Figure 14), a slight decrease was observed for some of 

the formulations after 4 and 8 weeks of storage. However, for functionalized EGCG-

loaded formulations, no significant changes of zeta potential were detected during the 

period of the study. 

 

 

 

 

 

 

 

Figure 14 - Effect of time of storage on EE of EGCG-loaded nanoformulations functionalized and non-

functionalized with DSPE.PEG-FA conjugate. Values represent the mean ± SD (n=3), (*) denotes statistically 

significant differences relatively to the correspondent week 0 (P<0.05). 

	  

In addition, to the study of size and zeta potential upon storage, an evaluation of 

NLC EE was also performed to verify the occurrence of EGCG leaking over time. As 

shown in Figure 15, no statistically significant differences were detected in terms of EGCG 

EE for functionalized NLC during the 8 weeks of the study, while a slight decrease was 

detected in week 8 for non-functionalized NLC. This indicates that the variations in terms 

of physical stability detected over time did not significantly influence the EE of the drug 

over time, thus highlighting the stability of the nanoformulations. 
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Figure 15 - Effect of time of storage on EE of EGCG-loaded nanoformulations functionalized and non-

functionalized with DSPE.PEG-FA conjugate. Values represent the mean ± SD (n=3), (*) denotes statistically 

significant differences relatively to the correspondent week 0 (P<0.05). 

 

3.4.5. In vitro release study 

 To analyze the release of EGCG from the nanoformulations upon oral 

administration, an in vitro release study was performed. EGCG-loaded NLC were 

immersed in simulated gastric fluid for 3 hours and simulated intestinal fluid for the 

remaining 23 hours to mimic the conditions of the gastrointestinal tract and predict the in 

vivo release behavior of EGCG from the lipid NPs. The cumulative percentages of EGCG 

released from the NLC are presented in Figure 16. It is possible to notice that in the first 3 

hours, corresponding to the passage through the stomach, only a very small amount of 

EGCG was released, approximately 13% and 9% of the initial amount for functionalized 

and non-functionalized NLC, respectively. After 3 hours, NLC were incubated in intestinal 

medium. In this conditions, a sustained release of catechin was observed with only 19% 

and 13% of EGCG being released from functionalized and non-functionalized NLC, 

respectively during 5 hours. After 21 hours, a stabilization of the release profile of EGCG 

was observed, with a maximum cumulative release of 48% and 34% for functionalized 

and non-functionalized NLC, respectively. These results suggests that, after passage 

through the gastrointestinal tract 52% and 66% of EGCG will remain encapsulated in the 

functionalized and non-functionalized NLC, respectively, being able to be absorbed in the 

intestine, enter the blood circulation and reach cancer cells through active targeting. This 

demonstrates that the produced nanoformulations are effective for an oral route of 
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administration, retaining more than half of the initial amount of EGCG inside their lipid 

matrix following passage through the gastrointestinal tract. As clearly demonstrated in the 

release profile, functionalized NLC released a larger amount of EGCG, which can be 

attributed to the addition of the conjugate DSPE-PEG-FA, which can influence the 

packaging of the lipids, promoting a higher release of EGCG. This result correlates well 

with the EE, which was also determined to be slightly lower than in the non-functionalized 

NLC.  

 

 

 

 

 

 

 

 

 

Figure 16 - In vitro EGCG release profile from functionalized and non-functionalized EGCG-loaded NLC in 

simulated gastric (pH=1.6) and intestinal (pH=6.5) fluids. Values represent mean ± SD (n=3). 

	  

3.5. Caco-2 cell viability and cytotoxicity assays 

	   To evaluate the toxic effects of the designed lipid NPs in the intestinal mucosa, cell 

viability and toxicity assays were performed using Caco-2 cell line (Figure 17). Cells were 

incubated for 4 hours with free EGCG and EGCG-loaded NLC within a range of 

concentrations of 5 to 500 µM and the equivalent solid amounts of placebo NLC. 

Treatments with Triton X-100 and culture medium (DMEM) were used as controls.  
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Figure 17 - Morphology of confluent Caco-2 cells observed by inverted microscope. Magnification 100x 

 

By the analysis of the results from MTT assay (Figure 18) it is possible to observe 

that free EGCG only presented toxic effects for the highest concentration tested (500 µM). 

Placebo formulations also presented a toxic effect after treatment with the equivalent solid 

amount of NLC placebo and NLC-DSPE-PEG-FA, which indicates that the formulation per 

se presents some associated toxicity only at the highest concentrations tested. EGCG-

loaded NPs promoted a significant decrease in cell viability with increasing EGCG 

concentrations However, at concentrations of 25 µM EGCG or lower there were no 

significant cytotoxic effects, which suggests that this concentration range can be explored 

for a future intestinal cell permeability study or even for an efficacy test in a cancer cell 

line.           

 LDH assay (Figure 19) shows that free EGCG promoted a significant level of cell 

membrane damage at concentrations higher than 10 µM, while the placebo NLC interfere 

with cell membrane integrity only at the highest concentration tested. EGCG-loaded NPs 

induced cytotoxicity at concentrations higher than 50 µM, which is in agreement with the 

results obtained from the MTT assay, showing that concentrations of 25 µM or lower do 

not induce significant levels of toxicity. The LDH results showed that free EGCG presents 

some associated cytotoxicity, which may explain the fact that EGCG-loaded formulations 

promoted a higher amount of cell membrane damage that its placebo counterparts. On 

the other hand, the incorporation of EGCG inside the NLC seems to reduce some of its 

associated membrane toxicity, up to 25 uM. 
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Figure 18 - Caco-2 cell viability assessed by MTT assay after 4 hours of exposure to the different 

nanoformulations at increasing concentrations of EGCG (or the equivalent solid amount of placebo NLC). 

Values represent the mean ± SD (n>3), Results were compared with DMEM medium, which represents the 

maximum of cell viability. (*) denotes statistically significant differences (P<0.05) 
 

 

Figure 19 - Caco-2 cell viability assessed by MTT assay after 4 hours of exposure to the different 

nanoformulations at increasing concentrations of EGCG (or the equivalent solid amount of placebo NLC). 

Values represent the mean ± SD (n>3), Results were compared with DMEM medium, which represents the 

maximum of cell viability. (*) denotes statistically significant differences (P<0.05) 
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3.6. Efficacy test on breast cancer cell line MDA-MD-231 and synergistic 
activity with 4-OHT 

In this assay, the efficacy of EGCG-loaded formulations on the breast cancer cell 

line MDA-MB-231 were determined (Figure 20). In addition, the combined effects of 

EGCG-loaded NLC and the cytostatic 4-OHT were also analyzed to verify the occurrence 

of synergy between EGCG and the drug, as reported previously for the free compounds 

[174, 175]. Tamoxifen is one of the first-line therapies for advanced breast cancer in 

postmenopausal women, which supports the potential use of these combination therapy in 

a future clinical application [176]. The aim of this assay was to verify if EGCG 

encapsulation could further improve the reported synergistic effect. Cells were incubated 

for 24 hours with 25 µM of each EGCG-loaded NLC or the correspondent placebo 

nanoformulations in conjugation with 50 µM of 4-OHT. The 25 µM EGCG concentration 

used was previously determined to be non-cytotoxic to intestinal Caco-2 cells as shown 

before.. Cell viability was assessed through MTT assay. The efficacy of the developed 

EGCG-loaded NPs to treat breast cancer was tested by measuring cell viability of MDA-

MB-231 through MTT assay. All conditions were compared to RPMI medium positive 

control.         

 

 

 

 

 

 

 

Figure 20 - Morphology of MDA-MB-231 cells observed by inverted microscope . Magnification 100x 
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As presented in Figure 21 A, EGCG-loaded NLC were significantly cytotoxic 

towards MDA-MB-231 cells, promoting a decrease of more than 50% in cell viability. This 

result suggests that nanoformulations increase the delivery of EGCG to breast cancer 

cells, which can then exert its effect and induce cell death. Another important aspect is the 

fact that apparently, functionalized NLC formulations promoted a higher decrease in cell 

viability comparing to their non-functionalized counterparts. This may occur due to active 

targeting and an increment of the NLC uptake in cancer cells, where the folic acid 

receptors are overexpressed.. This hypothesis, however, lacks further confirmation 

through the development of cellular uptake assays. After the study of the effect of NLC on 

breast cancer cell viability, their ability to synergize with 4-OHT was then determined. 

Figure 21 B shows the combination treatment of both nanoformulation and 4-OHT. It is 

possible to observe a decrease in cell viability after combination of 4-OHT with EGCG-

loaded functionalized NLC, which is a good indicator of a possible synergistic effect of 

EGCG and the drug. However, as already mentioned this study lacks further repeats. In 

addition, since the cell viability is very low, the concentration of 4-OHT should be reduced, 

to better analyze the effects of the combination treatment and obtain statistical significant 

results. 

 

Figure 21 - Evaluation of nanoformulations efficacy on MDA-MD-231 breast cancer cell line individually and in 

combination with cytostatic 4-hydroxytamoxifen (4-OHT). Cells were treated for 24 hours with 25 µM of each 

nanoformulation and free catechin individually (A) and in combination with 50 µM of 4-OHT (B). Cell viability 

was assessed by MTT assay. Results were compared with RPMI medium, which represents the maximum of 

cell viability. *denotes statistically significant differences (P<0.05 
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CONCLUSION 
 

 

EGCG is the major bioactive component in green tea with many health benefits, 

including anti-cancer activity, which has been demonstrated in in vitro and in vivo models 

and corroborated by some clinical and epidemiological studies. Despite that, this catechin 

it is still not currently used in clinical settings due to its limited bioavailability and stability.  

To overcome these limitations and promote a cancer cell-targeted EGCG delivery 

folic acid-functionalized NLC were synthesized and optimized. The nanoformulations 

presented a size above 250 nm, which is suitable for an oral delivery route of 

administration, and a highly negative zeta potential around -30 mV, indicating good 

stability. The EGCG EE was higher than 80%. TEM analysis demonstrated that NLC 

presented a spherical regular morphology and DSC studies revealed that the 

incorporation of EGCG and the targeting ligand induced a disturbance in the crystal order 

of the lipid matrix of the NLC. Stability studies revealed minor alterations in terms of 

physicochemical properties over a period of 8 weeks, highlighting the stability of the 

nanoformulation. A sustained release profile of EGCG in simulated gastrointestinal fluids 

was obtained, with more than 50% of total EGCG encapsulated inside the lipid matrix after 

26 hours. Viability and cytotoxicity studies in intestinal Caco-2 cells revealed that 

concentrations above 25 µM are not toxic to the cells. Cytotoxicity assays in breast cancer 

cells MDA-MB-231 demonstrated a significant decrease in cell viability after treatment with 

25 µM of each EGCG-loaded nanoformulation, suggesting an increase in the delivery of 

EGCG to cancer cells. A combination treatment with the cytostatic drug tamoxifen induced 

a demarked reduction in cell viability, pointing that EGCG encapsulation may help improve 

the synergistic effect between the two compounds.  

These results suggest that functionalized NLC are suitable carriers for oral 

administration of EGCG, protecting it from the gastrointestinal hash conditions and 

increasing its bioavailability. These nanodelivery vehicles hold great promise for a future 

clinical application as innovative supplements for cancer prevention and as adjuvant 

chemotherapeutic agents when combined with conventional cytostatic drugs, such as 

tamoxifen. 
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FUTURE PROSPECTS 
	  
 

A permeability study in Caco-2 cell monolayers should be performed to predict if 

the final formulation is able to enhance EGCG permeability in the intestine. This assay 

should be performed in folic acid-free culture medium to better evaluate the influence of 

the functionalization. Since Caco-2 cells express folate receptors, the functionalized NPs 

are expected to increase EGCG permeability in Caco-2 monolayer.   

 A higher number of assays would be necessary to better evaluate the anti-cancer 

activity of EGCG-loaded nanoformulations in MDA-MB-231 breast cancer cell line, as well 

as its synergistic activity with 4-OHT. With that purpose, the concentrations and the 

incubation times should be further optimized. In addition, uptake assays should be 

performed to confirm if the functionalization process can efficiently increase the uptake of 

the NPs in breast cancer cells, promoting an effective active targeting. 

In vivo studies in healthy and animal models of breast cancer would also be 

necessary to evaluate the biodistribution, efficacy and toxicity of the nanoformulations. 
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Abstract: Cancer is one of the leading causes of morbidity and mortality all over the world.
Conventional treatments, such as chemotherapy, are generally expensive, highly toxic and lack
efficiency. Cancer chemoprevention using phytochemicals is emerging as a promising approach
for the treatment of early carcinogenic processes. (´)-Epigallocatechin-3-gallate (EGCG) is the
major bioactive constituent in green tea with numerous health benefits including anti-cancer activity,
which has been intensively studied. Besides its potential for chemoprevention, EGCG has also
been shown to synergize with common anti-cancer agents, which makes it a suitable adjuvant in
chemotherapy. However, limitations in terms of stability and bioavailability have hampered its
application in clinical settings. Nanotechnology may have an important role in improving the
pharmacokinetic and pharmacodynamics of EGCG. Indeed, several studies have already reported
the use of nanoparticles as delivery vehicles of EGCG for cancer therapy. The aim of this article is
to discuss the EGCG molecule and its associated health benefits, particularly its anti-cancer activity
and provide an overview of the studies that have employed nanotechnology strategies to enhance
EGCG’s properties and potentiate its anti-tumoral activity.

Keywords: green tea; EGCG; cancer; nanotechnology; nanochemoprevention; anti-cancer therapy

1. Introduction

Cancer is a disease characterized by an excessive and uncontrolled growth of cells that can
metastasize to several organs and eventually cause death of the host [1]. This disease is one of the
leading causes of morbidity and mortality all over the world [2]. In 2012, approximately 14.1 million
new cases were diagnosed and 8.2 million cancer-related deaths occurred worldwide [3]. By 2025,
19.3 million new cases are expected to emerge each year [4]. The costs associated with cancer are
also a major matter of concern. In 2013, the total healthcare expenditure associated with cancer in the
US was $74.8 billion [1]. Conventional treatments for the disease include surgery, hormone therapy,
radiation and chemotherapy [1]. Chemotherapy is the main treatment for most cancers in advanced
stage [5]. This therapeutic has, however, several limitations such as high costs, lack of efficiency and
elevated toxicity, causing various side effects, including anemia, exhaustion, nausea and hair loss,
which greatly impacts quality of life [5–7]. Therefore, it is essential to explore and develop novel
strategies to minimize the undesirable effects of chemotherapy and increase its anti-cancer efficacy [5].

The use of natural compounds, such as phytochemicals has emerged as a potential strategy for
cancer management. These compounds are of great interest due to their high spectrum of biological
activity, low cost and minimal side effects [8,9]. One popular phytochemical with great potential is
found in green tea, which is a healthy beverage consumed worldwide and produced from the leaves
of Camellia sinensis [8,10]. (´)-Epigallocatechin-3-gallate (EGCG) is the most abundant and the most
biologically active catechin in green tea and its role in cancer treatment has been intensively studied [11].
EGCG chemopreventive and chemotherapeutic activity has been demonstrated in several in vitro and
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