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PROLOGUE 
  

The interdisciplinary work presented in this Thesis concerns the chemical bio-
functionalization of nano- and micro-particles for the preparation of nano- and micro-
tools, whose functionality targets sensing and therapy in living cells 

It is presented as a compendium of publications because most of the results derived 
from it have already been published or are in the process of publication. Therefore, the 
Thesis manuscript includes two original research articles, corresponding to a substantial 
part of the work, and a review used as a means of introduction.  The rest of the 
manuscript (Chapters 2.3, 3 and 4) has been organized and written using the format of 
articles, because it corresponds to results that are pending submission for publication. 
Furthermore, every Chapter contains a brief introduction of the field and the specific 
objectives before the article, and the Results and Discussion, Experimental, References 
and Conclusions sections are included within each manuscript.  

The Thesis is structured in 7 Chapters, which can be briefly described as follows: 

 

I) Chapter 1 is the Introduction and includes the context and the general objectives of 
the work. A review based on the use of the supramolecular chemistry in Nanomedicine 
has been included in introduction: 

Supramolecular chemistry for Nanomedicine, Penon, O.; Rodrigues, M. and Pérez-
García, L. Recent Advances in Pharmaceutical Sciences III, 2013, 1-20, ISBN: 978-81-
7895-605-3. 

 

II) Chapter 2 describes the biofunctionalization of encoded microparticles for 
extracellular cell tagging. From this work, one manuscript has been published and 
another article is in revision.  

Efficient Biofunctionalization of Polysilicon Barcodes for Adhesion to the Zona 
Pellucida of Mouse Embryos. Penon, O.; Novo, S.; Durán, S.; Ibañez, E.; Nogués, C.; 
Samitier, J.; Duch, M.; Plaza, J. A.; Pérez-García, L. Bioconjugate Chemistry 2012, 23, 
2392-2402. 

Optimized immobilization of lectins using self-assembled monolayers on 
polysilicon encoded materials for cell tagging. Penon, O.; Siapkas, D.; Novo, S.; 
Durán, S.; Oncins, G.; Errachid, A.; Barrios, L.; Nogués, C.; Duch, M.; Plaza J.A. and 
Pérez-García, L., Surface and Colloids B: Biointerfaces. - under review.  

Additionally, two more articles have been published and a third one has been 
accepted for publication describing the application of the new microtools prepared in 
the thesis for the tagging of the embryos of mice, bovine and humans, respectively. 
These three articles have not been included as part of this doctoral Thesis because they 
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show mainly biological data concerning the interaction between embryos and the 
prepared microtools. 

Direct embryo tagging and identification system by attachment of 
biofunctionalized polysilicon barcodes to the zona pellucida of mouse embryos. 
Novo, S.; Penon, O.; Barrios, L.; Nogués, C.; Santaló, J.; Durán, S.; Gómez-Matínez, 
R.; Samitier, J.; Plaza, J. A.; Pérez-García, L.; Ibáñez, E. Human Reproduction 2013, 
28, 1519-1527.  

Identification of bovine embryos cultured in groups by attachment of barcodes to 
the zona pellucida. Novo, S.; Morató, R.; Penon, O.; Duran, S.; Barrios, L.; Nogués, 
C.; Plaza, J. A.; Pérez-García, L.; Mogas, T and Ibáñez E. Reproduction, Fertility and 
Development 2013 http://dx.doi.org/10.1071/RD13066. 

Barcode tagging of human oocytes and embryos to prevent mix-ups in assisted 
reproduction technologies. Novo, S; Nogués, C.; Penon, O; Barrios, L., Santaló, J., 
Gómez-Martínez, R.; Esteve, Errachid A., Plaza, J.A.,Pérez-García, L., Ibáñez, E. 
Human Reproduction – accepted for publication. 

 

III) Chapter 3 details the preparation of microtools for sensing intracellular 
parameters, such as pH and calcium. The selection of their components includes the use 
of an aminoanthracene derivative as a potential pH photoinduced electron transfer-based  
chemosensor, for which the synthesis, characterization and immobilization on silicon 
microparticles are described. From the results included in Chapter 3, an article for an 
international journal is in preparation. 

Synthesis and immobilization of aminoanthracene derivatives onto silicon 
microparticles as intracellular pH photoinduced electron transfer-based 
chemosensor. Penon, O.; Rodríguez, L.; Duran, S; Plaza, J. A. and Pérez-García, L. - in 
preparation 

On the other hand, preliminary results concerning the preparation of an 
aminoanthracene derivative as a model for calcium sensing are included as an appendix 
at the end of the Chapter. 

 

IV) Chapter 4 is devoted to the preparation of nanotools potentially suitable for 
photodynamic therapy, and includes preliminary experiments of their activity in cancer 
cells. The approach to this goal relies on the use of conveniently modified porphyrins as 
photosensitizers. The work included in this Chapter describes the synthesis and 
characterization of different porphyrins, and their immobilization onto either iron oxide 
or gold nanoparticles, as new platforms for photodynamic therapy. Part of this work has 
been done during a stay at the University of East Anglia (Norwich, UK) in the group of 
Prof. David Russell. From the work included in this Chapter, publication of three 
original articles is expected. 
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Synthesis of novel porphyrin modified iron oxide nanoparticles for photodynamic 
therapy. Penon, O.; Marín, M. J., Amabilino, D.; Russell, D.; Pérez-García, L. Journal 
of Physical Chemistry C. – in preparation 

Novel porphyrin functionalized water-soluble gold nanoparticles as carriers of 
photosensitizers in photodynamic therapy. Penon, O.; Patiño, T.; Nogués, C.; 
Amabilino, D.; Wurst, K.; Pérez-García, L. Organic & Biomolecular Chemistry - 
submitted for publication. 

Novel water soluble multifunctionalized anti erbB2-porphyrin-PEG-gold 
nanoparticles for photodynamic therapy. Penon, O.; Marín, M. J., Russell, D.; Pérez-
García, L – in preparation. 

 

V) Chapter 5 describes the synthesis and supramolecular characterization of different 
oligophenylporphyrins as components for molecular rotors, once immobilized on 
surfaces. From this work, one manuscript has been published. 

Multiply biphenyl substituted zinc (II) porphyrin and phthalocyanine as 
components for molecular materials. Penon, O.; Marsico, F.; Santucci, D.; Rodriguez, 
L.; Amabilino, D. and Pérez-García, L. Journal of Porphyrins and Phthalocyanines 
2012, 16, 1293-1302. 

 

VI) Chapter 6 includes the conclusions. 

 

VII) Chapter 7 summarizes the results that have been obtained during this work.  

 

- An appendix is also added, containing the dissemination of the results.   
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1.1 CONTEXT OF THE WORK 

Nanomedicine is defined as the use of nanotechnology for medical applications, such 
as therapy, diagnosis, imaging or tissue regeneration. The use and preparation of 
nanomaterials is one of the principal gears in Nanomedicine that is being investigated in 
the last years.1 Nanomaterials can be obtained by two different approaches: the top 
down and the bottom up methodologies. The top down approach consists mainly on 
engineering methodologies while the bottom up is based on the use of supramolecular 
chemistry, which relies mainly in self-assembly processes to build nanomaterials.  

The present thesis includes the study and the preparation of novel nanomaterials, 
using bottom up processes, trying to obtain new micro and nanosystems, being potential 
tools in Nanomedicine and Nanotechnology. Self-assembly procedures have been the 
common point for the preparation of all these bioactive systems. Self-assembly is a 
process based on the spontaneous organization of molecules forming a well ordered 
structure,2 and self-assembled monolayers (SAM) are the functional component of the 
micro and nanotools described in this thesis. They are formed by three main elements: 
a) a metallic or inorganic substrate, in particular polysilicon surfaces or iron oxide and 
gold nanoparticles, b) a self-assembled monolayer as linker and c) a bioactive molecule 
(Figure 1.1).  

b)

a)

c)

 
Figure 1.1 Schematic representation of a) elements of a micro/nanotool, b) SAM on a 

surface as a microtool and c), functionalized metallic or inorganic nanoparticle as a nanotool.  

Consequently, the study and the preparation of self-assemblies, incorporating 
different biological functionalities to the materials have been the guiding line in all this 
thesis. In particular, different tools are investigated in this work, corresponding to 
promising platforms for sensing or therapy in living cells.  Extracellular sensing is 
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useful to learn about the behaviour of individual cells, the cell’s movement or the 
relationship between cells in a culture. Otherwise, extracellular sensing includes the 
cellular tagging, an interesting area of research that aims individual cell identification.3 
Several methods for tracking cells have been developed in the last years, most of them 
based on structures at nanometrical size or in fluorescent probes, being systems that 
need complex and expensive equipments. In this context, the design of biocompatible 
micrometric devices is aimed in order to get biofunctionalized microparticles that could 
afford an easy cell identification. Biofunctionalization is understood as the preparation 
of a self-assembled monolayer on a certain inorganic or metallic surface and 
subsequently, the immobilization of a bioactive molecule.4 Biofunctionalization is a 
crucial procedure for the described microtool and so, the optimization of SAM 
formation as well as the biomolecule immobilization have been studied in order to get 
an optimal bioactive microtool for extracellular cell tagging.  

On the other hand, intracellular sensing of different intracellular parameters is crucial 
to know the state of an individual cell.5  In particular, pH values and calcium levels are 
important parameters that have been currently investigated because of their role in many 
cell processes, and because changes of the standard values can be related to certain cell 
pathologies.6-7 Thus, the preparation of intracellular sensors based on biofunctional 
microparticles could result a good alternative of the existing sensors, because they may 
be less toxic and because their micrometric size could allow an individual cell sensing 
and an easy identification.  

Concerning the applications of hybrid nanomaterials in therapy, several devices, 
mainly based on bioactive compounds immobilized on nanoparticles have been 
currently described.8 Nanoparticles, specially metallic or inorganic nanoparticles such 
as gold or iron oxide nanoparticles, have been extensively investigated thanks to their 
easy fabrication, biocompatibility and multifunctionalization capability.9-10 Drug 
delivery is one of the main biological applications of these nanoparticles because they 
are able to incorporate a particular bioactive molecule or drug, and deliver it to a certain 
tissue or cell.11 For instance, a nanoparticle could incorporate a drug, and an antibody 
could be immobilized onto the nanoparticle to target specifically the nanosystem to the 
damaged tissue.  

Recently, drug delivery has focused specially in cancer therapy because it is well-
known that many side effects are associated with the majority of the cancer treatments, 
due to the low specificity of the anticancer therapies. Thus, a great variety of modified 
nanoparticles have been described currently trying to enhance the localization of the 
therapeutic action. Alternatively, another mechanism that could increase the specificity 
of the drug is photodynamic therapy (PDT).12 PDT is based on the use of specific 
molecules (photosensitizers), that in presence of a specific light, they are activated 
inducing cell death by production of reactive oxygen species. Combination of the use of 
nanoparticles and PDT results a challenge that could improve enormously the therapy, 
diminishing the secondary effects associated.13 Despite this anticancer approach is 
promising, only a few reports have been described in the literature based on the 
incorporation of photosensitizers onto nanoparticles.14-15 Thus, this encouraging field 
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needs to be explored deeply, concerning the preparation of novel photosensitizers, 
specially porphyrins, in order to functionalize metallic or inorganic nanoparticles and to 
study their capability to produce radical oxygen species in order to be useful for PDT. 
Porphyrins are one of the most studied photosensitizers in PDT, considering that few 
porphyrin derivatives are clinically used in some cancer treatments. Additionally, 
preparation of novel porphyrins is a very attractive topic because porphyrins have been 
also used in different areas such as electronics, photovoltaics or as components as 
molecular machines.16  
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1.2 STATE OF THE ART   

The following review introduces the use of the supramolecular chemistry in 
Nanomedicine. An overview of the research area has been described, introducing the 
use of gold nanoparticles and self-assembled monolayers for biological applications.  
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1.3 OBJECTIVES 

The general objectives of this thesis are: 

� Selection of the components and preparation of silicon encoded microtools for 
cell tagging. 

� Preparation of microtools for intracellular sensing of pH and calcium, using 
immobilized fluorescent probes. 

� Synthesis and characterization of metallic and inorganic nanoparticles 
functionalized with porphyrins, and testing their suitability for photodynamic 
therapy. 

� Synthesis of metallo-porphyrins as potential components of molecular rotors. 

 

Otherwise, the following specific objectives have been proposed:  

- Preparation of microtools for cell tagging and sensing (Chapter 2 and 3): 

I) Optimization of the SAM formation onto silicon surfaces in order to find a 
standard methodology for the preparation of a SAM. 

II) Characterization of the SAM in silicon. 

III) Protein immobilization, of lectins in particular, using the described SAMs. 
Quantification of the amount of immobilized lectin in order to known the 
percentage of protein coverage in the microtool. 

IV) Evaluation of the adhesion rates of the microtool to the zona pellucida of 
embryos. 

V) Analysis of the viability of the tagged embryos. 

VI) Synthesis of aminoanthracene derivatives as photoinduced electron transfer 
fluorescent chemosensors. 

VII) Fluorescent spectroscopy measurements, concerning the capability of the 
aminoanthracene derivatives to sense pH and calcium. 

VIII) Aminoanthracene derivatives immobilization onto silicon microparticles to 
obtain functional microparticles for intracellular measurements. 

   

- Preparation of nanotools for photodynamic therapy (Chapter 4): 

I) Synthesis and isolation of dissymmetrical porphyrins containing different 
functional groups such as, thiols, carboxylic acids or alcohols, to obtain water 
soluble nanoparticles. 

II) Synthesis of iron oxide nanoparticles and porphyrin derivatives immobilization. 
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III) Characterization of the functionalized iron oxide nanoparticles and study of the 
singlet oxygen production. 

III) Immobilization of a thiolated porphyrin onto gold nanoparticles and 
incorporation of polyethyleneglycol, for the preparation of water soluble 
nanoparticles. 

IV) Antibody immobilization (anti-erbB2) onto the modified water soluble 
nanoparticles in order to increase the recognition of the nanotool for the cancer 
cells. 

IV) Study and quantification of the singlet oxygen formation of the functionalized 
gold nanoparticles.  

 

- Preparation of metallo-porphyrin derivatives as molecular materials (Chapter 5): 

I) Synthesis of Zinc porphyrin derivatives as elements for be used in the area of 
molecular materials.  

II) Characterization using the 1H-NMR spectroscopy in order to know the 
aggregation level of the porphyrin in solution.  

III) Photochemical characterization of the new compounds. 

 

However, every chapter of the present thesis contains its detailed objectives. 

1.3.1 Selection of the components of the micro and nanotools. 

Different materials at the micro and nanoscale have been proposed as support for the 
assembly of the bioactive molecules. Self-assembly processes of a variety of 
compounds have been intensely studied using two types of particles: 

- Polysilicon microparticles:  

Silicon microparticles are obtained using photolithography procedures, and are 
microfabricated by the group of Dr. J.A. Plaza (Instituto de Microelectrónica de 
Barcelona, CSIC). Two types of microparticles have been used: a) encoded 
microparticles (dimensions of 10 x 6 µm2) as cell tagging tools, and b) square 
microparticles (dimensions of 3 µm2) that are designed for incorporation in cells. 
Working with these materials, the immobilization of proteins or organic compounds can 
be achieved through the formation of self-assembled monolayers on the polysilicon 
surface acting as a linker between the microparticles and the bioactive component.  

- Metallic and inorganic nanoparticles:  

Gold and iron oxide nanoparticles have been selected in this case as drug delivery 
systems for photodynamic therapy. Consequently, the synthesis of novel 
photosensitizers based on porphyrin derivatives is proposed, as well as their 
immobilization onto the nanoparticles.  
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CHAPTER 2 
Self-assembled monolayers (SAM): 

biofunctionalization of silicon encoded 
microparticles for cell tagging 
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2.1 INTRODUCTION AND OBJECTIVES 

2.1.1 INTRODUCTION 

Individual cell tracking is of great interest in Nanomedicine as a tool to evaluate 
individual cell behaviour under different conditions, such as cell survival, cell 
movement or the relationship with other cells.1-2 Encoded nano and micromaterials have 
been envisaged to follow different cell populations mixed in the same culture or to 
distinguish a subpopulation of cells in vivo.3-4 The systems used actually for cell 
tagging are based on nanometric structures such as quantum dots5 (Figure 2.1a), 
nanodiamonds6 (Figure 2.1b) or microparticles7 (Figure 2.1c). In these devices, 
fluorescence detection sophisticate equipment is normally needed to afford the cell 
identification; also, they are sometimes toxic, expensive and with low versatility.  

 

  

  

Figure 2.1 a) Fluorescence micrograph of a mixture of CdSe/ZnS Quantum Dots as cell tags. 
b) Image, with arrows showing 16 nanodiamonds found to be localized with endosomes. c) 
Optical (left) and Scanning Emission Microscopy (right) images of Au-Ag multistripe particle.  

Therefore, this part of the work proposes a novel approach for cell tagging based on 
the immobilization of adhesion proteins, which would like to achieve:  

a) High specificity and versatility because different biomolecules could be 
immobilized onto the microparticle achieving specific cell recognition. 

 

a) b) 

c) 
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b) Easy identification of the tag system because the size and the design of the 
microparticle allows the reading of the silicon barcode with a simple optical 
microscope.  

c) Robust cell tagging system with high viability of the tagged embryos. 

d) High retention rates of the microtool, being useful during all the embryos 
development. 

This novel device consists of three main components: a) a microparticle made of 
polysilicon and designed to be used as a barcode, b) a self-assembled monolayer which 
will act as the linker between the microparticle and the bioactive molecule and c) a 
biomolecule, in this case proteins of the lectin family, capable of recognize a biological 
receptor - specific cell membrane carbohydrates - thus defining the extracellular tagging 
microtool (Figure 2.2).  

 
Figure 2.2 Schematic representation of the components of the microtool. 

In this chapter, the study of self-assembled monolayers (SAM) formation on 
polysilicon surfaces is described, yielding a biofunctional microtool for individual cell 
tagging. Despite a variety of methods concerning SAM preparation onto silicon 
supports have been reported,8-9 it was difficult to found a standard protocol that could 
ensure an optimal biofunctionalization on polysilicon.10 Alternatively, the optimization 
of the self-assembled monolayer protocol in silicon surfaces needs also to be 
investigated with accuracy because the preparation of SAM as well as the subsequent 
protein immobilization are the crucial points influencing the bioactivity of the protein 
and the functionality of the corresponding microtool. The robustness of the 
biofunctionalization methodology resulted decisive for the functionality of the 
microtool as cell tag, being very important in the activity of the immobilized protein. 
Thus, a novel microtool suitable for cell tagging is aimed in this work, and the 
biofunctionalization methodology, using a SAM, of encoded silicon microparticles is 
proposed.  
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2.1.2 OBJECTIVES 

The present interdisciplinary work involves the biofunctionalization of silicon 
surfaces through a SAM, to obtain micronanotools able to interact with biological 
material and act as cell tags. The specific goals of this chapter are: 

I) Selection of the components of the tagging microtool, choosing a methodology for 
the SAM formation and the posterior lectin immobilization onto polysilicon surfaces.  

II) Optimization of the SAM formation on polysilicon surfaces, studying different 
chemical parameters such as deposition time, solvent, deposition strategy or silane 
concentration. Covalent immobilization of two different lectins using SAM with 
different functional linkers is aimed.  

III) Chemical and physical characterization of every intermediate step in the 
biofunctionalization protocol by a variety of techniques including atomic force 
microscopy (AFM), Time-of-flight secondary ion mass spectrometry (TOF-SIMS), 
laser desorption/ionization time of flight mass spectrometry (LDI-TOF MS) 
fluorescence microscopy and contact angle measurements. Furthermore, 
quantification of the SAM formation as well as lectins immobilization was intended 
by UV-Vis absorption spectroscopy and by the optical waveguide lightmode 
spectroscopy (OWLS). 

IV) Determination of the ability of the biofunctionalized microtools to recognize and 
attach to cell membranes in vivo using mouse embryos. Analysis of the adhesion rate 
of the biofunctionalized silicon barcodes and the cellular viability. 
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2.2 Efficient biofunctionalization of polysilicon barcodes for adhesion to the 
zona pellucida of mouse embryos 

 

SYNOPSIS 

 

In this work, the immobilization of wheat germ agglutinin (WGA) on encoded 
silicon surfaces is described. The capability of the system for individual embryos 
tagging has been proved, being a potential tool useful in assisted reproduction protocols. 
Figure 2.3 shows an illustration of a biofunctionalized barcode and its attachment to the 
embryo extracellular membrane (Zona pellucida), thanks to WGA recognition of the 
membrane carbohydrates  

 
Figure 2.3 Schematic representation of the WGA immobilization for embryo tagging. 

First, a SAM was formed onto 1 cm2 polysilicon surfaces using 11-(triethoxysilyl) 
undecanal (TESUD), because the aldehyde terminal group allowed the immobilization 
of the WGA via the amino groups of the lectin. The strategy for the polysilicon 
biofunctionalization consisted on three steps:  

1) Polysilicon hydroxylation using an oxidant methodology. 

2) SAM formation using TESUD. 

3) WGA immobilization via a reductive amination between the aldehyde groups of 
the SAM and the protein amino residues. 

The SAM formation (CHO-SAM) was exhaustively characterized using different 
techniques such as contact angle measurements, Time-of-Flight Secondary Ion Mass 
Spectrometry (TOF-SIMS), Laser Desorption/Ionization Time-of-Flight Mass 
Spectrometry (LDI-TOF MS) or atomic force microscopy (AFM). The use of this 
variety of techniques confirmed the presence of a well ordered monolayer although 
AFM showed a high rugosity on the neat surfaces. 

Furthermore, the level of surface coverage was measured using UV-Vis absorption 
spectroscopy obtaining a density area of 4× 10−10 mol/cm2 of the aldehyde terminated 
SAM (CHO-SAM). Immobilization of the lectin WGA in the different polysilicon 
surfaces was also confirmed by fluorescence microscopy. Fluorescence microscopy has 
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been used for the identification of the labeled WGA onto the barcodes surface because 
other techniques such as contact angle or mass spectrometry could not be used to 
characterize modified surfaces with a micrometric size, such as barcodes. Figure 2.4a 
shows a scanning electron microscopy (SEM) image of a polysilicon microtool with 
their corresponding binary codification and Figure 2.4b shows a fluorescence 
microscopy image of a biofunctionalized barcode in which a red labeled WGA was used 
in order to probe the WGA immobilization. 

      
 

Figure 2.4 a) SEM image of a polysilicon barcode, b) fluorescence microscopy image of a 
WGA biofunctionalized barcode. 

Once silicon barcodes were biofunctionalized with the WGA their ability to tag 
individual embryos was assessed in collaboration with the group of Dr. Carme Nogués 
from Departament de Biologia Cel·lular, Fisiologia i Immunologia (Universitat 
Autònoma de Barcelona). Biofunctionalized barcodes were attached to the zona 
pellucida of mice embryos and their adhesion was registered under several parameters 
such as protein concentration and surface roughness. Thus, the best conditions were 
found to be using high roughness barcodes followed by immobilization of 35 μg/mL of 
WGA in PBS, which lead to microtools showing high adhesion to mouse embryos, with 
a retention rate of ca. 96% after 96 h of embryo culture, and cell viability of ca. 94%.     

b) a) 

2 µm 
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2.3 Optimized immobilization of lectins using self-assembled monolayers on 
polysilicon encoded materials for cell tagging.  

 

SYNOPSIS 

 

Self-assembled monolayers have been used for the preparation of functional 
microtools consisting of encoded polysilicon barcodes biofunctionalized with proteins 
of the lectin family. These hybrid microtools exploit the lectins ability for recognizing 
specific carbohydrates of the cell membrane, constituting an efficient system for cell 
tagging. This work describes how the control of the methodology for self-assembled 
monolayers (SAM) formation on polysilicon surfaces followed by lectin immobilization 
has a crucial influence on the microtool biofunction. Thus, in order to find the optimal 
conditions and standardize the biofunctionalization protocol, several parameters such as 
silanization time, silane molar concentration, type of solvent or deposition 
methodology, have been studied using polysilicon surfaces. Furthermore, silanes 
incorporating different terminal groups, such as aldehyde, activated ester or epoxide 
groups were tested in order to analyze their chemical coupling with the biomolecules, as 
well as their influence on the biofunctionality of the immobilized protein. Two different 
lectins, wheat germ agglutinin (WGA) and phytohemagglutinin (PHA-L) were 
immobilized, because they provide different specific cell recognition behavior and 
exhibit different cell toxicity. A variety of nanometrical techniques were used to 
characterize the active surfaces, and lectin immobilization was quantified using 
ultraviolet-visible absorption spectroscopy (UV-Vis) and optical waveguide light mode 
spectroscopy (OWLS).  Once the best protocol was found, WGA and PHA were 
immobilized on polysilicon codified barcodes, and these microtools were tested for cell 
tagging on living mouse embryos resulting in excellent attachment features and 
viability, especially when WGA was used.   
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1. Introduction 

 The use of self–assembled monolayers (SAMs) was first introduced by Sagiv in 
1980 [1], and since then they have gained a lot of interest due to the potential 
applications that they can offer in surface sciences and in nanotechnology [2, 3]. A self-
assembled  monolayer (SAM) is an ordered layer of molecules induced by the strong 
adsorption – in the present case chemisorption – between the substrate and the head 
functional group of a suitably functionalized molecule, and provides one of the most 
elegant approaches towards making ultrathin organic films spontaneously [4, 5]. The 
majority of the self-assembled systems that have been studied, include thiols that are 
attached to gold surfaces [6] and organosilane molecules to silicon substrates [7], 
because using these reagents SAM formation is efficient,  and also because they are 
biocompatible materials. Some of the most important challenges concerning the SAM 
usage are to select a methodology to obtain a well-organized SAM, to find a simple 
method to characterize and quantify the monolayer [8], and, more significantly, to be 
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able to correlate chemical synthesis, characterization and function of the new material. 
Self-assembly processes leading to SAM formation depend on many chemical 
parameters, among which are the type and the concentration of the precursor, the type of 
solvent that is used, or the deposition time and methodology [8, 9]. In each particular 
case, a standardized methodology for the SAM formation is needed in order to establish 
a general protocol easily applicable and reproducible, which will lead to robust and 
reliable bio-functional devices.   
 On the other hand, SAMs on solid surfaces have been regarded as a suitable 
method for the immobilization of biomolecules in the area of nanobiotechnology [10] 
[11], and proteins have been particularly important in this regard.[12] 
Biofunctionalization of SAMs, i.e., modification of the SAM surface with different 
biomolecules, is of great interest in order to provide specific biological properties to the 
substrate, and the preparation of biosensors is one of the main applications of the 
biofunctionalized SAMs [13]. As a consequence, immobilization strategies for 
biomolecules are of paramount importance such that biological activity is preserved. 
Various types of immobilization procedures are able to link the biomolecule with the 
substrate [14], and these procedures could be classified according to covalent and non-
covalent interactions of the linkage [15], although the use of covalent linkers renders 
more stable functionalized surfaces. SAMs can contain active terminal groups at the end 
of their chains furthest from the surface connection point that can react chemically with 
a biomolecule, allowing the immobilization of biomolecules on their surface. Proteins 
and other biomolecules can be covalently linked to a SAMs via the N-terminal amino 
group of some aminoacids [16, 17]. 
 In this context, functional microtools capable of extracellular tagging were 
previously designed, prepared and characterized by us through three stages: a) 
fabrication of polysilicon barcodes using photolithography techniques, b) 
biofunctionalization of the polysilicon materials through covalent SAM formation, and 
finally c) bioactivity evaluation using adhesion experiments to the zona pellucida (ZP) 
of mouse embryo cells [18]. The high retention rates and embryos viability observed in 
these experiments allowed individual embryo tagging and barcode identification simply 
by using an optical microscope [19]. Fig. 1 offers a conceptual representation of the 
microtools developed in our work. Despite the success of their biofunction, building a 
bioactive microtool represents a very complex and difficult goal, because many 
variables have to be considered such as material toxicity, robustness and reproducible 
biofunctionalization protocol or bioactivity of the biomolecule. 



 Chapter 2.3  

68 
 

 
Fig. 1. Overview of the microtool composition and function a) encoded polysilicon barcodes, 

b) biofunctionalization using cell adhesion proteins, and c) targeting the zona pellucida of 
mouse embryos for individual cell tagging. 

 
 Consequently, in this work we explore the versatility of the biofunctionalization 
process subject to several variables such as using different lectins to mediate the 
barcodes attachment to the zona pellucida of mouse embryos, different covalent linkers 
for the immobilization of the lectins to the barcodes surface (SAMs) or several chemical 
parameters involved in the SAM preparation. Concerning the lectins studied, wheat 
germ agglutinin (WGA) and the less toxic phytohaemagglutinin (PHA-L) [20] have 
been used as biomolecules because of their ability to recognize different specific 
carbohydrates found on the mammalian embryo’s coat, the zona pellucida (ZP) [21]. As 
for the active terminal groups in SAMs, three different groups have been studied in 
order to probe their capability to immobilize two different lectins: a) a classical 
activated ester group, the pentafluorophenyl ester [22], b) an epoxide [23], and c) an 
aldehyde group [24]. Furthermore, chemical parameters involved in the SAM formation 
have been studied such as type of solvent, deposition time, and deposition methodology 
or silane concentration.  
 The present research involves first the study of the SAM formation methodology 
on wafers containing a pattern of polysilicon particles. Contact angle (CA) 
measurements have been used as a technique to follow the SAM processes in a fast and 
simple manner. Matrix assisted laser desorption/ionization time of flight mass 
spectrometry (MALDI-TOF MS) and atomic force microscopy (AFM) have been used 
to characterize the SAM formation. Immobilization of the lectins has been observed by 
fluorescence microscopy and particularly, WGA quantification was achieved using 
optical waveguide light mode spectroscopy (OWLS) and ultraviolet-visible absorption 
spectroscopy (UV-Vis). Finally, the optimal immobilization conditions have been 

a) Polysilicon barcodes 

b) SAM formation and 
protein immobilization 

c)  Embryo tagging 
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applied to polysilicon barcodes in order to probe the biological activity of the lectins 
and the capacity of the microtools to be used for cell tagging satisfactorily, by means of 
adhesion experiments to the ZP of mouse embryos.  

2. Materials and methods 
 
2.1. General Methods  
 
 Static CAs were measured in air with high purity deionized water by a 3µL drop 
using a CA goniometer (THETALITE100 with the software OneAttension, Finland), in 
order to determine the hydrophobicity of the modified surfaces. Values of the CA on at 
least three samples were measured to give statistical significance. MALDI-TOF-MS 
analyses were performed using a Voyager-DE-RP (Appplied Biosystems, Framingham, 
USA) mass spectrometer, from Scientific and Technological Centers of the Universitat 
de Barcelona (CCiTUB). The substrates were allowed to dry and attached directly onto 
the stainless steel LDI sample plate with double-sided tape and loaded into the 
spectrometer. MS analysis was operated in the delayed extraction mode. A 3 ns pulse 
nitrogen laser (337 nm) was used for desorption and ionization with an accelerating 
voltage of 20 kV. Negative ions were detected in a time-of-flight mass detector in the 
reflector mode. For some experiments, 2,5-dihydroxybenzoic acid (DHB) was used. 
Topographic and phase images were acquired using a Multimode 8 Atomic Force 
Microscope (AFM) attached to a Nanoscope V electronics (Veeco, Santa Barbara, 
USA), at CCiTUB. Images were acquired in intermittent contact mode using silicon 
single-beam cantilevers with a nominal spring constant of 40nN/nm (ACT-W, 
AppNano, Santa Clara, CA). For the mechanical measurements (adhesion), images were 
acquired in contact mode operation (force spectroscopy) with gold coated tips: silicon 
/silicon nitride triangular AFM probes (0.35 nN/nm, SNL-10, Bruker) functionalized 
with cysteamine. Experimental spring constant: 0.09 nN/nm. System: Multimode 8 
(Bruker). In order to minimize sample damage, images were acquired at minimum 
vertical force and thermal piezo drift was minimized by scanning the sample for several 
minutes before acquiring the first image. Fluorescence images were obtained with a 
Leica DMIRB microscope at the CCiT-UB equipped with an inverted fluorescence 
microscope. The samples were observed in fluorescence and transmission light 
simultaneously. The Texas Red conjugated WGA was visualized by excitation of the 
fluorochrome with a 595 nm laser diode and the emitted fluorescence was detected 
between 576 and 654 nm. Alexa 488 conjugated PHA-L was visualized by excitation at 
495 nm and the emitted fluorescence was detected between 488 nm and 530 nm. UV 
absorption spectra were obtained using an UV-1800 Shimadzu UV spectrophotometer. 
Optical waveguide lightmode spectroscopy (OWLS) experiments were performed using 
an instrument from MicroVacuum Ltd. (Budapest, Hungary) from the Institute of 
Bioengineering of Catalonia (IBEC). 
 
2.2. Materials 
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 Solvents and reagents:  absolute ethanol, dry toluene, sulfuric acid (96%), 
hydrogen peroxide, ammonium hydroxide (20%) and acetic acid. Water used in the 
experiments was HPLC grade produced by a MilliQ plus system from Millipore (Milli-
Q water). 
 Commercial compounds: 2-(2-aminoethoxy)ethanol, sodium cyanoborohydride, 
phosphate buffered saline (PBS), autoclaved PBS and 3-
(glycidyloxypropyl)trimethoxysilane were purchased from Sigma-Aldrich. 11-
(Triethoxysilyl)undecanal (TESUD) and pentafluorophenyl 11-
(trimethoxysilyl)undecanoate were purchased from ABCR. Texas Red-X conjugate 
Wheat Germ Agglutinin (WGA) and Alexa Fluor conjugate Phytohemagglutinin (PHA-
L) were purchased from Invitrogen. 
 
2.3. Biofunctionalization procedure 
 
2.3.1. Silicon surface activation. 
Hydroxylation was carried out in the laboratory at room temperature. The samples were 
submerged in a freshly prepared mixture of H2SO4 (98%) and H2O2 (30%) (piranha 
solution), at a volume ratio of 7:3 for 1 h, and then rinsed with water (5 x 3 mL). 
Freshly cleaned substrates were then submerged in an alkaline mixture of NH4OH 
(20%), H2O2 (30%) and distilled H2O, at a volume ratio of 1:5:5 for 30 min, and then 
rinsed abundantly with water (5 x 3 mL) and dried in a stream of nitrogen gas. 
 
2.3.2. SAM formation using solution chemistry.  
 The hydroxylated substrates were submerged in a solution of 100 µL of 
CH3COOH (0.05 mM) and 1800 µL of absolute ethanol, and then 100 µL of either 11-
(triethoxysilyl)undecanal or pentafluorophenyl 11-(trimethoxysilyl)undecanoate, or 3-
(glycidyloxypropyl)trimethoxysilane were added to form the CHO-SAM, the PFP-
SAM, or the EPX-SAM, respectively. The flask was stirred in an orbital shaker at 110 
rpm. After the deposition time, the wafers were rinsed abundantly with absolute ethanol 
(5 x 3 mL) and dried with nitrogen. Finally, the substrates were located in a vacuum 
oven for 30 min at 80 oC. Several parameters of the solution were varied for the SAM 
formation, such as the type of solvent (absolute ethanol or dry toluene) silane 
concentration (1, 10, 50, 100, 135, 150, 200 mM) and deposition time (30 min, 60 min, 
120 min, 180 min or overnight). 
 
2.3.3. SAM formation using vapor-phase deposition.  
 Hydroxylated silicon substrates were located on a glass slide. In a separate glass 
slide two drops of pure TESUD were added. The two glass slides were located next to 
each other inside a vacuum chamber (75 mm Hg). The experiment was carried out using 
two different conditions:  90 oC for 3 hours or 30 oC for overnight deposition. After this 
time, the wafers were rinsed with absolute ethanol (5 x 3 mL) and dried in a stream of 
nitrogen gas. The samples were dried for 30 min in the same chamber at 90 oC at 75 mm 
Hg of vacuum.   
 



 Chapter 2.3  

71 
 

2.3.4. Protein immobilization and chemical blocking. 
  SAM functionalized substrates were immersed in 2 mL of PBS solution of 
similar amount of lectin, either WGA (35 µg/mL) or PHA-L (100 µg/mL), and were 
kept overnight at 4 ºC. For CHO-SAMs, a PBS solution of sodium cyanoborohydride (5 
mM, 0.5 mL) was also added. Next, to cover the unreacted active groups on the surface, 
a PBS solution of 2-(2-aminoethoxy)ethanol (15 mM, 0.5 mL) was added. After 20 
minutes, the surface was rinsed with PBS abundantly (5x 2 mL), to eliminate unspecific 
protein adsorption.  
 The volumes of the different solutions used for the surface functionalization and 
rinsing were 2 mL when using the wafers, and 0.5 mL for the barcodes. The same 
protocol for wafers functionalization was used for the functionalization of the 
polysilicon barcodes, but in this case centrifugation (2 min at 13000 rpm) followed 
every step.   For the embryo adhesion experiments, autoclaved PBS was used. 
 
2.4. Chemical Characterization 
 
2.4.1. Optical waveguide lightmode spectroscopy (OWLS) measurements.  
 An OWLS adapted silicon oxide chip was first cleaned with piranha solution (5 
min) and with NH4OH/H2O2/H2O (1:1:5) solution (30 min), and then the surface was 
rinsed with Milli-Q water and dried with nitrogen gas. The chip was immersed in a 135 
mM TESUD ethanol solution (2 mL) for 3 hours and finally was cleaned with absolute 
ethanol and dried with nitrogen gas. The functionalized chip was used for the OWLS 
experiments. The baseline was acquired using PBS prior to the experiment. A PBS 
solution of 20 µg/mL of WGA (1 mL) was introduced into the flow cell at a constant 
flow rate of 90.3 µL/min. After 110 min, PBS was introduced into the cell in order to 
clean the unreacted protein. 
 
2.4.2. WGA quantification experiments by UV-Vis absorption spectroscopy. 
  Calibration curve: A spectrum of 2 mL of stock solution (40 µg/mL of WGA in 
PBS) was recorded on the UV spectrometer. Consequently, eight dilutions (from 40 
µg/mL to 20 µg/mL) were prepared adding the appropriate volume of PBS to obtain a 
final volume of 2 mL that was directly measured by UV-Vis absorption spectroscopy. 
Then, a 1 cm2 polysilicon functionalized wafer with the CHO-SAM was immersed in 1 
mL of PBS WGA solution (40 µg/mL) and 1 mL of PBS NaBH3CN solution (5 mM), to 
get a final WGA concentration of 20 µg/mL. A UV-Vis absorption spectrum of the 
initial WGA solution was recorded using 2 mL of the starting solution. After overnight 
surface activation, the supernatant solution was directly recorded by UV-Vis absorption 
spectroscopy to quantify the unreacted protein. Quantification of the immobilized WGA 
was obtained calculating the difference between the initial and final absorbance value 
and using the calibration curve obtained to relate the absorbance with the protein 
concentration.  
 
2.4.3. AFM adhesion experiments. 
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 AFM probe was previously rinsed with CH2Cl2, absolute ethanol and distilled 
water, and then put into an ozone/UV chamber overnight. Then, it was immersed in a 10 
mM solution of cysteamine for 24 hours. Prior to the beginning of the next experiment, 
the probe was rinsed thoroughly with absolute ethanol (5 x 3 mL) to remove any excess 
of thiols on its surface. 
 The whole sequence of experiments included force spectroscopy tests using the 
thiol-functionalized tip on three different types of surfaces (either polysilicon surface, 
hydroxylated surface, or CHO-SAM surface) in different pH solutions (pH =1, 7 or 12). 
 The experimental sequence was as follows: The probe was mechanically 
calibrated on an undeformable sample (reference polysilicon sample at pH=1). Then, 
the sample was contacted and a vertical force of 1 nN was used as the set point value in 
order to ensure that all the mechanical experiments were performed at the same 
pressure/vertical force (adhesion can vary depending on the penetration of the tip inside 
the functionalized samples). Then, 30 force curves were performed in a specific spot. 
After that, the position was changed by 300 nm and 30 force curves were acquired 
again. 10 different spots were chosen for each sample. The adhesion data coming from 
each spot (30 force curves) was analyzed separately in order to detect possible 
differences in adhesion results coming from sample heterogeneities. Spots whose 
collected data differed substantially from the rest of the spots were discarded (this just 
happened in 1 spot for all the tested spots: 10 spots per sample and 9 samples = 90 
spots). Once the 10 spots were tested, AFM probe and sample surface were rinsed with 
the pH=7 solution to ensure that no traces of pH=1 solution remained on the sample or 
the probe holder. After that, experiments were done at pH=7 solution. A similar 
protocol was followed to change to pH=12 measurements.  
 Microfabrication of the polysilicon material and bioactivity characterization for 
cell tagging were performed as previously reported [18]. 
 
3. Results and discussion 
 
3.1. Optimized SAM preparation and protein immobilization 
 
3.1.1 Functionalization strategy.  
 One of the most important aims of the work described in this paper was to find 
an optimized procedure for the SAM formation on polysilicon substrates capable of 
immobilizing lectins, rendering microtools capable of cell identification. A standard 
bio-functionalization protocol is needed in order to obtain an efficient and reliable 
method that could achieve an extensive biofunctionalization on the polysilicon 
materials, leading to optimal interaction with the biological media. The polysilicon 
substrates we used belong to two types: wafers containing a pattern of polysilicon 
particles, and encoded barcodes. A SAM acts as a linker between the polysilicon 
substrate and a bioactive moiety, in this case, the lectins WGA and PHA-L. Polysilicon 
wafers were biofunctionalized first, and then the best protocols were applied to 
polysilicon barcodes. 
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 Initially, a synthetic approach to obtain a biofunctionalized surface (WGA-PFP-
SAM1) on 1 cm2 patterned polysilicon wafers was performed. The functionalization 
methodology consisted of four steps and is reflected in Scheme S1 (see Supplementary 
data),  as follows: 1) formation of a COOMe-SAM through chemisorption of the ester 
terminated chlorosilane to an hydroxylated polysilicon surface, 2) hydrolysis of the 
ester groups, in acid media, to give COOH-SAM, 3) activation of the terminal COOH 
group in the COOH-SAM as a pentafluorophenyl ester by reaction with EDC/DIEA 
followed by treatment with PFP to afford PFP-SAM1, and 4) WGA immobilization 
forming amide bonds in WGA-PFP-SAM1. The different functionalization steps were 
well characterized using several techniques such as CA measurements, AFM, Time-of-
Flight Secondary Ion Mass Spectrometry (TOF-SIMS), and surface coverage 
determination, as summarized in the Supplementary data, indicating a considerable but 
lower degree of biofunctionalization when compared to the PFP-SAM obtained through 
a different protocol (see below, and characterization section). Unfortunately, adhesion 
experiments to the ZP of mouse embryos using WGA-PFP-SAM1 barcodes proved to 
be variable and elusive, so in this case the level of biofunctionalization was not 
sufficient to achieve a good degree of biological functionality. 
 Simplification of the procedures for lectin immobilization was considered, and 
consequently, three different SAMs of similar length differing in the terminal group 
were prepared using a methodology based on two steps: a) hydroxylation using piranha 
solution followed by ammonium hydroxide solution, and b) silanization on the 
hydroxylated surface. Specifically, three different linkages were tested due to the 
interest to probe the versatility and the reactivity of their functional groups and their 
capacity to immobilize covalently a lectin and to probe their influence on its bioactivity. 
Three different silanes (Scheme 1) were tested on 1 cm2 polysilicon substrates to 
prepare SAMs: 11-triethoxysilylundecanal (CHO-SAM), pentafluorophenyl 11-
(trimethoxysilyl)undecanoate (PFP-SAM) and 3-glyciloxypropyl trimethoxysilane 
(EPX-SAM). Scheme 1 shows the functionalization procedure for the SAM formation, 
followed by subsequent lectin immobilization.  
 
3.1.2. Functionalization methodology.  
 Several studies have investigated different linkers, but not so many have 
thoroughly examined chemical variables for SAM preparation [25]. In our approach, we 
have concentrated on the optimization of the silanization procedure, studying several 
chemical parameters such as type of silane, silane concentration, deposition time, 
solvent or deposition method. An accurate study of the functionalization methodology 
has been necessary in order to apply it later onto polysilicon barcodes, and the optimum 
conditions have been found using the CHO-SAM as model linker. In order to study 
easily all these factors, a comparison of the hydrophobicity of the different 
functionalized surfaces using CA measurements, θ (º), has served as an easy means to 
obtain a reliable tool to follow the extent of the SAM formation, accepting values of  θ 
> 90º as the optimal value to assume an almost complete functionalization [26]. 
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Scheme 1. Stepwise SAM formation and posterior lectin immobilization of the different 
SAMs studied. 

 
 Different silane concentrations were tested, and the experiments for CHO-SAM 
formation were performed using absolute ethanol as a solvent during overnight 
deposition. High CA values (θ > 85º) were obtained for all the different concentrations 
of TESUD tested, with the exception of 1 mM and 200 mM (Fig. 2a). The low values 
obtained for the CAs when the concentration is 1 mM (ca. 70º) can be related to a low 
coverage of the polysilicon surface. Instead, when the TESUD concentration was 200 
mM, self-aggregation could induce irregular deposition. In conclusion, ca. 135 mM of 
TESUD seems the best concentration to form the CHO-SAM, and therefore it will be 
used for the functionalization procedure using ethanol. On the other hand, when dry 
toluene was used as solvent, high CA values were obtained (θ ca. 100º) for all the 
TESUD concentrations tested (100-200 mM). 
 Fig. 2b shows all the CA values corresponding to the CHO-SAM on polysilicon 
surfaces, functionalized using TESUD at a concentration of 135 mM, in two different 
solvents (ethanol or toluene) at different deposition times. When ethanol was used as a 
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solvent a significant variation of the CA values obtained was observed for the first 180 
min of deposition. This variation was minimized by increasing the deposition time from 
180 min to overnight deposition, because the reproducibility was higher and the CA 
values were sufficiently high (θ > 90º) as a result of a well formed and organized SAM. 
The values associated to the use of toluene indicate a faster SAM formation, because the 
CA values had a value above 90º in all the deposition times investigated. These values 
are indicative of satisfactory levels of hydrophobicity, as a result of a good orientation 
and linkage of the TESUD precursor to the hydroxylated substrate. Despite the fact that 
- according to the CA values obtained in the different CHO-SAMs experiments - the 
best chemical conditions for functionalization seem to be overnight deposition in 
toluene. Adhesion experiments in mouse embryos of polysilicon barcodes 
biofunctionalized with WGA under these conditions showed similar retention rates and 
viability of mouse embryos (see the Bioactivity evaluation section) to those prepared in 
ethanol. For this reason, shorter deposition times (180 min) in absolute ethanol were 
chosen as more appropriate for the functionalization process, because of its lower 
toxicity.  
 

  
Fig. 2. a) CA values average versus deposition time in ethanol and toluene and b) CA values 

for CHO-SAM on polysilicon patterned wafers after overnight deposition time at different 
TESUD concentrations in either absolute ethanol or toluene. All the experiments were 
performed three times to obtain a significant value. Full data is shown in the Supplementary 
Data. 

 

 Additional experiments were implemented in order to follow the influence of 
other chemical parameters. First of all, functionalization with TESUD was performed 
using water as the solvent, obtaining CA values in the range 84-90º after 180 min and 
overnight deposition time, demonstrating that water can also be used as a solvent for 
this type of functionalization, although the monolayers formed are not so well-
organized when compared with the other solvent systems  

 SAM formation in a vacuum chamber is frequently used as a methodology to 
form a SAM on silicon surfaces [27]. In order to observe if there is any significant 
difference with the solution deposition method on the extent of the functionalization, the 
vapor procedure was used on the hydroxylated polysilicon surfaces to be functionalized 

a) b) 
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with TESUD. Two different experimental conditions were set up: Temperature of 30 oC 
was combined with long deposition time (overnight, while temperature of 90oC was 
combined with shorter deposition time (180 min). The CA values obtained for surfaces 
functionalized under these conditions indicate that combination of high temperature 
with short deposition time (90 ºC, 180 min) provides more hydrophobic surfaces (� = 
95º) compared to when low temperature (30 ºC) overnight was used (� = 82º). These 
experiments demonstrate that vapour phase procedure can also be used successfully for 
polysilicon functionalization. However, it cannot be applied on the surfaces at the 
microscale. 

 From all these previous experiments and the bioactivity results (see later), it has 
been concluded that the best conditions to functionalize the polysilicon surface resulted 
using the solution phase, 135 mM silane concentration, 180 min deposition and absolute 
ethanol as a solvent. EPX-SAM and PFP-SAM silanes were also formed on the 
polysilicon surfaces using these optimized chemical parameters, obtaining CA values of 
� = 88±2 º for the PFP-SAM and � = 60±2 º for the EPX-SAM, indicating in both cases 
a high level of SAM formation (Table 1). The lower CA for the EPX-SAM system is 
expected because of the presence of hydrophilic groups in the part of the molecule at the 
newly formed surface.  

Table 1. CA values of bio-functionalized polysilicon surfaces. 

 
Surface CA (θº) (θº) after WGA 

immobilization and 
chemical blocking 

CHO-SAM 98±5 30±2 

PFP-SAM 88±2 32±2 

EPX-SAM  60±2 30±2 
 
3.1.3. Protein immobilization.  
 Once the silanization procedure was optimized, lectin immobilization was 
achieved starting with the three different SAMs mentioned above. Aldehyde, epoxide 
and the pentafluorophenyl ester terminal groups are able to react covalently with N-
terminal amino groups of proteins in the immobilization procedure, using different 
chemical mechanisms. Aldehyde groups in CHO-SAM condense with amino groups to 
form imines, which are subsequently reduced by sodium cyanoborohydride (NaBH3CN) 
yielding secondary amines. Pentafluorophenyl ester groups in PFP-SAM react to form 
amide bonds with proteins. Finally, epoxy rings in EPX-SAM are opened by the amine 
to form an α-aminoalcohol (Scheme 2. 1).The extent of protein immobilization can also 
be monitorized using CA measurements, considering that after lectin immobilization 
surfaces should become very hydrophilic due to the presence of the biomolecule. Table 
1 shows the CA values of the functionalized polysilicon surface before and after protein 
immobilization. In all three cases, the CA value decreased considerably (to θº ca. 30º), 
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indicating the presence of the protein WGA on the surface, and, very importantly, great 
similarity with regard to the protein surface coverage, regardless of the starting SAM 
used in the process. 
 In all cases chemical blocking is necessary in order to deactivate the remaining 
functional groups  on the SAM that have not reacted with the protein [28].The aim of 
the blocking is to avoid further reaction of terminal groups in the SAM, and especially 
to avoid non-specific protein adsorption. Thus, the remaining groups (CHO, PFP or 
EPX) after protein immobilization, were made to react with aminoethoxyethanol, acting 
as a chemical blocker (Scheme S2 in the Supplementary data).   
 
3.2. Characterization of the biofunctionalized surfaces. 
 
3.2.1. MALDI-TOF MS measurements. 
 MALDI-TOF MS is a relatively soft ionization mass spectrometric technique 
that has gained increasing application recently for the characterization of SAMs on gold 
surfaces [29]. Not many reports exist concerning the analysis of silicon surfaces [30]. 
We explored the use of MALDI-TOF MS for analyzing the modified silicon surfaces 
prepared here, in the presence or absence of a matrix, in order to gain the best possible 
conditions to detect the deposited silane material. Thus, polysilicon surfaces 
functionalized with CHO-SAM, PFP-SAM, and EPX-SAM, were analyzed using  
MALDI-TOF MS and the spectra are included in Fig. S3 in the Supporting Information. 
Table 2 shows the masses of several fragments of the silane compounds (CHO, PFP and 
EPX) indicating the presence of the SAM on the polysilicon surface. In the CHO-SAM 
spectrum, the most intense peaks correspond to several fragments of the TESUD 
molecule in which the loss of the aldehyde group or the ethoxy groups were observed. 
As for PFP-SAM, the pentafluorophenyl moieties appeared as the most intense values. 
On the other hand, EPX-SAM spectrum showed several fragments of the complete 
silane without their corresponding methoxy groups (Table 2). In all three cases, 
fragmentation of the molecules forming the SAM was observed (unlike SAMs on gold), 
which could be explained because the energy for the Si-O bonds is higher (452 KJ/mol) 

[31] than the Au-S bond (253 KJ/mol) [32], and the ionization conditions to detach 
molecules from the silicon surface must be harder, inducing fragmentation of the 
organic moieties in the SAM. This fact might explain the limited use of MALDI-TOF 
MS for the analysis of silicon surfaces in comparison with gold surfaces, but 
nonetheless, in the present example, we find it a useful tool.  



 Chapter 2.3  

78 
 

 

Table 2. MALDI-TOF MS relative intensity and fragments of the different silanes on the 
SAM 

SAMs CHO-SAMa PFP-SAMa EPX-SAMb 

Identified 
fragments 

    

m/z 188      276 171       183 176 192 
Relative 
Intensity 100       20 

60  
100         100 55 

a Experiments performed without matrix. 
bExperiments performed using 2, 5-
dihydroxybenzoic acid (DHB) as a matrix. 

 
3.2.2. Atomic force microscopy (AFM).  
  AFM was used in order to characterize the SAMs formed on the polysilicon 
surfaces. Unfortunately, characterization was exceedingly challenging because of the 
high roughness of the polysilicon material. Fig. S4 in the Supplementary data shows 
AFM topographic images of a structured polysilicon wafer (Fig. S4a), and of a 
polysilicon microparticle with 0.1 µm thickness located on the wafer (Fig. S4b), all 
taken before any chemical treatment was done. The microparticle profile (Fig. S4c) 
indicated the roughness of the polysilicon surface (ca. 100 nm). Alternatively, analysis 
of the force adhesion measurements between the polysilicon surfaces and an AFM 
probe was carried out in order to detect the SAM presence [33]. In these experiments, 
the CHO-SAM was chosen as the model SAM, and the experiments were done 
measuring the force adhesion of a gold tip functionalized with cysteamine and 
differently treated polysilicon surfaces; the untreated surface, the hydroxylated surface 
and the surface after CHO-SAM formation. The values of force adhesion were obtained 
in liquid at different pH values (pH= 1, 7 or 12). Fig. 3 shows the histograms 
corresponding to the adhesion force measurements of all the indicated experiments.  
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Fig. 3. Histogram of the adhesion forces distribution for a) untreated surfaces b) 

hydroxylated surfaces and c) CHO-SAM.  

  
 Histograms named after number 1 include data acquired at pH 1 and pH 7, 
whereas number 2 refers to data obtained at pH 12.The value of pH used in the 
measurements has proved to be determining in the adhesion forces exhibited by all the 
surfaces. Thus, for any of the surfaces studied, the adhesion forces are higher at pH 1 or 
7, rather than pH 12, which is related to the ionization state of the amino groups on the 
functionalized tip (Fig. 3). Thus, protonation of the amino groups on the tip would 
favour interaction with charged surfaces of the materials such as neat polysilicon or 
hydroxylated polysilicon surfaces [34]. As shown in Fig. 3, there are not significant 
differences between the force values obtained at pH 1 or 7, except for the untreated 
surfaces. In this case (Fig. 3a1), a higher adhesion at pH 7 (ca. 450 pN) is observed 
compared with pH 1 (ca. 250 pN), which seems to indicate that at pH 1 the negative 
charges of the polysilicon surface can be partially compensated by the acidic media.  
 On the other hand, for experiments with the hydroxylated surfaces and the CHO-
SAM at pH 1 and 7 (Fig.s 3b1 and 3c1), the adhesion force values obtained (ca. 300 pN 
and ca. 200 pN, respectively), suggest that some ion/dipole or electrostatic interactions 
occur between the tip and both surfaces, probably involving the positive charge of the 
amine on the tip and the negative density of the hydroxyl and aldehyde groups on the 
surface. 
 The most remarkable result arises from the weak adhesion forces observed in all 
the experiments carried out at pH 12 (Fig. 3a2-3c2), indicating a lack of relevant 
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interactions between the amino groups on the tip and any of the functional groups in the 
formed SAMs. 
 
3.2.3. Quantification of WGA coverage by UV-Vis absorption spectroscopy. 
  Protein concentration can be quantified by UV-Vis absorption spectroscopy, on 
the basis of their characteristic absorbance band near 280 nm corresponding to the 
presence of Tyr and Trp aminoacids [35]. Using WGA in PBS solution, a calibration 
curve was obtained following the band at 274 nm (Fig. S5a in Supplementary data). The 
WGA concentration range used was between 20 and 40 µg/mL because it was the range 
of protein concentration used for the biofunctionalization protocol.  
 To achieve a relative quantification of protein bonding to the surface, a 1 cm2 
polysilicon wafer functionalized with CHO-SAM was kept overnight in a WGA 
solution (20 µg/mL). To obtain the number of WGA molecules immobilized on the 
surface, the protein concentration in the starting solution and in the supernatant after the 
immobilization was determined by measuring the absorbance at 274 nm (Fig. S5b in 
Supplementary data). Interpolation of the absorbance values in the calibration curve 
allowed the corresponding WGA concentrations to be calculated. The experiment was 
done in duplicate, and the average value for the immobilized WGA corresponds to 
4.63·1013 molecules/cm2 which agrees with an estimated surface coverage of 97 %. 
 
3.2.4. Optical waveguide lightmode spectroscopy (OWLS). 
  OWLS is a technique based on measurements of the refractive index of 
interfaces, and allows quantification of the amount of molecules deposited on a given 
surface, with high sensitivity (ca. 1 ng/cm2), as well as calculating in situ and in real-
time the adsorption kinetics of biomolecules [36, 37]. In our case, to perform the 
experiment for evaluating the WGA immobilization, a CHO-SAM was formed on a 1 
cm2 silicon oxide waveguide chip, and a WGA solution (20 µg/mL) was introduced at a 
constant flow. A curve was obtained over 110 min and the results are shown in Fig. 4. 
The graphic in Fig. 4 clearly shows that there is a latency time of ca. 20 min before any 
WGA adsorption takes place, then adsorption increases rapidly up to 135 ng/cm2 
between 25 and 40 min after the experiment began. After this time, a slow deposition 
allows the maximum WGA coverage (185 ng/cm2) to be reached at ca. 110 min. After 
this time, PBS solution was introduced to eliminate the unreacted and non-specifically 
bound WGA.   
 The maximum WGA concentration of 175 ng/cm2 corresponds to a value of 
2.7·1012 WGA molecules/cm2 indicating an estimated surface coverage of ca.75 %. It is 
difficult to stablish a comparison with the results obtained by UV-Vis absorption 
spectroscopy (97 % WGA surface coverage), because the difference in values obtained 
using both spectroscopic techniques is the result of measuring different functionalized 
areas, since patterned polysilicon wafers expose a bigger area to functionalization. 
Besides, UV-Vis absorption spectroscopy measures differences in the supernatant, 
whereas OWLS reflects deposition on the surface. Even considering OWLS a more 
sensitive technique, we could consider both percentages as comparable, which validates 
both techniques for this purpose.  
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Fig. 4. OWLS spectrum showing the kinetics of WGA immobilization on CHO-SAM, 

plotting amount of WGA deposited (ng/cm2) versus time (min). 

 
3.2.5.Fluorescence microscopy.  

 In order to characterize easily the biofunctionalization of our surfaces, 
fluorescently labeled proteins were used, specifically Texas Red labeled WGA and 
Alexa Fluor labeled PHA-L. Fig. 6a-c shows the 1 cm2 polysilicon wafers 
functionalized with Alexa Fluor labeled PHA-L protein, each one with a different 
functionalized SAM (PHA-CHO-SAM, PHA-PFP-SAM or PHA-EPX-SAM). All the 
biofunctionalized surfaces, independently of the silane employed in the SAM formation, 
are intensely fluorescent as a result of a successful and extensive lectin immobilization. 
Moreover, the two-dimensional graph included in Fig. 5d represents the surface profiles 
[38], corresponding to the white line that appears in the three images in Fig. 5 a-c, and 
indicates the uniform fluorescence intensity observed for each surface as the result of 
homogenous biofunctionalization. Similar fluorescence microscopy characterization 
was carried out with immobilized WGA,  obtaining similar results (Fig. S6 in 
Supplementary data).  

 The similar level of fluorescence observed in these experiments demonstrates 
that the three SAMs studied (either CHO-SAM, PFP-SAM or EPX-SAM) can be used 
indistinctely to immobilize succesfully the two lectins (WGA and PHA) without any 
significant chemical difference, which gives versatility to the methodology employed. 
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Fig. 5. Images of PHA-L (Alexa Fluor labeled) biofunctionalized polysilicon wafers with 

either (a), CHO-SAM (b), PFP-SAM or (c) EPX-SAM, and (d) corresponding two-dimensional 
graph of the fluorescence intensity (related to the number of pixels along the line within the 
images). 

 
3.3. Bioactivity evaluation.  
 
 We selected mouse embryos as a model to prove the ability of the 
biofunctionalized barcodes for cell tagging, knowing of the relevance of finding a direct 
embryo tagging system appropriate for assisted reproduction procedures. Thus, zona 
pellucida (ZP) of embryos was targeted, because it is an external coat rich in 
carbohydrates that should be recognized by lectins, and that is detached from the 
embryos prior to implantation in the uterus. In the present extended study, after further 
optimization of the bio-functionalization processes, it was also necessary to assess if the 
improved synthetic methodology translates into a better functionality of the tagging 
system. To do so, polysilicon barcodes were functionalized as either CHO-SAM, PFP-
SAM or EPX-SAM, WGA or PHA-L were subsequently immobilized, and experiments 
of the barcode adhesion to the ZP of mouse embryos were undertaken. 
 Biofunctionalized barcodes were adhered to the ZP PN embryos (10 barcodes per 
embryo) and the number of barcodes that remained attached at the end of the culture (96 
h), when embryos reach the blastocyst stage, was counted in order to determine the 
barcode retention rate, indicative of the efficiency of barcode biofunctionalization. The 
viability of the embryos was also assessed after biofunctionalized barcodes attachment. 
The use of the WGA-PFP-SAM1 (see Scheme 1 in Supplementary data) was tested 
first, but the results were not satisfactory because the adhesion of the barcodes to the 
embryo ZP proved to be very weak. In fact, despite observing some attachments, the 
surfaces were lost in a few hours. Also, after detachment of the barcodes, some 
fluorescence was observed on the embryo’s ZP. These two facts point to a moderate 
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level of biofunctionalization (see before, functionalization strategy) as the responsible 
for the low adhesion results under these experimental conditions. 
 Then, adhesion of optimally functionalized barcodes (WGA-CHO-SAM, used as 
a reference [18], WGA-PFP-SAM and WGA-EPX-SAM) was tested. Three 
experiments were carried out for each batch of barcodes, using 15 embryos each time, 
where N (number of embryos) was 45. Fig. 6 shows two optical microscope images of a 
two-cell mouse embryo with several WGA-CHO-SAM biofunctionalized barcodes 
attached to its ZP. Fig. 6c includes a graph showing the barcode retention rate (in %) for  
WGA immobilized barcodes per embryo attached to the ZP after 96 h, corresponding to 
94% for the WGA-CHO-SAM, 93% for the WGA-PFP-SAM and 90% for the WGA-
EPX-SAM. It is noticeable that reading of the codification is clearly possible under 
these conditions, which permits an easy identification of a particular embryo. 

 

 

Fig. 6. a) and b) Two focal planes of a two-cell embryo with WGA immobilized barcodes 
attached to its zona pellucida; c) influence of SAMs on barcodes retention rates after adhesion 
to mouse embryos and culture for 96 h.  

 
  In all the cases the retention rates, as shown in Fig. 6c, indicate that an average 
higher than 9 out of 10 barcodes per embryo remained attached to the ZP after 96 h of 
culture, in all the WGA biofunctionalized barcodes, regardless of the SAM used for 
immobilization (Fig. 6c). Concerning the potential toxicity of biofunctionalized 
barcodes, and in this sense, in vitro development until the blastocyst stage of encoded 
embryos results to be equivalent to that of the control group (90%), indicating clearly 
the almost inexistent damage caused by barcodes on mouse embryos. 

a) b) 

10 μm 

c) 

•WGA-CHO-SAM      

•WGA-PFP-SAM    

•WGA-EPX-SAM 
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  When PHA-L immobilized barcodes were used, the retention rates were 
drastically reduced, and barcodes only remain attached to the ZP for a few minutes, 
indicating that the interaction between the lectin PHA-L and the corresponding 
carbohydrates in the ZP is much lower. Nonetheless, the appeal of using PHA-L, which 
in solution is less toxic than WGA [39, 40], is compensated by the fact that once WGA 
is completely immobilized it shows very low toxicity, as the viability results have 
demonstrated.  
     The influence of the deposition time and the solvent employed for the SAM 
formation on the bioactivity were also explored, and the results are collected in Fig. 7. 
Thus, adhesion experiments were performed with WGA-CHO-SAM barcodes 
functionalized using TESUD incubated for 3 h or 24 h in ethanol to assess the effect of 
the silanization time in the functionalization efficiency. At least three experiments were 
performed for each silanization time and no differences in blastocyst rates were 
observed (Control: 88%; 3 h: 89%; 24 h: 90%). However, the retention rate was 
significantly higher at 3 h (8.49 ± 0.12) than at 24 h (7.22 ± 0.22) retention rate for 
barcodes (Table 3). 

      On the other hand, WGA-CHO-SAM barcodes whose functionalized with 
TESUD incubated during 24 h in either ethanol or toluene to assess the effect of the 
solvent employed for the silanization in the functionalization efficiency. Three 
experiments were carried out for each silanization solvent, and similar blastocyst rates 
(Control: 90%; Ethanol: 86%; Toluene: 90%) and retention rates (Ethanol: 7.40 ± 0.32; 
Toluene: 7.44 ± 0.31) were obtained in these two groups (Table 3).  

 

 Table 3.  Silanization time and solvent influence on the adhesion (viability and retention rate) 
of biofunctionalized WGA-CHO-SAM barcodes to the ZP of mouse embryos.  

Solvent Silanization 
time 
(h) 

Number of 
experiments 
(number of 
embryos) 

Blastocysts 
rate (%)/ 

 

Retention 
rate±SE 

Control  16 (80) 88%  
Ethanol 3 13 (265) 89% 8.49±0.12a 
Ethanol 24 3 (50) 90% 7.22±0.22b 
Control  3 (30) 90%  
Ethanol 24 3 (50) 86% 7.40±0.32b 
Toluene 24 3 (50) 90% 7.44±0.31b 

a,b Values with different superscripts differ significantly between each 
comparison (P < 0.05). SE: standard error. 

  

 The positive results using WGA biofunctionalized barcodes, concerning high 
adhesion rates and high viability of mouse embryos, evidence the control over the 
biofunctionalization methodology, since there are no significant differences in the 
immobilization process because CHO, PFP and EPX SAMs present similar adhesion to 
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the embryo zona pellucida (ZP), underlining their capability for individual embryos 
tagging. 

 
4. Conclusions 
 
 In the present study, a detailed investigation to optimize and standardize the 
methodology for the covalent immobilization of lectins through the preparation of a 
self-assembled monolayer (SAM) on solid polysilicon substrates has been carried out. 
Several experimental conditions have been tested resulting that either toluene or ethanol 
using a silane concentration of 135 mM during 3 h in solution are the best conditions to 
form a well-organized SAM. Furthermore, it has been demonstrated that CA 
measurements can be used as an easy technique to follow the SAM formation on 1 cm2 
polysilicon surfaces. Subsequently, three different silanes that incorporate different 
functional groups (aldehyde, epoxide and activated carboxylic acid) were used to be 
linked covalently with the amino groups of two lectins, WGA and PHA-L. CA and 
especially fluorescent measurements indicate that the three groups can be indistinctly 
used for the protein immobilization, demonstrating the versatility of the procedure and 
no significant differences on the extent of the protein immobilization.   
 MALDI-TOF MS was used in the polysilicon surfaces, and some fragments of 
the three silanes can be identified indicating the formation of the corresponding SAM. 
AFM force adhesion experiments were also carried out as alternative to analyze the 
presence of the CHO-SAM on a very rough substrate. The force adhesion values of the 
clean silicon surface, the hydroxylated surface and the CHO-SAM present significant 
differences when an amino functionalized tip is used at different pH values, resulting in 
a much weaker interaction at basic pH. UV-Vis absorption spectroscopy and OWLS are 
suitable techniques for quantifying the immobilized WGA, obtaining a WGA surface 
coverage higher than 75%.  
Finallybarcode retention values for the three different SAMs present a high percentage 
of barcode retention in mouse embryos (always higher than 90%) when WGA was used, 
including high embryo survival, and indicating that the activity of the WGA is not 
affected regardless of the type of silane used for the SAM formation. Additionally, the 
weaker interaction of PHA-L with the ZP points out the interest of using WGA based 
microtools as biotags for living cells. 
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-Contact angle values of the different steps of the WGA-PFP-SAM1 formation (Table S1).  
-Molecular fragments of different SAMs analysed by positive mode TOF-SIMS (Table S2). 
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- a) Positive ion TOF SIMS spectra of WGA-PFP-SAM1. b) Negative ion TOF-SIMS spectrum 
of WGA- PFP-SAM1 immobilized onto silicon surface (Fig. S1). Page 6 
-AFM phase and 3D images of a polysilicon particle on a wafer:  a) unfunctionalized, b) after 
functionalization as COOMe-SAM (Fig. S2).  
 
2) Schematic representation of the chemical blocking step (Fg= CHO, PFP, EPX). (Scheme S2).  
 
3) Contact angle values for CHO-SAM on polysilicon patterned wafers after overnight 
deposition time of different TESUD concentrations in either absolute ethanol or toluene. All the 
experiments were performed three times to obtain a significant value (Table S3). Variation of 
the contact angle values average versus deposition time in ethanol and toluene. All the 
experiments were performed three times to obtain a significant value (Table S4).  
 
4) MALDI-TOF MS spectra without matrix of a) CHO-SAM, b) PFP-SAM and of c) EPX-
SAM using DHB as a matrix (Fig. S3).  
 
5) AFM topographic images of a) a polysilicon structured wafer b) polysilicon microparticle 
and c) topographic profile corresponding with the white line that appears in b) (Fig. S4).  
 
6) a) Calibration curve for WGA in PBS solution, plotting absorbance at �= 274 nm versus 
WGA concentration (µg/ml), and b) UV spectrum of WGA in PBS solution, before (20 µg/ml) 
and after immobilization (Fig. S5).  
 
7) Images of WGA (Texas Red labeled) biofunctionalized polysilicon wafers with either a) 
WGA-CHO-SAM, b) WGA-EPX-SAM, and c) WGA-PFP-SAM, and their corresponding two-
dimensional graph of the fluorescence intensity along the white lines within the images (Fig. 
S6).  
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Scheme S1. Stepwise formation of the WGA-PFP-SAM1 on polysilicon surfaces;  

1. Experimental section 

1.1. Synthesis WGA-PFP-SAM1 
 
The formation of the WGA-PFP-SAM1 was achieved in four steps. 1) The activated surface 
was submerged in a 10 mM solution of 10-(carbomethoxy)decyldimethylclorosilane in 
CCl4:Heptane (25:75), and left standing overnight at 4ºC. Then, the silicon surface was placed 
into an oven at 100 ºC for 1 h and then was sonicated for 5 min with CCl4 to eliminate the 
remaining silane not covalently linked to the silicon, to give COOMe-SAM. 2) Silicon surface 
was then immersed into 12 N HCl aqueous solution for 12 h at room temperature and then 
rinsed abundantly with water (5 x 2 mL) to obtain COOH-SAM. 3) For the activation of the 
carboxyl groups into pentafluorophenyl esters, the surface was submerged into an ethanol 
solution containing 0.1 M EDC, 0.2 M PFP and 0.1 M DIEA, and left standing for 15 min at 
room temperature.  Finally, the silicon surface was rinsed abundantly (5 x 2 mL) with ethanol 
and dried with N2 to afford PFP-SAM1. 4) Protein immobilization; a solution of WGA-Texas 
red conjugated in PBS (either 15, 25 or 35 µg/mL) was prepared and the PFP-modified substrate 
was immersed into it for 2 h at room temperature. To de-activate the pentafluorophenyl ester 
that had not reacted with WGA, a solution of 2-(2-aminoethoxy)ethanol (20 µL) in aqueous 
sodium hydrogencarbonate (0.1 M, 2 mL) was added. After 20 min, to eliminate non-specific 
protein adsorption, the surface was rinsed with PBS (5 x 2 mL). 
 
 

i) EtOH, ii) aq. 12N aq HCl solution, iii) DIEA/EDC and PFP in EtOH, iiii) WGA/PBS. 
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1.2. Surface coverage determination  
 
A dry polysilicon wafer functionalized as COOH-SAM was placed in a capped vial, and a 
solution of EDC (5 mM, 2 mL) in 0.1 M phosphate buffer (pH 7.0) and ethylenediamine (30 
µL) were added. The vial was incubated for 3h at room temperature, and then the wafer was 
removed, rinsed thoroughly with Milli-Q water, placed in a precleaned glass vial containing of 
freshly prepared solution of sulfo-succinimidyl-4-O-(4,4’-dimethoxytrityl)butyrate (s-SDTB) 
(0.1 mM, 2 mL), and left at room temperature for 30 min. At this point, the wafer was rinsed 
thoroughly with Milli-Q water, placed in a precleaned vial containing a perchloric acid aqueous 
solution (35%, 2mL), and ultrasonicated for 15 min. The absorbance of the solution in each vial 
was then directly measured at 502 nm with a UV-visible absorption spectrometer. All the 
measurements were done by duplicate.  

Following this protocol, and considering a substrate area of 1 cm2 for the wafer, a density 
area of 2 x10-9 mol/cm2 of the carboxylic terminated SAM (COOH-SAM) was obtained, 
indicating a high surface coverage in accordance with the value reported for a similar 
quantification process [1]. 

2. Characterization of biofunctionalized surfaces 

The as-received polysilicon wafers have a contact angle of � = 58 º, in good agreement with 
values previously described, which after hydroxylation reduces to � = 30 º, indicating a good 
level of surface hydroxylation. However, after the formation of the ester terminated SAM 
(COOMe-SAM) the contact angle value is greatly increased (� = 94 º, Table S1) as a result of 
the high hydrophobicity of this SAM. Once the terminal ester moiety has been hydrolysed a 
more hydrophilic surface has to be expected, as indeed is shown by the lower contact angle 
value of the COOH-SAM (� = 41 °, Table).  For the next step, the presence of the five fluorine 
atoms is expected to give a hydrophobic character at the SAM, but surprisingly the value 
obtained for the PFP-SAM1 is low (� = 37 °) compared to the values obtained for PFP-SAM (� 
= 88 °), obtained through an optimized protocol. It is possible that several COOH groups remain 
unreacted because of the larger cross section of the PFP group compared with the alkyl chain of 
the surface-attached amphiphilic residue. This fact seems to affect slightly the final surface 
biofunctionalization and could be related to the lower affinity of the biofunctionalized barcodes 
to the ZP of mouse embryos. 
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Table S1. Contact angle values of the different steps of the WGA-PFP-SAM1 formation. 

 

 

 

 

 

 

 

 

 

 

 

3. Time-of-flight secondary ion mass spectrometry (TOF-SIMS).  

The TOF-SIMS analyses were performed using a TOF-SIMS IV (IONTOF, Munster, 
Germany), from Nanotechnology platform (PCB), operated at a pressure of 5·10-9 mbar. 
Samples were bombarded with a pulsed Bismuth liquid metal ion source (Bi3+), at energy of 25 
keV. The gun was operated with a 20 ns pulse width, 0.3 pA pulsed ion current for a dosage 
lower than 5·1011 ions/cm2, well below the threshold level of 1·1013 ions/cm2 generally accepted 
for static SIMS conditions. Secondary ions were detected with a reflection time-of-flight 
analyzer, a multichannel plate (MCPs), and a time-to-digital converter (TDC). Measurements 
were performed with a typical acquisition time of 20 s, at a TDC time resolution of 200 ps. 
Charge neutralization was achieved with a low energy (20 eV) electron flood gun. Secondary 
ion spectra and images in both positive and negative mode were acquired from a randomly 
rastered surface areas of 500 μm x 500 μm along the sample’s surface. Secondary ions are 
extracted with 2 kV voltages and are postaccelerated to 10 keV kinetic energy just before hitting 
the detector. The maximum mass resolution, R = m/Dm, was around 9.000, where m is the 
target ion mass and Dm is the resolved mass difference at the peak half-width. 

The different steps leading to the formation of WGA-PFP-SAM1 on polysilicon patterned 
wafers (see Table) were analysed by TOF-SIMS. For the spectrum recorded in positive mode of 
the product resulting from the first step of the synthesis (COOMe-SAM) the most abundant 
peaks observed were at m/z 15 and m/z 59 corresponding to the -CH3 and the -COOCH3 
fragments of the ester group. Comparison of the spectrum for the product of the second step 
(COOH-SAM) indicated a decrease on the intensity of the ester peaks (m/z 15 and m/z 59) and 
the appearance of an abundant peak at m/z 45, corresponding to the carboxylic acid fragment –
COOH (Table). The spectrum of the product of the third chemical step, the activated 
pentafluorophenolester (PFP-SAM1) shows intense peaks corresponding to the fluorine atoms 
fragment (m/z 19), but also peaks corresponding to the fragmentation of the alkyl chain bearing 
the terminal PFP ester were observed at m/z 240 ((CH2)2-COO-PFP), m/z 267 ((CH2)4- COO-
PFP), and m/z  309 ((CH2)7-COO-PFP) with lower abundance (Table S2).  

 
 

 

Terminal 
Functional 

Group in SAM 

Contact 
angle 

θ (°) 
None (clean surface) 58±2 

-OH 30±6 

COOMe-SAM 94±5 

COOH-SAM 41±2 

PFP-SAM1 37±2 

WGA-PFP-SAM1 27±2 
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Table S2. Molecular fragments of different SAMs analysed by positive mode TOF-SIMS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We also analyzed the WGA-PFP-SAM1, of special interest taking into consideration that 

there are only a few examples in the literature where immobilized proteins have been 
characterized by TOF-SIMS using the protein aminoacid peaks pattern as the probe [2]. The 
positive ion spectrum of WGA-PFP-SAM1 is shown in Fig. S1, and the most abundant 
secondary ions from the fragmentation of the protein are labelled on the diagram. As it has been 
reported in the literature, several amino acid moieties were identified on the spectrum related to 
Gly (CH4N), Ala (C2H6N), Pr (C4H6N) and Val (C4H10N). Instead, in the spectrum of WGA-
SAM1 recorded in negative mode, only unspecific peaks at m/z 26 and m/z 42 were detected 
with a significant intensity, corresponding to the peptide backbone (Fig. S1).  

 

[1] S. Wei, B. Vaidya, A.B. Patel, S.A. Soper and  R.L. McCarley, J. Phys. Chem. B, 109 
(2005) 16988. 

[2] P. Wang, O. Hadjar, P.L. Gassman and  J. Laskin, PCCP, 10 (2008) 1512. 

 

 

 

 

 

 

Terminal functional 
Group in SAM 

Identified 

fragments 

m/za Relative 

Intensity 

COOMe-SAM -CH3 15 0.5x104 

 -COOCH3 59 1.4x104 

COOH-SAM -COOH 45 1.5x104 

PFP-SAM1 -F 19 1.2x104 

 -(CH2)2-COO-PFP 240 1.6x102 

 -(CH2)4-COO-PFP 267 1.2x102 

 -(CH2)7-COO-PFP 309 2.2x102 

a
 Mass-to-charge ratio. 
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Gly                      Ala                  Ser                    Pro  Val 

 

 

 

 

 

 

 

 
Fig. S1. a) Positive ion TOF SIMS spectra of WGA-PFP-SAM1.The aminoacids that 

correspond to the peaks are indicated b) Negative ion TOF-SIMS spectrum of WGA-PFP-
SAM1 immobilized onto silicon surface. 
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4. Atomic force microscopy (AFM)  

Fig. S2a and b show AFM phase images and 3D images of a neat polysilicon wafer 
microparticle and the ester terminated monolayer COOMe-SAM formed on it, respectively. 
Comparison of the images leads to the conclusion that the silicon surface has a considerable 
roughness, caused by its fabrication procedure. Furthermore, the molecules on COOMe-SAM, 
as can be seen in Fig. S2b, are densely packed, and only a few uncovered areas were observed, 
possibly because of the high roughness of the starting material. 

 
 

Fig. S2. AFM phase and 3D images of a polysilicon particle on a wafer:  a) unfunctionalized, b) 
after functionalization as COOMe-SAM.  

a) 

b) 

0,2μm 

0,2μm 
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Scheme S2. Schematic representation of the chemical blocking step (Fg= CHO, PFP, EPX). 
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Table S3. Contact angle values for CHO-SAM on polysilicon patterned wafers after 

overnight deposition time of different TESUD concentrations in either absolute ethanol or 

toluene. All the experiments were performed three times to obtain a significant value 

 

 

 

 

 

 

 
 

aConcentrations not 
tested. 

Table S4. Variation of the contact angle values average versus deposition time in ethanol and 
toluene. All the experiments were performed three times to obtain a significant value 

 

 

 

 

 

 

 

 

 

 

TESUD 

concentration 

(mM) 

Contact angle (θº) 

Ethanol Toluen
e 

1 

10 

50 

100 

135 

150 

200 

71 ± 3 

91 ± 2 

87 ± 3 

93  ± 2 

98 ± 2 

90 ± 4 

79 ± 4 

a 

a 

a 

105 ± 2 

97 ± 4 

98 ± 3 

99 ± 3 

 Contact angle (θº) 

Deposition 
time Ethanol Toluene 

30 67±3 100±3 

60 73±3 97±3 

120 67±3 96±2 

180 93±2 104±2 

overnight 100±2 106±3 
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Fig. S3. MALDI-TOF MS spectra without matrix of a) CHO-SAM, b) PFP-SAM and of c) 
EPX-SAM using DHB as a matrix.  

 

b) 

a) 

c) 
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Fig. S4. AFM topographic images of a) a polysilicon structured wafer b) polysilicon 
microparticle and c) topographic profile corresponding with the white line that appears in b). 

a) c) 

a) b) 
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Fig. S5. a) Calibration curve for WGA in PBS solution, plotting absorbance at �= 274 nm 

versus WGA concentration (µg/ml), and b) UV spectrum of WGA in PBS solution, before (20 

µg/ml) and after immobilization.  
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 a) CHO-SAM       b)EPX-SAM 

      

 
c) PFP-SAM 

 
 

Fig. S6. Images of WGA (Texas Red labeled) biofunctionalized polysilicon wafers with 

either a) CHO-SAM, b) EPX-SAM, and c) PFP-SAM, and their corresponding two-dimensional 

graph of the fluorescence intensity along the white lines within the images.  

----- CHO-SAM 

----- PFP-SAM 

----- EPX-SAM 
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Aminoanthracene derivatives as 

chemical sensors for intracellular pH 
and calcium sensing 

 



  

102 

 
 
 
 



 Chapter 3.1 

103 

3.1 INTRODUCTION AND OBJECTIVES 

3.1.1 INTRODUCTION 

A chemical sensor or chemosensor is a device that transforms chemical information 
into a detectable signal.  Chemosensors contain two basic functional units: a) a receptor 
which upon complexation with a guest generates chemical information, and transforms 
it into a form of energy, and b) the transducer part that receives the information of the 
receptor and transforms the chemical information into a useful signal.1 Chemosensors 
can be classified depending on the functional principle of the transducer, being the 
optical, electrochemical, electrical or thermometric the most commonly chemosensors 
used. In particular, this work is focused in a type of optical chemosensors based on 
fluorescence as the detection method.2 

The preparation of fluorescence based chemosensors has been intensely exploited for 
the last years in the areas of Biotechnology or Nanomedicine, mainly for diagnostics 
purposes. Furthermore, chemosensors are of paramount importance for their capacity to 
detect important biological parameters in cells, such as biologically relevant 
intracellular ions or radicals, as well as enzyme activity in living organisms, specially 
using fluorescence for their detection.3,4 The importance of sensing many biological 
processes has led to the development of many organic compounds that can be used as 
chemosensors exhibiting a variation on their intrinsic fluorescence. Chemosensing is 
often based of  the principle of the photoinduced electron-transfer (PET).5 Fluorescent 
signalling via the PET strategy is distinguished by its intrinsically supramolecular 
nature, where three components are necessary for its function: a) a fluorophore module 
as the site to give the fluorescence excitation and emission, b) a receptor responsible for 
guest complexation and c) a spacer that connects the fluorophore and receptor close to, 
but separated from, each other (Figure 3.1).6  Furthermore, PET signalling systems 
have natural switch ability, corresponding to a guest-induced “off-on” or “on-off” 
fluorescence. 

TRANSDUCER

RECEPTOR

SPACER

TTT

RECEPTOR

SPACElectron
Transfer

(on)

Electron
Transfer

(off)

 

Figure 3.1 Schematic model of a fluorescence based sensor.  
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Some, fluorescent moieties, for instance, anthracene, boron-dipyrromethene 
(BODIPY) or rhodamine derivatives, identify the anabolite by changes in their 
fluorescence emission. Much attention is focused on the development of intracellular 
devices for sensing parameters such as pH or several cations (Na+, K+, Mg2+, or Ca2+), 
and several examples based on fluorescent compounds as pH or cation sensors have 
been described in the last years.7-9 Figure 3.2a shows an example of a BODIPY 
derivative as pH sensor. The protonation of the amino group inhibited the PET from the 
amine to the BODIPY moiety, leading to an increase of the fluorescence emission of the 
compound.10 On the other hand, an example of a selective fluorescence based calcium 
sensor incorporating a monoaza-crown ether with two pyrene moieties is also showed 
(Figure 3.2b).11  

               
Figure 3.2 a) Protonation of a BODIPY derivative, leading to increased fluorescence. b) 

Representation of selective fluorescence based calcium sensor composed by a monoaza-crown 
ether with two pyrene moieties.  

In particular, many anthracene derivatives have been described in the last years as 
sensors of different chemical and biological parameters in solution.12-14 However, 
different reports regarding anthracene immobilization on biocompatible surfaces have 
been actually published.15,16 For instance, the immobilization of aminoanthracene and 
rhodamine derivatives onto gold nanoparticles have been reported recently as pH 
sensors, based on the immobilization of two different dyes on the same nanosystem 
(Figure 3.3).15  

 

Figure 3.3 a) pH nanosensor based on functionalized aminoanthracene and rhodamine 
derivatives on gold nanoparticle.  

b) a) 
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Compared to organic fluorophores used in solution, fluorescent probes immobilized 
onto nanoparticles could provide stronger fluorescence emission and specific target to 
organelles, masking the citotoxicity of some organic compounds. On the other hand, the 
use of silicon microdevices for sensing inside living cells, was recently demonstrated by 
J.A Plaza et al.,17 describing a silicon microchip that can detect intracellular pressure 
changes inside a cell. Thus, immobilization of fluorescent chemosensors onto silicon 
microparticles could afford a microtool able to be internalized within living cells, to 
detect different biological parameters and, enabling an individual and easier detection. 
This advantages make this promising area of research worthy to explore.    
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3.1.2 OBJECTIVES 

The main objective of this work consisted in the preparation of microtools for 
intracellular pH or calcium sensing. To achieve this goal, some specific objectives were 
defined as: 

I) Synthesis and characterization of the aminoanthracene derivative (AnNH2). 

II) Immobilization of AnNH2 onto silicon surfaces and study of the immobilization 
approach using different SAMs. 

III) Fluorescence spectroscopy measurements on AnNH2 immobilized silicon 
surfaces, to analyze changes in fluorescence emission of the immobilized AnNH2 at 
different pH values. 

IV) Immobilization of AnNH2 onto silicon microparticles, in order to prepare a novel 
microtool potentially suitable for intracellular pH measurement.  

V)  Synthesis and characterization of an azacrown containing aminoanthracene 
derivative (AnCr) as possible candidate for intracellular calcium sensing. 

VI) Study of the capability and selectivity of the prepared aminoanthracene (AnCr) 
to be used as calcium sensor using fluorescence spectroscopy in solution.  
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3.2 Synthesis and immobilization of aminoanthracene derivatives onto 
silicon microparticles as intracellular pH photoinduced electron transfer-
based chemosensor.  

SYNOPSIS 

 

Chemical nanobiosensors have been intensely investigated for the last years in the 
area of Nanomedicine mainly in diagnostics, due to the need to find new tools to detect 
important parameters in biological systems. This section describes the selection and 
synthesis of aminoanthracene derivatives acting as a recognition element for pH for 
subsequently studying its immobilization onto silicon microparticles, using SAM 
methodology. The work is focused on the detection of the pH, an important intracellular 
parameter that is involved in many cell processes. 

Synthesis and immobilization on polysilicon surfaces of N-(9-anthrylmethyl)-1,2-
ethanediamine (AnNH2) has been successfully achieved. Characterization of the 
corresponding SAM was performed by different techniques, including Laser Desorption 
Ionization Time of Flight mass spectrometry and contact angle measurements. More 
importantly, fluorescence spectroscopy measurements of the immobilized AnNH2 on  
silicon surfaces, showed a remarkable decay of its fluorescence at basic pH, rendering a 
microtool potentially suitable as intracellular pH sensor.  
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Synthesis and immobilization of 
aminoanthracene derivatives 
onto silicon microparticles as 
intracellular pH photoinduced 
electron transfer-based 
chemosensor.  
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INTRODUCTION 

Sensing of intracellular cell parameters has been one of the most studied topics in the 
last decade in a variety of research fields such as chemistry, biology, or Nanomedicine.1-

3 The preparation of optical chemosensors has been intensely developed mainly for 
diagnostics purposes, due to the need to find new tools to detect important biological 
parameters at cellular level, such as, biologically relevant ions or radicals, as well as 
enzyme activity in living organisms, specially using fluorescence for their detection.4-5 
Thus, the importance of sensing many biological processes has led to a range of 
fluorescent organic probes, which can be used as chemosensors exhibiting a variation 
on their intrinsic fluorescence.6 Sensing-based devices imply the immobilization of 
chemosensors, usually by a self-assembled monolayer (SAM), on biocompatible 
surfaces such as gold or silicon, composed of a binding part for guest the anabolite and 
a sensing part to read information about the complexation.7 

In particular, intracellular pH is a very important cellular parameter to be measured, 
because pH in cells can change depending on their behaviour.8 For instance, different 
organelles such as endosomes or lysosomes, have a typically acidic pH between 4 and 
5,9 in comparison to the cytosol and the nucleus pH, that in normal conditions have a 
pH near 7.2-7.4. On the other hand, different kind of cells such as apoptotic,10 
inflammatory,11 or cancer cells12 also present changes in their intracellular pH, which 
becomes normally slightly acidic in those cell conditions. In this context, tools with the 
capability to measure intracellular pH should be an important mean to study the cell 
stage, cell behaviour or the cell death processes.13 

The design of pH sensors is mainly based in the use of electron-conjugated 
structures, and exploit the principle of the photoinduced electron-transfer (PET).14  The 
fluorescence of compounds such as rhodamine, fluorescein or anthracene derivatives 
can change depending on the pH of the media.15-16 In particular, aminoanthracene 
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derivatives have been studied previously as fluorescent PET based pH sensors in 
solution.16-17 Specifically, the fluorescence emission of aminoanthracene derivatives is 
at its minimum in basic solutions, as a consequence of intramolecular PET from the 
lone electron pair of the nitrogen to the anthracene moiety; instead, acidic media 
enhances the fluorescence emission.   

Recently, novel systems have been described which combine PET-based 
chemosensors with polymeric or metallic nanoparticles in order to facilitate the uptake 
of the sensors inside the cells.18-20 Compared to organic fluorophores used in solution, 
fluorescent probes immobilized onto nanoparticles could provide stronger fluorescence 
emission and specific target to organelles, masking the citotoxicity of some organic 
compounds. Hence, measurements of intracellular pH at longer times would be 
possible. Further, nanoparticles let to the immobilization of different dyes in the same 
nanosystem consisting of a ratiometric fluorescent sensor, prompting to the 
identification of a higher range of pH.21 On the other hand, preparation of  
biocompatible silicon microparticles for sensing inside living cells, was recently 
demonstrated by J.A Plaza et al.,22 describing a silicon microchip that can detect 
intracellular pressure changes inside living cells. Therefore, immobilization of 
fluorescent chemosensors onto silicon microparticles could afford a microtool able to be 
internalized within living cells, to detect the intracellular pH, enabling an individual and 
easier detection.  

This work describes the synthesis and immobilization on polysilicon microparticles 
of an aminoanthracene derivative N-(9-anthrylmethyl)-1,2-ethanediamine (AnNH2), 
consisting on three functional moieties that makes the compound potentially suitable as 
a pH sensor: a) an  anthracene moiety as the fluorophore, b) a primary amine group for 
anchoring the molecule to an appropriate silicon substrate through a SAM and c) a 
secondary amine group that is responsible for the fluorescence switch, using pH as the 
stimulus. The immobilization of the AnNH2 onto silicon microparticles represents an 
innovative strategy to deliver the chemosensor inside the cell and to measure 
intracellular parameters in living cells. 

RESULTS AND DISCUSSION 

Synthesis and immobilization strategy 

The amino-anthracene derivative, N-(9-anthrylmethyl)-1,2-ethanediamine (AnNH2) 
(Figure 1a), was synthesized using a modification of procedure that was found in the 
literature,16 by reaction of 9-chloromethyl anthracene and 1,2-ethylenediamine. AnNH2 

was immobilized on polysilicon surfaces (1 cm2) using a SAM in which 3 µm2 

microparticles are micropatterned (Figure 1b). Next, released microparticles with a size 
of 3x3 µm2 and with a thickness of 500 nm (Figure 1c) were also functionalized, 
following similar experimental conditions to the ones used for the 1 cm2 surfaces. 
AnNH2 immobilization on polysilicon microparticles could afford the delivery of the 
chemosensor inside the cell and to measure intracellular parameters in cells in vivo and 
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individually, permitting an easy identification using an optical microscope. 

 

    
Figure 1. a) Representation of AnNH2, Scanning electron microscopy (SEM) images of b)1 

cm2 silicon substrate in which 3 µm2 polysilicon microparticles are micropatterned and c) 3 µm2 

polysilicon released microparticles (left scale bar = 10 µm and right scale bar = 1 µm). 

Covalent functionalization was chosen, and immobilization of AnNH2 was 
alternatively achieved through a) an amine bond, using an aldehyde terminal SAM 
(CHO-SAM), to obtain AnNH-SAM; or b) an amide bond, using a pentafluorophenyl 
ester terminal SAM (PFP-SAM) and yielding AnCONH-SAM (Scheme 1). The 
presence of the immobilized AnNH2 on the polysilicon surfaces was characterized by 
contact angle measurements and laser desorption ionization time of flight mass 
spectrometry (LDI-TOF MS). Contact angle measurements of AnNH-SAM (� = 82º) 
indicated a reduced hydrophobic character related to the initial CHO-SAM (100º),23 
while the AnCONH-SAM showed a similar contact angle value (� = 84º) to the initial 
PFP-SAM (� = 88º),24 indicating a very low decrease on the hydrophobicity.  

  
Scheme1. Stepwise of the immobilization of AnNH2 using a) CHO-SAM and b9 a PFP-

SAM. 

LDI-TOF MS allowed the characterization of silicon modified solid surfaces.25 
Analysis of AnNH-SAM indicated a high degree of fragmentation of AnNH2. The 
highest intensity peak appears at m/z 521.8 corresponding to AnNH-SAM plus one 

a) b) c) 
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oxygen and one silicon atom. The peak at m/z 493.9 corresponds to AnNH-SAM plus 
one oxygen atom, and the peak at m/z 549.8 corresponds to the AnNH-SAM with an 
extra two silicon and one oxygen atoms (see Supplementary Information Figure S1). 

Fluorescence spectroscopy measurements 

Fluorescence spectroscopy measurements were performed on polysilicon surfaces to 
assess the suitability of the immobilized aminoanthracene AnNH2 as pH sensing 
microtool. In order to study the influence of the chemical nature of the links between the 
aminoanthracene moieties to the surface, variation of the intensity of the fluorescence of 
both AnNH-SAM and AnCONH-SAM was carried out upon changes in the pH of the 
solution. Thus, 1 cm2 silicon substrates with the corresponding AnNH-SAM or 
AnCONH-SAM were immersed in water, and the pH was changed progressively from 
acid to basic conditions (pH range 2-12). Fluorescence intensity measurements of both 
SAMs were obtained, measuring directly the fluorescence emission of the anthracene 
immobilized silicon substrates between 400 and 575 nm (λexc = 387nm). The 
fluorescence emission decay for both functionalized surfaces (AnNH-SAM and 
AnCONH-SAM) is depicted in Figure 2a-b. The characteristic anthracene peak at 417 
nm was used to obtain the normalized titration curves (Figure 2c-d) where the 
fluorescence intensity variation in the different pH tested is indicated. 

The maximum fluorescence intensity for both samples occurs at acidic pH (between 
2 and 4); while at basic pH (above 8) the fluorescence intensity is much lower. These 
results, performed directly on the immobilized AnNH2, are in agreement with the 
measurements realized with the free AnNH2.16 The two titration curves obtained, 
presented a decrease of the fluorescence intensity from pH near 4-5 indicating a big 
difference between acid and basic conditions in terms of fluorescence intensity. 
Comparing both results, fluorescence intensity is higher in the case of AnCONH-SAM 
and the graph of the anthracene decay average resulted also more defined than the graph 
obtained for AnNH-SAM. This results indicate that AnCONH-SAM appear to be more 
suitable for the intracellular pH sensing. 
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Figure 2. Decay of fluorescence emission at different pH values of immobilized AnNH2 in 
a) AnNH-SAM and b) AnCONH-SAM. Normalized fluorescence emission titration curves at 
417 nm of c) AnNH-SAM and d) AnCONH-SAM. 
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Microparticles functionalization 

Immobilization of AnNH2 on released polysilicon microparticles was performed 
using the AnCONH-SAM. Figure 3 shows the fluorescence emission spectrum of the 
functionalized microparticles dispersed in water (pH = 7), in where the bands 
corresponding to the immobilized anthracene were identified (417 and 445 nm), 
confirming the immobilization of the AnNH2 onto the silicon microparticles. 

400 450 500 550

I (
a.u

.)

Wavelength (nm)

 
Figure 3. Fluorescence emission spectrum of AnCONH-SAM onto polysilicon 

microparticles suspended in water (ƛexc = 336 nm).  

Fluorescence microscopy was also used in order to characterize the fluorescence 
emission of the modified microparticles. Figure 4 shows the fluorescence microscopy 
images of several AnCONH-SAM microparticles in acid and basic solutions.26 Under a 
fluorescence microscope, and considering 256 pixels as the maximum intensity of 
fluorescence, the functionalized AnCONH-SAM microparticles showed an average 
value for the fluorescence intensity of 73% at pH 4, and 48% at pH 7. At pH 12, only 
one of the microparticles viewed in the optical images (Figure 4d), presented 
fluorescence emission, exhibiting a fluorescence intensity of just 19%. Thus, a high 
difference on the value range tested, showed the capability of the resulting microtool to 
emit its maximum of fluorescence at acid pH (pH from 1 to 4.5). Fluorescence 
microscopy images of several microparticles in acid and basic conditions with a higher 
magnification (60x) are also showed in Figure S2. The variability of the microparticles 
fluorescence emission obtained by fluorescence microscopy can be attributed to the 
difference on the location of the microparticles when they are visualized under the 
microscope light, because they are suspended in water and they are positioned in 
different planes. 
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Figure 4.  Fluorescence microscopy images of the AnCONH-SAM immobilized on 

polysilicon microparticles at a) pH =4, b) pH =7 and c) pH =12 conditions with a magnification 
of 40x. d) Optical microscopy image of the microparticles at pH = 12. 3D images of the 
corresponding microparticles are also showed. (ms = milliseconds used to obtain the images). 

CONCLUSIONS 

Immobilization of AnNH2 on polysilicon surfaces has been achieved using two 
different linkers (amino and amide), obtaining AnNH-SAM and AnCONH-SAM, 
respectively.  The resulting SAMs were characterized by different techniques, including 
LDI-TOF MS and contact angle measurements. Fluorescence spectroscopy 
measurements in 1 cm2 silicon surfaces of the immobilized AnNH2 showed an increase 
on the fluorescence intensity in acidic pH (1 to 4) while in at pH from 5 the 
fluorescence intensity decreased considerably.  Fluorescence measurements showed that 
the fluorescence emission of AnCONH-SAM was higher than the AnNH-SAM, 

a) pH 4  (120 ms) 

b) pH 7 (120 ms) 

c) pH 12 (150 ms) 

d) 
50- 

180- 

260- 
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indicating also an improved aminoanthracene decay average in the titration curves. 
Preliminary experiments based on functionalization of polysilicon microparticles with 
AnCONH-SAM have been achieved. Fluorescence microscopy images of the 
AnCONH-SAM functionalized released silicon microparticles have been obtained, 
exhibiting an average of fluorescence intensity of 73% at pH 4, 48% at pH 7, and 19% 
at pH 12. These experiments, although preliminary, prove the capability of the 
immobilized aminoanthracene derivative AnNH2 to act as pH sensor after their 
immobilization on polysilicon microparticles using AnCONH-SAM, rendering a 
microtool potentially suitable as an intracellular pH sensor. 

EXPERIMENTAL DETAILS 

Material and methods 

Commercial compounds: potassium carbonate, sodium cyanoborohydride 
(NaBH3CN), 9-chloromethylanthracene, hydrogen peroxide, sodium hydroxide, 
hydrochloric acid were purchased from Sigma-Aldrich. 11-(Triethoxysilyl)undecanal 
(TESUD) and pentafluorophenyl 11-(trimethoxysilyl)undecanoate were purchased from 
ABCR.  

Solvents: acetonitrile (ACN), sulfuric acid, dichloromethane (DCM), ethanol and 
methanol were analytical grade. Water used in the experiments was HPLC grade 
produced by a MilliQ plus system from Millipore (MilliQ water). 

1H NMR spectra were recorded in Varian-300 (300 MHz), and chemical shifts are 
reported in δ values downfield from TMS or relative to residual chloroform (7.26 ppm) 
as an internal standard. Static contact angle measurements were performed in air with 
high purity deionized water by a 3µL drop using a contact angle goniometer 
(THETALITE100 with the software OneAttension, Finland). Values of the contact 
angle on at least three samples were measured to give statistical significance. LDI-TOF-
MS analyses were performed using a Voyager-DE-RP (Applied Biosystems, 
Framingham, USA) mass spectrometer, from Scientific and Technological Centers of 
the Universitat de Barcelona (CCiTUB). The substrates were allowed to dry and 
attached directly onto the stainless steel LDI sample plate with double-sided tape and 
loaded into the spectrometer. MS analysis was operated in the delayed extraction mode. 
A 3 ns pulse nitrogen laser (337 nm) was used for desorption and ionization with an 
accelerating voltage of 20 kV. Negative ions were detected in a time-of-flight mass 
detector in the reflector mode. Fluorescence images were obtained with a Leica DMIRB 
microscope at the CCiT-UB equipped with an inverted fluorescence microscope. The 
samples were observed in fluorescence and transmission light simultaneously. 
Fluorescence microscopy images were processed by Image J. Fluorescence 
spectroscopy measurements were performed using a Horiba-Jobin-Yvon SPEX 
Nanolog-TM spectrofluorometer. Fluorimetry experiments were obtained measuring the 
fluorescence emission spectra (excitation at 366 nm, 1.5 slides) in a range between 370 
and 650 nm using a quartz cuvette with a length of 1 cm.  
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Synthesis of  N-(9-anthrylmethyl)-1,2-ethanediamine (AnNH2)  

9-Chloromethyl anthracene (360 mg, 1.59 mmol) and 1,2-ethylenediamine (107 µL, 
1.59 mmol) were added to a suspension of K2CO3 (1.1 g, 7.95 mmol) in 100 mL of dry 
ACN under an argon atmosphere. The reaction was stirred vigorously under reflux. 
After 24 h the suspension was cooled down, filtered and washed with ACN (2 x 5 mL). 
The solution was evaporated and the crude product was purified by silica gel 
chromatography (7:3 DCM / methanol) to give AnNH2 as a yellow oil (259 mg, 65% 
yield). 1H NMR (300 MHz, CDCl3) δ 8.35 (s, 1H), 8.32 (d, J = 7.8 Hz, 2H), 7.97 (d, J = 
8.3 Hz, 2H), 7.50 (m, 4H), 4.69 (s, 2H), 2.88 (t, J = 5.1 Hz, 2H), 2.83 (t, J = 5.2 Hz, 2H) 
1.65 (s, 3H).  

SAMs preparation (CHO-SAM and PFP-SAM) 

1 cm2 silicon surfaces were first hydroxylated by submerging the surfaces in a 
freshly prepared mixture of H2SO4 (98%) and H2O2 (30%) (piranha solution), at a 
volume ratio of 7:3 for 1 h, and then rinsed with water (5 x 3 mL). Freshly cleaned 
substrates were then submerged in an alkaline mixture of NH4OH (20%), H2O2 (30%) 
and H2O, at a volume ratio of 1:5:5 for 30 min, and then rinsed abundantly with water 
(5 x 3 mL) and dried in a stream of nitrogen. Next, the hydroxylated substrates were 
submerged in a solution of absolute ethanol (1900 µL), and then 100 µL of either 11-
(triethoxysilyl)undecanal or pentafluorophenyl 11-(trimethoxysilyl)undecanoate, were 
added to form the CHO-SAM or the PFP-SAM, respectively. The flask was stirred in an 
orbital shaker at 110 rpm overnight. Then, the surfaces were rinsed abundantly with 
absolute ethanol (5 x 3 mL) and dried with nitrogen. Finally, the substrates were located 
in a vacuum oven for 30 min at 80 oC.  

Anthracene immobilization on silicon surfaces 

The functionalized 1 cm2 silicon substrates CHO-SAM and PFP-SAM were 
submerged in a solution of AnNH2 (240 mg, 0.48 mmol) and 200 μL of NaBH3CN 
solution in EtOH (2 mL, 0.03 % w/v). The mixture was stirred for 24 hours at room 
temperature. After this time, the sample was washed with ethanol (3 x 2 mL), and then 
dried in the oven at 80 oC 30 min to obtain the AnNH-SAM and the AnCONH-SAM.  

A similar protocol was used for the functionalization of the microparticles, but the 
total volume of the AnNH2 solution used for the immobilization step was 200 µL, and 
centrifugation was used in every washing.  

Fluorescence spectroscopy measurements 

pH fluorescence spectroscopy experiments were performed positioning vertically 1 
cm2 of the functionalized silicon surface in a quartz cuvette with a length of 1 cm. Then, 
different pH solutions (3 mL), in a range between 2 and 12, were added to the cuvette 
and the fluorescence emission spectra were recorded for each pH. The different pH 
solutions used were freshly prepared adjusting the pH with HCl and NaOH solutions.   
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Figure S1.  AnNH-SAM LDI-TOF spectrum.  
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Figure S2. Anthracene immobilized AnCONH-SAM silicon microparticles in a) acid (pH = 

4) and b) basic solutions (pH = 8). 3D images of the corresponding microparticles were also 
showed. Images were acquired at 60x and 400 ms. 
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3.3 APPENDIX: MODELS FOR CALCIUM SENSING 

This annex presents preliminary results concerning the preparation of a calcium 
chemosensor based on the same principles described in the section before. 

INTRODUCTION 

Cations such as Na+, K+, Mg2+, and Ca2+ are important intracellular parameters in 
living organisms due to their vital role in the cell behaviour. Therefore, preparation of 
selective and sensitive intracellular chemosensors for intracellular cations represents the 
aim of this work. In particular, calcium regulates many cell processes such as ion 
transport, muscle contraction, neurotransmitters release, and cell division and growth.1-2 
A variety of Ca2+ sensors in solution have been already described,3-6 or also 
incorporated to different nanosystems.7-10 The preparation of a microtool suitable as 
calcium sensor is aimed because it would allow the intracellular calcium measurement 
on individual living cells. Using similar principles that has been described before for the 
pH sensor, an aminoanthracene derivative was synthesized incorporating a specific 
calcium receptor based on a azacrown ether, due to their capacity to bind cations.11 
Monoaza-15-crown-5 was selected as the main binding site of a chemosensor suitable 
for Ca2+ since effective complexation was expected based on previous studies reported 
on the literature.12 Furthermore, some previous works concerning anthracene as 
fluorophore including crown ether derivatives have been described mainly as cation 
sensors in solution.13-15 

The synthesis of the 13-(anthracen-9-ylmethyl)-1,4,7,10-tetraoxa-13-
azacyclopentadecane AnCr was aimed for the calcium recognition device. This 
compound contains two main fragments: a) an anthracene that will act as fluorophore, 
and b) the monoaza-15-crown-5 as the main binding part suitable for calcium 
complexation, based on the fluorescence photoinduced electron transfer (PET) (Figure 
1).   

 
Figure 1. Model of the aimed AnCr as a selective fluorescent sensor for calcium.  
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RESULTS AND DISCUSSION 

Synthesis of a selective calcium receptor based on anthracene  

The aminoanthracene derivative (AnCr), was  obtained by reaction of 9-
chloromethyl anthracene and 1-aza-15-crown-5 in the presence of K2CO3 affording the 
expected compound AnCr in a good yield (80%)14 (Scheme 1).  

 
Scheme 1. Synthetic protocol for the synthesis of compound AnCr. 

Fluorescence spectroscopy measurements 

Spectrofluorometric titration experiments were performed to assess the suitability of 
AnCr as fluorescent calcium sensor.  Fluorescent emission variations of compound 
AnCr were analyzed upon complexation with different mono and divalent cations, in 
order to assess the selectivity of the AnCr binding for calcium. Fluorescence 
spectroscopy experiments were performed using solutions of four different cations, 
Ca2+, Mg2+, Na+ and K+. Figure 1 shows the fluorescence emission spectra of AnCr 
(3.0 x 10-5 M) where increasing amounts of Ca2+, Mg2+, Na+ and K+ as chloride salts, 
were added to analyze their complexation with the aza-crown moiety. Fluorescence 
intensities were higher when Ca2+ was added in comparison to the other cations (Mg2+, 
Na+ and K+). AnCr fluorescence emission spectra increases when Ca+2 was 
incorporated into the solution, obtaining final values approximately 19 times higher 
than the free AnCr. The fluorescence intensity increases when Mg+2 was added, 
indicating also an affinity with the aza-crown. This complexation could be explained 
probably because the Mg+2 is also a bivalent cation and their radius (160 pm) is similar 
to the calcium atom radius (197 pm), although the fluorescence intensities are quite 
lower (ca. the 50%) respect the Ca+2, indicating a higher selectivity for Ca+2. 
Monovalent cations such as Na+ and K+ were also tested but the fluorescence changes 
were insignificant, indicating the high selectivity of the prepared sensor for bivalent 
cations, particularly calcium.  
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Figure 1. Fluorescence spectral changes of aminoanthracene derivative AnCr (3.0 x 10-5 M) 
with different amounts of a) Ca2+, b) Mg2+, c) K+ and d) Na+. 
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EXPERIMENTAL DETAILS 

Materials and methods 

Commercial compounds: 1-aza-15-crown-5, 9-chloromethylanthracene, K2CO3, 

calcium chloride, magnesium chloride, sodium chloride and potassium chloride were 
purchased from Aldrich. Solvents: Acetonitrile (ACN) was analytical grade and water 
used in the experiments was HPLC grade produced by a MilliQ plus system from 
Millipore (MilliQ water).  

1H NMR spectra were recorded in Varian-300 (300 MHz), and chemical shifts are 
reported in δ values downfield from TMS or relative to residual chloroform (7.26 ppm) 
as an internal standard. Fluorescence spectroscopy measurements were performed using 
a Horiba-Jobin-Yvon SPEX Nanolog-TM spectrofluorometer, Fluorimetry experiments 
were obtained measuring the fluorescence emission spectra (excitation at 366 nm, 1.5 
slides) in a range between 370 and 650 nm using a quartz cuvette with a length of 1 cm.  

Synthesis of 13-(anthracen-9-ylmethyl)-1,4,7,10-tetraoxa-13-azacyclopentadecane, 
(AnCr) 

To a solution of 1-aza-15-crown-5 (200 mg, 0.91 mmol) in dry ACN, K2CO3 (125.77 
mg, 0.91 mmol) was added and the suspension stirred for 15 min. 9-
chloromethylanthracene (205.7 mg, 0.91 mmol) was then added and the reaction 
mixture was stirred first at 60 ºC under nitrogen atmosphere for 12 h and then refluxed 
for 36 h, whereupon a small amount of a yellow solid precipitated out. After cooling, 
the solvent was removed under vacuum, obtaining compound AnCr as yellow solid 
(440 mg, yield: 80%).14 1H NMR (300 MHz, CDCl3) δ 8.54 (d, J = 8.8, 2H), 8.39 (s, 
1H), 7.98 (d, J = 8.6 Hz, 2H), 7.55 – 7.41 (m, 4H), 4.61 (s, 2H), 3.70 – 3.54 (m, 16H), 
2.91 (t, J = 6.0 Hz, 4H).  

Fluorimetry experiments 

3 mL of AnCr (3.0 x 10-5 M) in ACN were added to a quartz cuvette. 10 µL of 
CaCl2 (7.2x 10-4 M) were added consequently in a water/ACN (1:1) solution and the 
fluorescence emission was measured in each addition until a total addition of 170 µL. 
10 µL of the Ca+2 solution corresponds to 0.079 equivalents. Same experiments were 
performed using 1 x 10-3 M chloride solutions of Mg2+, Na+ and K+ in which 15 µL 
(0.16 equivalents) were added to the AnCr solution and the fluorescence emission was 
measured after each addition until a total addition of 165 µL.  

CONCLUSIONS 

The aminoanthracene derived AnCr has been successfully synthesized. Fluorescence 
emission spectra of AnCr in solution showed a significant increase in the fluorescence 
intensity upon its complexation with Ca2+ ions. Comparing the calcium measurements 
with other cation tested such as Mg2+, K+ and Na+, the selectivity of the compound 
AnCr for Ca+2  have been probed. 
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FUTURE WORKS 

Once it has been demonstrated the capability of AnCr to bind calcium with a high 
selectivity, the next step would be the immobilization of this aminoanthracene 
derivative to silicon surfaces (Figure 3). Thus, a future promising work would involve 
the functionalization of the position 10 of the anthracene moiety of AnCr in order to 
incorporate a functional group, which could let to the immobilization of AnCr onto the 
silicon microparticles, resulting a potential tool for an intracellular calcium sensor.  

 

 
Figure 3. Model of the proposed AnCr immobilized on silicon microparticles as a 

selective fluorescent sensor for calcium.   
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4.1 INTRODUCTION  

4.1.1 Photodynamic therapy principles 

Photodynamic therapy (PDT) is an approach to  cancer treatment, based on the use of 
specific drugs, called photosensitizers agents (PS), which are activated using light, 
inducing the cell death (Figure 4.1)1-2 Once irradiated, usually with red laser, the 
photosensitizing agents produce highly toxic reactive oxygen species, for instance 
singlet oxygen (1O2). PS agents can cause major cellular damage, destruction of tumour 
blood vessels, and induce immunity against the damage tissues.3-4 Furthermore, PDT 
has several advantages in the treatment of cancer, since it is less invasive, minimizes the 
secondary effects and allows that more localized areas of the body can be treated.5-6  

 

 

Figure 4.1 Schematic representation of the PDT principle. 

PDT is already clinically used for the treatment of different types of cancer.7 Cancer of 
esophagus or a type of non-small cell lung cancer are examples in which PDT has been 
used to reduce the tumor through the activation of a certain PS with a laser. In these 
cases, PDT can help patients who cannot receive other types of treatment, such as 
surgery or radiotherapy. PDT also can be indicated for the treatment of certain skin 
cancers, normally in a precise area, because the treatment can be very localized using a 
laser, avoiding side effects.8 Laser light of different wavelengths can be used to activate 
a PS. As is illustrated in Figure 4.2, penetration of light in tissues is greatly depending 
of its wavelength. For instance, red laser (650-800 nm) is more used for treatment in 
deep tissues because it is more penetrable, while the blue or UV laser (400-500 nm) is a 
more localized laser and it is specially used in skin treatments.5,9  
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Figure 4.2 Wavelength dependence of light penetration.  

Different photosensitizers have been prepared in the last years, principally for its 
efficiency in the PDT field.10-11 The most commonly sensitizers used are based on the 
porphyrinoid structure12 such as chlorins,13 phthalocyanines or porphyrins.14 Amongst 
those, porphyrins are one of the most studied sensitizers since the development of the 
hematoporphyrin derivative Photofrin®,15 a commercial drug (Axcan Pharma, Inc) used 
in PDT cancer treatments.16  

In the last years, synthesis of new porphyrin derivatives have been investigated due 
to its high interest in diverse areas, not only in PDT12 but photochemistry,17 molecular 
recognition,18 sensors,19 or molecular machines.12, 20 Porphyrins are composed of an 
aromatic ring formed by four pyrrole subunits linked through methine bridges and they 
are present in several complexes in the nature such as haemoglobin, chlorophyll, 
cobalamine or bacterioclorophylls (Figure 4.3).21 

 
Figure 4.3 Several examples of porphyrin derivatives. 
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Developing synthetic methodology to prepare porphyrins results of great interest 
because different procedures exist to synthetize porphyrins, but the yields result often 
quite low.22-24 Thus, the synthesis of dissymmetrical porphyrins normally represents a 
big challenge because a mixture of porphyrins is always obtained, fact that implies 
additional purification steps.25-26 Despite the difficulty of their synthesis and isolation, 
dissymmetrical porphyrins could allow their functionalization on gold or iron oxide 
surfaces.27-29 The incorporation of a PS to a nanomaterial could afford a drug delivery 
system suitable to improve the PDT specificity.30 

4.1.2 Nanoparticles for drug delivery in PDT 

One of the main disadvantages of PDT is the non-specific distribution of the 
photosensitizer in the body. Furthermore, one of the drawbacks of PDT is that the PS 
agents are normally hydrophobic, which difficults their administration. Consequently, 
drug delivery is one of the most interesting topics currently investigated in the PDT 
treatment. 

On the other hand, in the last decade, different materials have been used for the 
formation of nanoparticles as drug delivery systems in the area of Nanomedicine 
(Figure 4.4).31-32 Specially, iron oxide,33 gold 34 and silver 35 nanoparticles are the most 
studied nanomaterials in Nanomedicine mainly for drug delivery, imaging or diagnosis, 
thanks to their easy fabrication, biocompatibility and functionality. One of the 
advantages of the use of nanoparticles, is the possibility of their multifunctionalization 
using chemical procedures.37 This fact opens an extended variety of biological or 
chemical applications depending on the properties of the ligand that can coat the 
nanoparticle surface.38   

 

 
Figure 4.4 Schematic illustration of nanoparticle drug delivery system. 
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4.1.2.1 Iron Oxide Nanoparticles 

Currently, iron oxide nanoparticles have been used in the area of biomedicine39 for 
different applications such as, cell labelling,40 MRI contrast agents,41 hyperthermia42 or 
drug delivery.43 Apart from its easy synthesis, biocompatibility and ability of surface 
modification,44-45 iron oxide nanoparticles (IONP) are also characteristic because of 
their magnetic properties.46 The magnetic behaviour of the IONP suppose a big 
challenge to build a drug delivery system capable to direct a particular drug into the 
damaged tissue, specially for cancer therapy. Thus, the possibility to functionalize the 
IONP with the appropriate drug could help to localize specifically the action of the 
drug, diminishing its secondary effects. 

Functionalization of iron oxide nanoparticles results of great interested for the 
possibility to combine the properties of the nanoparticle with the activity of the desired 
ligand. Typically, carboxylic groups are used to be linked with the surface of the iron 
oxide nanoparticles,28 although it has also been demonstrated that other functional 
groups such as amino, alcohol or thiol residues can be also used for coating the surface 
of the iron oxide nanoparticles.47  

In particular, there are only a few examples that show the use of these magnetic 
nanoparticles for PDT using a PS as a ligand.48-49 This combination of both elements 
(PS and IONP) introduces the opportunity to improve the PDT efficacy due to the 
presence of a delivery system as well as the PS activity. Actually, only a few reports 
describe the preparation of alcohol modified porphyrins, using hydroxyl groups to 
attach the porphyrin to the IONP surface, aiming to obtain a water soluble 
nanosystem.49 Thus, novel water soluble magnetic nanoparticles incorporating a 
porphyrin would be a very important area to investigate in order to found new 
nanosystems for PDT. 

4.1.2.2. Gold Nanoparticles 

During the last decade, gold nanoparticles (GNP) have been used for many 
applications, especially in the area of Nanomedicine, for its suitable biocompatibility, 
easy synthetic methodology and the ability to be functionalized.34, 50 The capacity of 
GNP to act as drug delivery system has been currently studied, mainly in cancer 
diagnosis or therapy.51-55  

Porphyrin-coated gold nanoparticles should be an excellent option to improve the 
PDT through the delivery of the PS agent, as well as to decrease the hydrophobicity of 
the PS. Porphyrin derivatives containing a thiol group have been described in the 
literature to be covalently attached to gold surfaces due to the well-known interaction 
between the gold and sulfur atoms.27, 56 In particular, novel thiolated porphyrins have 
been also described, in the areas of sensors and photovoltaics that cover the GNP 
surface acting as a stabilizer agent.57-60 Concerning PDT, several groups in the last 
years, tried to combine GNP with different photosensitizers, mainly using 
phthalocyanine thiolated derivatives.61-63 Only a few reports have been found in the 
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literature applying functionalized GNP with porphyrins for PDT,64-65 showing a 
promising field that needs to be investigated deeply.  

The methodology described by Brust et al.66 has been used for the preparation of 
GNP functionalized with different PS.57,58,60 However, other procedures have been also 
developed recently to obtain water soluble GNP from hydrophobic PS consisting of the 
addition of thiolated-polyethyleneglycol (PEG) to increase the water solubility of the 
nanoparticles.30,63 In order to afford a good delivery to increase the selectivity of the 
nanosystem, specific cancer cells antibodies have been recently incorporated onto the 
gold nanoparticles.67-68 Antibodies can be linked to the nanoparticles using different 
chemical functional groups, though one of the most used is the carboxylic acid because 
when it is activated, it can react covalently with the amine residues of the antibody.69 In 
particular, the monoclonal antibody anti-erbB2 has been currently studied in cancer 
therapy because it recognizes specifically the membrane receptor erbB2 that is 
overexpressed in many cancer cells.70 A work describing the immobilization of the anti-
erbB2 and phthalocyanines onto GNP for PDT has been reported recently in the 
literature.62 In this context, the combination of a porphyrin and an antibody immobilized 
onto a GNP would present a promising tool in the PDT field.  
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4.2. OBJECTIVES 

The objective of the work described in this chapter is to prepare nanotools useful in 
PDT, and it is detailed in three main points: 

a) Synthesis of novel photosensitizers based on dissymmetrical porphyrins. Different 
porphyrins are selected in order to see their capability to be functionalized onto 
metallic or inorganic nanoparticles to study their functionality as photodynamic 
therapy agents. 

b) Immobilization of the porphyrins onto IONP and GNP. 

c) Asses of the suitability of the novel nanosystems for PDT, analyzing their capacity 
to produce singlet oxygen. 

 In particular, this chapter is divided in three parts in which the specific goals of 
every section are described below: 

 

4.2.1 Preparation of porphyrin modified Iron Oxide Nanoparticles (IONP) 

I) Synthesis and characterization of a Zinc porphyrin derivative (Zn-PR-COOH) 
which includes in its structure: a) a Zn porphyrin as the PS moiety, and b) a 
carboxylic terminated alkyl chain, to be bound to the IONP surface.  

II) Synthesis and characterization of the photosensitizer PR-TRIS3OH, a 
dissymmetrical porphyrin incorporating three tris(hidroxymehtyl)aminomethane 
(TRIS) groups,  in order to ensure water-solubility. Figure 4.5 shows the structures 
of the two aimed porphyrins.  

III) Immobilization of Zn-PR-COOH and PR-TRIS3OH onto iron oxide 
nanoparticles.  

IV) Characterization of the functionalized nanoparticles using a variety of 
techniques, for instance: UV-Vis absorption spectroscopy, Fluorescence 
spectroscopy, X-ray Photoloectron Spectroscopy and Transmission Electron 
Microscopy. 

V) Study the ability of the novel porphyrins to generate singlet oxygen species in 
solution, as well as after immobilization on IONP. The efficiency, in terms of singlet 
oxygen production, of the modified IONP in comparison to the free ligands would be 
analyzed in order to obtain the best possible system for PDT. 
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Figure 4.5 Structures selected as PS for IONP coating suitable for the PDT.  

 
4.2.2 Preparation of porphyrin modified water soluble Gold Nanoparticles  

I) Synthesis and characterization of a dissymmetrical porphyrin (PR-SH) containing 
one alkyl thiol chain. 

II) Preparation of water soluble GNP, functionalized with a mixture of the porphyrin 
(PR-SH) and polyethylene glycol chains (Figure 4.6). 

III) Characterization of the functionalized nanoparticles using a variety of 
techniques, for instance: 1H-NMR, Matrix Assisted Laser Desorption/Ionization time 
of flight Mass Spectrometry (MALDI-ToF MS), UV-Vis absorption spectroscopy, 
X-ray Photoloectron Spectroscopy and Transmission Electron Microscopy for the 
GNP characterization.  

IV) Study of the internalization, localization inside the cells and cytotoxicity of the 
water soluble GNP in human mammary epithelial cell cultures. 

 
Figure 4.6. Porphyrin immobilized on water soluble GNP. 
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4.2.3 Preparation of water soluble multifunctionalized erbB2-porphyrin-PEG-GNP 
(Ab/B-GNP) 

I) Synthesis of water soluble GNP functionalized with a porphyrin derivative (PR-
SH) and a carboxylic terminal PEG. 

II) Antibody erbB2 immobilization onto the GNP to obtain a nanosystem able to 
recognize cancer cells specifically (Figure 4.7). 

III) Evaluation of singlet oxygen production following irradiation in all the prepared 
GNP trying to select the optimal system for PDT. 

 

 

 

Figure 4.7. Antibody immobilized porphyrin-GNP (Ab/B-GNP). 
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4. 3 Synthesis of novel porphyrin modified iron oxide nanoparticles for 
photodynamic therapy 

 

SYNOPSIS 

 

Nanoparticles, especially iron oxide nanoparticles, are considered promising 
platforms for drug delivery because of their easy fabrication, biocompatibility and 
functionalization capability. This article, describes the preparation of novel porphyrin 
derivatives and their immobilization onto iron oxide nanoparticles to build up suitable 
nanotools for PDT. 

To achieve this purpose, a zinc porphyrin derivative, ZnPR-COOH, has been 
synthesized and characterized at the molecular level.  The firstly, synthesized iron oxide 
nanoparticles covered with oleylamine (ol-IONP), have been functionalized with the 
compound ZnPR-COOH, obtaining finally a novel nanosystem (ZnPR-IONP) that has 
been characterized by a variety of techniques such as UV-Vis absorption spectroscopy 
or fluorescence spectroscopy, X-ray photoloectron spectroscopy (XPS) and 
transmission electron microscopy (TEM), as well as singlet oxygen formation.  In order 
to probe the capability of the photosensitizers for PDT, both ZnPR-IONP and the free 
ligand ZnPR-COOH have been irradiated with a light blue source and the singlet 
oxygen production has been quantified by measuring the decay in absorption of the 
anthracene derivative 9,10-anthracenedipropionic acid (ADPA). These experiments 
confirmed the capability of to produce singlet oxygen for the photosensitizer ZnPR-
COOH, showing an important increase of singlet oxygen production, when the 
porphyrin is incorporated onto the IONP.  

On the other hand, the porphyrin derivative PR-TRIS3OH, was also synthesized in 
order to incorporate several polar groups to the structure of the porphyrin with the idea 
of making the nanosystems where it will be incorporated water soluble. In this case, the 
metal free porphyrin PR-TRIS3OH was synthesized first, and consequently it was used 
to functionalize the ol-IONP. Indeed, PR-TRIS-IONP resulted water soluble, allowing 
their use in biological media. The PR-TRIS-IONP have also been characterized by UV 
Vis absorption spectroscopy and fluorescence spectroscopy or Zeta potential 
measurements, which demonstrated the porphyrin coverage on the IONP. Finally, the 
singlet oxygen production was studied for PR-TRIS3OH and PR-TRIS-IONP, looking 
at the ADPA photobleaching decay, resulting much higher in the case of the PR-TRIS-
IONP. The efficient singlet oxygen production of PR-TRIS-IONP together with their 
water solubility, points at the great promise that these new nanotools represent for PDT. 
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INTRODUCTION 

In the last decade, various metallic and inorganic materials have been used as the core 
of nanoparticles of interest in Nanomedicine.1-2 Especially, iron oxide,3 gold4 and silver 
5 nanoparticles as well as quantum dots 6 have been the most studied because of their 
easy fabrication, biocompatibility and functionality. One of the main advantages of 
working with nanoparticles is the control of their properties by means of chemical 
functionalization procedures.7 This feature opens an extensive range possibilities for 
biological or chemical applications depending on the characteristics of the ligand that 
coats the nanoparticle surface. The coat can also render the nanoparticles 
multifunctional.8 In particular, iron oxide nanoparticles (IONP) 9-10 are interesting for 
their magnetic properties.11 Currently, iron oxide nanoparticles have been used in the 
area of medicine12 for different applications such as cell labelling,13 magnetic resonance 
imaging contrast agents,14 drug delivery,15 as well as in hyperthermia therapy, a type of 
treatment based on heating the localized IONP to kill cells.16-17 

Photodynamic therapy (PDT) consists on a promising therapy based on the formation 
of free radicals (such as singlet oxygen), by a photosensitizer upon laser irradiation, 
inducing the cell death in the region where the photosensitizer is located.18 In principle, 
the combination of a photosensitizer and IONP could improve PDT efficacy due to the 
presence of a delivery system as well as the synergy between the photosensitizer 
activity and the hyperthermia effect. In addition, there are only few examples that 
present the use of magnetic nanoparticles for PDT using porphyrin derivatives as the 
coating ligands,19-20 and it is therefore a promising area that needs to be developed. A 
challenged to be focused is when the carrier system is based on iron oxide nanoparticles 
with the fact that their water solubility is normally very low.21 Several strategies to 
make IONP water soluble have been described, most of them based on nanoparticle 
surface functionalization with several hydrophilic ligands such as oleic acid or 
oleylamine.22-24 Besides, hydrophilic photosensitizers have been targeted in order to get 
water soluble nanosystems capable of interacting with the biological environment.25-26 

In this context, the work presented here involves the preparation and characterization 
of IONP coated with novel porphyrins as photosensitizers, and the study of their ability 
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to produce singlet oxygen following irradiation. First,  a zinc porphyrin derivative 
composed of three phenyl groups and one phenoxy, incorporating an acid carboxylic 
chain in the meso position, allowing the link between the IONP and the photosensitizer 
by combination of the carboxylate to the surface of the IONP.27 On the other hand,  a 
hydrophilic porphyrin derivative, integrating three tris(hydroxymethyl)aminomethane 
(TRIS) groups was selected, in order to increase the polarity of the system and making 
the IONP water soluble.28 In the first instance, a large distance between the 
photosensitizing porphyrin moiety and the IONP surface is present, in an effort to avoid 
quenching of the photoexcited state by the inorganic colloid. In order to obtain a future 
nanosystem for PDT, the porphyrin functionalized nanoparticles should be able to 
produce notable levels of singlet oxygen when they are exposed to a light. In particular, 
blue light irradiation was targeted because it is not phototoxic to human cells, is less 
invasive than other lasers and its effectiveness in the treatment of several skin diseases 
using porphyrins has been demonstrated.29-30 

Porphyrins ZnPR-COOH and PR-TRIS3OH were synthesized and immobilized 
onto IONP. Porphyrin functionalized magnetic nanoparticles ZnPR-IONP and PR-
TRIS-IONP were characterized by transmission electron microscopy (TEM), UV-
Visible absorption spectroscopy, fluorescence spectroscopy, X-ray Photoelectron 
spectroscopy (XPS) and scanning tunneling microscopy (STM). Furthermore, singlet 
oxygen production of all the compounds and nanotools was demonstrated.  

RESULTS AND DISCUSSION 

Synthesis of the photosensitizers 

Synthesis of ZnPR-COOH 

Initially, dissymmetrical porphyrin 5-[4-hydroxyphenyl]-10,15,20-triphenylporphyrin 
(PR-OH) was synthesized using the Adler-Rothemund technique taking benzaldehyde, 
4-hydroxy benzaldehyde and pyrrole reacting in boiling propionic acid,31 to obtain the 
porphyrin PR-OH (5.4%)32 after column chromatography. Next, ethyl 7-
bromoheptanoate was linked to the porphyrin PR-OH via the substitution reaction 
between the phenol residue of PR-OH and the bromine atom, obtaining the compound 
PR-COOEt. Subsequently, zinc (II) was integrated into the core of the porphyrin to 
avoid the incorporation of any iron cations inside the photosensitizer. An excess of zinc 
acetate was added, and after 16 h the reaction was monitored by UV-Visible absorption 
spectroscopy because the four Q bands from the free base porphyrin are replaced by two 
of the Zn system, indicating the formation of ZnPR-COOEt. In addition, the 1H-NMR 
spectrum of ZnPR-COOEt confirms the presence of the zinc atom because the signal 
corresponding to the two protons of the core of the porphyrin (-2.76 ppm) disappeared 
(Figure S1 and S2). After that, a saponification of the acid group was achieved in basic 
conditions resulting in the formation of the target porphyrin ZnPR-COOH (Scheme 1). 
Chemical characterization of the described porphyrins PR-COOEt, ZnPR-COOEt and 
ZnPR-COOH are given in the Supplementary Data section. 
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Scheme 1. Stepwise synthesis of porphyrin ZnPR-COOH. 

Synthesis of water soluble porphyrin PR-TRIS3OH  

Although the oleylamine coverage increases the polarity of the IONP, the resulting 
ZnPR-IONP was not soluble either in water or in DMSO (see next section). Thus, in 
order to increase the solubility of the system to obtain a biocompatible nanomaterial, the 
porphyrin modified with three tris(hydroxymethyl)aminomethane (TRIS) groups was 
prepared to achieve a water-soluble photosensitizer. The first step in the route of this 
compound was the synthesis of a dissymmetrical porphyrin incorporating two different 
parts: a phenoxyacetate aldehyde derivative (CHO-Ac) that allows the incorporation of 
the TRIS groups, and the 4-benzyloxybenzaldehyde to let the obtaining of a phenol 
group in the final aimed porphyrin. Aldehyde CHO-Ac was synthesized according to 
the literature procedure (91%).33 Next, the synthesis of the desired porphyrin was 
achieved using CHO-Ac and the 4-benzyloxybenzaldehyde, with pyrrole in boiling 
propionic acid.31 Three equivalents of CHO-Ac and one equivalent of the 4-
benzyloxybenzaldehyde were used in order to favor the formation of the porphyrin PR-
Ac3Bnz over the other possible combinations. The desired compound was isolated by 
two silica gel column chromatographies (see experimental section). Consequently, the 
TRIS was incorporated to the porphyrin by the formation of an amide bond through the 
attack of the amine to the electrophilic carbonyl of PR-Ac3Bnz ester. The reaction was 
performed using a similar protocol reported in the literature in which the TRIS reacted 
with the ester in the presence of potassium carbonate as a base in DMSO,34 resulting 
PR-TRIS3Bnz that was soluble in polar solvents such as, methanol, DMSO or water. 
Once the porphyrin  PR-TRIS3Bnz was synthesized, the deprotection of the benzyl 
group was achieved via hydrogenation with palladium on carbon,35 resulting in the 
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formation of PR-TRIS3OH that was isolated as a green solid with a yield of 82 % 
(Scheme 2). The solubility of the compound was tested in water as well as in methanol 
and DMSO demonstrating the high polarity of the aimed photosensitizer. In this case, 
PR-TRIS3OH did not incorporate the Zinc (II) inside the porphyrin core in order to try 
to obtain a more hydrophilic photosensitizer.  

 
Scheme 2. Stepwise synthesis of the water soluble porphyrin PR-TRIS3OH.  

Preparation of the functionalized iron oxide nanoparticles (IONP) 

The novel zinc porphyrin (ZnPR-COOH) was used to functionalize the IONP taking 
advantage of the capacity of the carboxylic terminal group to be attached colloid's 
surface.22 Iron oxide nanoparticles were prepared first, following the methodology 
reported by Zung and Sun (2002),36 in which the nanoparticles were stabilized coating 
their surface with oleylamine (ol-IONP). A solution of ZnPR-COOH was mixed with 
a solution of the IONP in THF and the reaction was stirred overnight. The 
functionalization of the IONP with the porphyrin was accomplished and after several 
washes, the nanosystem ZnPR-IONP was finally obtained (Scheme 3). 

On the other hand, PR-TRIS3OH immobilization on the IONP was also attempted. 
The immobilization of PR-TRIS3OH was based on the possibility to exchange the 
oleylamine groups that covers the IONP surface with alcohol groups.37 An example of 
IONP functionalized with a porphyrin derivative using diol groups has been reported by 
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Xu et al (2005).20 Thus, porphyrin PR-TRIS3OH was added to a mixed solution 
(THF/DMSO) of ol-IONP. THF and DMSO were used as solvents because the ol-
IONP were only soluble in THF, and adding PR-TRIS3OH in DMSO was the best 
manner to get a monophasic solution. The functionalization of PR-TRIS3OH onto the 
surface of the IONP was successfully achieved after 24 h, and after several washes via 
centrifugation the resulting PR-TRIS-IONP was kept in water (Scheme 3).  

 

Scheme 3. Functionalization process of the porphyrin coated magnetic Iron Oxide 
Nanoparticles (ZnPR-IONP). 

The final functionalized PR-TRIS-IONP was soluble in water achieving the target 
of the initial objective. Furthermore, ZnPR-IONP and PR-TRIS-IONP were 
characterized using several techniques such as UV-Visible absorption spectroscopy, 
fluorescence spectroscopy, TEM or zeta potential. In addition, the singlet oxygen 
production was analyzed for the porphyrins ZnPR-COOH and PR-TRIS3OH and for 
their corresponding functionalized IONP in order to probe their potential activity for the 
PDT treatment.   

Characterization 

UV-Vis absorption spectroscopy 
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 Absorption spectroscopy was used to characterize the resulting porphyrins (ZnPR-
COOH and PR-TRIS3OH) and the functionalized IONP ZnPR-IONP and PR-TRIS-
IONP (Figure 1).38 UV-Vis absorption spectrum of ol-IONP was also measured, 
exhibiting a very broad band with a peak near 310 nm.39 UV-Visible absorption spectra 
of the free ligand ZnPR-COOH and the functionalized ZnPR-IONP, both in THF 
solution, were recorded. The ZnPR-COOH absorption spectrum exhibited the Soret 
band peak at 424 nm and the two Q bands at 553 and 591 nm. On the other hand, the 
ZnPR-IONP spectrum indicates the presence of the porphyrins peaks, showing a small 
shift in the peak maximums wavelength (422, 551, 590 nm) confirming the ZnPR-
COOH coating. The blue shift may indicate the presence of the weakly coupled H-type 
aggregates at the surface of the particle. Otherwise the ZnPR-IONP spectrum was 
broader than the free porphyrin due to the influence of the IONP. The PR-TRIS3OH 
spectrum shows the typical metal free porphyrin spectrum with the Soret band (419 nm) 
and the four Q bands (523, 560, 602 and 651 nm). The UV-Visible absorption spectrum 
of the PR-TRIS-IONP shows the Soret band, presenting a shift to 427 nm in 
comparison with the free ligand PR-TRIS3OH (419 nm). The four Q bands exhibited, 
probes that the porphyrin PR-TRIS3OH was attached onto the IONP surface and that it 
was the free base porphyrin, because there was no detectable incorporation of iron 
inside the porphyrin core. The red shift in the absorption spectrum indicates the 
formation of a weakly coupled J-aggregate. 
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Figure 1. a) UV-Visible absorption spectra of ol-IONP (1mg/mL), ZnPR-COOH (0.024 
mg/mL) and ZnPR-IONP (0.4 mg/mL) recorded in THF, and PR-TRIS3OH (0.046 mg/mL) 
and PR-TRIS-IONP (0.2 mg/mL) recorded in a mixture of DMSO and water. b) Magnification 
of the Q bands region (480-650 nm) is also showed.   
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Fluorescence spectroscopy 

Fluorescence spectroscopy was also used to identify the presence of the two described 
porphyrins ZnPR-COOH and PR-TRIS3OH on the magnetic IONP.40 Fluorescence 
emission spectra were recorded for the free ZnPR-COOH compound and the coated 
ZnPR-IONP (Figure 2a). The fluorescence emission spectra of both samples exhibit 
two peaks at ca. 602 and 646 nm (excitation at 555 nm) as expected for Zn-porphyrin 
derivatives.41 Fluorescence spectroscopy was also used to identify the presence of the 
porphyrin PR-TRIS3OH into the PR-TRIS-IONP. Emission fluorescence spectra were 
recorded for the free compound PR-TRIS3OH and for the coated PR-TRIS-IONP 
showing two peaks at 656 and 718 nm (excitation at 591 nm) as was expected for the 
free metal porphyrin derivatives (Figure 2b).38 A small shift on the peak maximum 
wavelengths comparing the free ligands with their corresponding IONP was observed, 
because the influence of the formation of weakly coupled aggregated on the IONP 
surface.  

  
Figure 2. Fluorescence emission spectra of a) ZnPR-COOH (0.024 mg/mL) and ZnPR-IONP 
(0.4 mg/mL) recorded in THF b) and PR-TRIS3OH (0.046 mg/mL) and PR-TRIS-IONP (0.2 
mg/mL) recorded in a mixture of DMSO and water.  

Despite the fact to indicate the porphyrin immobilization on the IONP, these 
experiments also demonstrate that the fluorescence emission of the photosensitizer is 
not affected significantly when the porphyrin is linked to the IONP. The fluorescence 
excitation spectra of all the samples are also given in the Supplementary Data (Figure 
S8) and they show a very similar spectra to the UV-Visible absorption spectra 
previously described. 

ZnPR-COOH 

ZnPR-IONP 

PR-TRIS3-OH 

PR-TRIS-IONP 

b) a) 

wavelength (nm) wavelength (nm) 
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Transmission Electron Microscopy (TEM) 

The formation of the ol-IONP was characterized by TEM in order to identify the 
morphology and the size of the ol-IONP. Figure 3 shows TEM images of ol-IONP, 
witnessing their uniform size distribution and relatively low polydispersity. Their 
corresponding size distribution histogram is given, exhibiting a diameter of ca. 7 nm, 
which is in agreement with the literature.36 The morphology of the ol-IONP was quite 
diverse, because spherical, hexagonal and cubic shapes can be identified, although they 
are well organized, showing a distribution like a mosaic. Furthermore, no aggregation 
was observed indicating a good coating of the metal oxide with the oleylamine capping 
ligand.  

  

 
Figure 3. a) and b) TEM images of  ol-IONP. c) Size distribution histogram of ol-IONP. 

Scanning transmission microscopy (STM) 

A sample of ZnPR-IONP was analyzed using the STM, and topographic images of the 
nanoparticles were obtained (Figure 4). Although the resolution of the images is not 
very high, the morphology and the size of the nanoparticles can be observed. Specially 
in the topographic phase, spherical nanoparticles can be appreciated with diameters 
between ca. 5 and 8 nm, in accordance with the size obtained by TEM previously.  

a) 

100 nm 

b) 

20 nm 
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Figure 4. STM images of ZnPR-IONP in the a) current and b) the topographic phase. 

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was used to determine the valence state of 
different characteristic atoms (Zn and Fe) on the functionalized ZnPR-IONP. Figure 5 
shows the XPS spectrum of the ZnPR-IONP exhibiting a peak corresponding to the 
Zn2p3/2 situated near 1020 eV, indicating the presence of the ZnPR-COOH.42  
Otherwise, the peaks corresponding to other atoms presents on the system such as N, 
Fe, O, or C were identified. In addition, Figure 5b shows two characteristics peaks of 
the formation of the iron oxide nanoparticle, resulting of Fe2p3/2 (706 eV) and Fe2p1/2 
(720 eV) electron binding energies, which are very similar to the values recorded in the 
literature for the iron oxide nanoparticles.43 XPS measurements were also tested with 
the PR-TRIS-IONP, but no conclusive results were obtained because the porphyrin  
does not incorporate any other atom apart from C, O and N making the analysis difficult 
to be interpreted. 

 
Figure 5. a) XPS spectrum of ZnPR-IONP and b) magnification of the iron atom region.  

a) b) 
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Zeta potential 

Zeta potential measurements were performed in order to see differences in the charge of 
the PR-TRIS-IONP surface before and after the porphyrin functionalization. Untreated 
ol-IONP presented a weakly negative zeta potential (-3.22 mV), due to the presence of 
the oleylamine that covers the iron oxide nanoparticle surface. The influence of the 
alkyl chains and also the amino groups of the oleylamine should give a charge density 
near zero. On the other hand, when the porphyrin PR-TRIS3OH was attached to the 
PR-TRIS-IONP, the zeta potential changes to -22 mV. This observation could be 
explained by the influence of all the hydroxyl groups that the PR-TRIS-IONP contains, 
which at pH 7 should have a charge density that should be negative. 

Singlet oxygen production 

Singlet oxygen production was examined using 9,10-anthracenedipropionic acid 
(ADPA) as a probe, because the anthracene structure is converted into an endeperoxide 
in the presence of singlet oxygen.44 This change can be easily followed using UV-
Visible absorption spectroscopy because a decrease in the characteristic absorption band 
of the anthracene moiety was observed, because of the photobleaching phenomena. This 
experiment consists of the irradiation of the photosensitizer in the presence of ADPA 
with a blue light source for 4 hours with continuous stirring, and the measurement of the 
UV-Visible absorption every hour. A blue light source with a wavelength between 400 
and 500 nm was used in order to excite the Soret band region (near 425 nm) of the 
porphyrin. First, ZnPR-COOH and ZnPR-IONP solution were irradiated with a light 
blue source. Figure 6 shows the ADPA UV-Visible absorption profile (300-420 nm) 
following irradiation, of a) ZnPR-COOH and b) ZnPR-IONP. A considerable decay 
of the ADPA absorption band during irradiation was observed, demonstrating the 
formation of the endeperoxide from the ADPA due to singlet oxygen production in both 
samples.  

 

Figure 6.  UV-Vis absorption spectra of a) ZnPR-COOH and b) ZnPR-IONP in THF in 
the presence of ADPA following irradiation during 4 h. 

wavelength (nm) wavelength (nm) 
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PR-TRIS3OH and the functionalized PR-TRIS-IONP were also irradiated with a 
light blue source (400-500 nm) for 4 hours and the decay of the ADPA absorption bands 
was analyzed. After 4 hours, a decay of the ADPA absorption spectra in the free ligand 
PR-TRIS3OH and in the coated PR-TRIS-IONP solutions was observed (Figure 7).  

 

 
Figure 7. UV-Vis absorption spectra of a) PR-TRIS3OH and b) PR-TRIS-IONP in the 

presence of ADPA following irradiation during 4 h using a mixture of H2O/DMSO as solvent.  

 

Additionally, Figure 8 shows the percentage of the progressive ADPA decay at 378 nm 
to compare all the samples studied, indicating the percentage of the ADPA that has been 
converted to the endeperoxide. Two control experiments were achieved following the 
irradiation, first to observe the ADPA degradation without the photosensitizers and 
next, to check the uncoated IONP behaviour. After 4 hours, the control experiments 
(ADPA and IONP) presented an ADPA decay around 10 %, showing a low decrease of 
the ADPA spectra. Levels of ADPA photobleaching in the ZnPR-COOH and in 
ZnPR-IONP resulted ca. 34%, while in the PR-TRIS3OH and in the coated PR-TRIS-
IONP resulted between 45-50%, indicating a good level of singlet oxygen production. 
Although there are few examples in the literature using this strategy to probe the singlet 
oxygen production, they are difficult to compare because these works used other 
photosensitizers, such as phthalocyanines, and different light sources.45-46  

wavelength (nm) wavelength (nm) 
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Figure 8. Percentage decay of ADPA photobleaching of photosensitizer, IONP conjugates 

and control solutions at 378 nm. 

Finally, in order to compare the singlet oxygen production capacity of the free 
ligands ZnPR-COOH, PR-TRIS3OH and functionalized IONP, the maximum rate of 
ADPA photobleaching was normalized, using the concentration of the photosensitizer 
(Equation 1). 

 

% ���� ���	
� 
ℎ�������ℎ��� =
(%���378  �� � = 0) − (%���378  �� � = 60 min)

60 ���× [����ℎ����](��)
 

 
Equation 1. Equation for the % rate of ADPA photobleaching calculation. 

Concentration of ZnPR-COOH that are coating the IONP was calculated using the 
UV-Vis absorption spectrum following the value in the peak at 554 nm and normalizing 
the absorption to the zero (Figure 9a). Concurrently, a calibration curve of ZnPR-
COOH (see Supplementary Data) was prepared using a range of known concentrations 
(0.05 mM to 0.0001 mM) in order to calculate the extinction coefficient (Ԑ554nm = 
6.453·10-3 M·cm-1). Thus, using the Lambert Beer law and the Ԑ554nm, concentration of 
the functionalized porphyrin on the ZnPR-IONP was calculated, corresponding to 5.58 
µM with a maximum rate of ADPA photobleaching of 24.75% Abs/min·mM. On the 
other hand, a solution of 0.03 mM of ZnPR-COOH was used for the ADPA decay 
measurements, obtaining a maximum rate of 6.23 % Abs/min·mM.   

In order to compare the singlet oxygen production capacity of the free ligand PR-
TRIS3OH and the PR-TRIS-IONP the maximum rate of ADPA photobleaching was 
also normalized, using the concentration of the porphyrin. Initially, a solution of 0.04 
mM of PR-TRIS3OH was used, getting a maximum rate of 7.3% Abs/min·mM. The 
porphyrin concentration onto the IONP was calculated using the same calibration curve 
used for a thiolated porphyrin derivative,47 because the free metal porphyrins present a 
very similar extinction coefficient,48 as well as the absorption normalization in the Soret 
peak band (422 nm) (Figure 9b). Therefore, using Ԑ418nm = 3.84·10-8 M·cm1 and the 
Lambert Beer law, a concentration of 16.53·10-3 mM of the functionalized PR-
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TRIS3OH onto the IONP was obtained, corresponding on a maximum rate of 19.3% 
Abs/min·mM. 

 

  
 

Figure 9. UV-Visible absorption spectra of a) ZnPR-IONP (range between 500-700 nm) 
and b) PR-TRIS-IONP. The arrow indicates the range used for the absorbance normalization. 

Finally, a comparison of all the results obtained for the porphyrins studied and the 
IONP derived from them, is shown in the Figure 10. The maximum ADPA 
photobleaching, directly related with the singlet oxygen production, is obtained in the 
ZnPR-IONP. Although the PR-TRIS-IONP presents a lower oxygen singlet formation 
with respect to ZnPR-IONP, the level is still higher as well as the PR-TRIS-IONP is 
soluble in water while the ZnPR-IONP experiments have been done in THF. The two 
free ligands, ZnPR-COOH and PR-TRIS3OH, had a similar singlet oxygen production 
indicating that the presence of the zinc atom inside the porphyrin does not produce any 
significant change in terms of singlet oxygen production. Thus, the incorporation of the 
ligand onto the IONP increases notably the capacity to generate free radicals, being 
promising for the PDT. 
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Figure 10. Summary of the ADPA photobleaching of the porphyrin capped iron oxide 
nanoparticles and its respective free ligands. 
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CONCLUSIONS 

The zinc porphyrin derivative ZnPR-COOH, containing a carboxylic alkyl chain, has 
been prepared in three steps.  The iron oxide nanoparticles (ol-IONP), previously 
synthesized, have been functionalized with the porphyrin ZnPR-COOH, obtaining 
finally a novel nanosystem (ZnPR-IONP). Characterization of ZnPR-COOH and 
ZnPR-IONP has been carried out using different techniques such as UV-Vis absorption 
spectroscopy, fluorescence spectroscopy and specially, singlet oxygen formation. On 
the other hand, the water soluble porphyrin PR-TRIS3OH was also synthesized 
incorporating three polar groups (TRIS). In this case, its immobilization on IONP has 
rendered water soluble magnetic PR-TRIS-IONP. The PR-TRIS-IONP was also 
characterized by absorption and fluorescence spectroscopy or Zeta potential 
measurements demonstrating the PR-TRIS3OH coverage. Singlet oxygen production 
experiments were performed using the ADPA photobleaching following blue 
irradiation. ZnPR-IONP and PR-TRIS-IONP presented similar levels of singlet 
oxygen production, while the singlet oxygen formation for the free ligands resulted 
lower. Although the PR-TRIS-IONP present a lower oxygen singlet formation with 
respect to ZnPR-IONP, the levels still higher as well as the PR-TRIS-IONP was 
soluble in water while the ZnPR-IONP experiments have been done in THF. These 
experiments have confirmed the capability to produce singlet oxygen for the 
photosensitizer, showing an important increase, in terms of singlet oxygen productions, 
when the porphyrin is incorporated onto the IONP resulting a good alternative to be 
used for the PDT, particularly using PR-TRIS-IONP because their water solubility.   

EXPERIMENTAL DETAILS 

Material and methods. 
1H NMR spectra were recorded using a Varian-300 (300 MHz) and a Varian 

Mercury 400 MHz spectrometer. NMR spectra were determined in CDCl3, DMSO-d6 or 
CD3OD, and chemical shifts are expressed in parts per million (δ) relative to the central 
peak of the solvent. Chromatography (TLC) was performed on a Merck coated F254 
silica gel plates. Column chromatography was carried out on silica gel 60 (Merck 9385, 
230-400 mesh). XPS experiments were performed in a PHI 5500 Multitechnique 
System (from Physical Electronics) with a monochromatic X-ray source (Aluminium 
Kalfa line of 1486.6 eV energy and 350 W). Samples were prepared by drop casting of 
THF solution of ZnPR-IONP onto a silicon substrate. UV absorption spectra were 
obtained using a UV-1800 Shimadzu UV Spectrophotometer, using quartz cuvettes with 
a 1 cm path length. UV-Vis absorption spectra obtained in the Singlet oxygen 
experiments were recorded using a Hitachi U-3000 spectrophotometer. Fluorescence 
excitation and emission spectra were recorded using a Hitachi F-4500 fluorescence 
spectrometer. The spectra were recorded in right angle using quartz cuvettes with a 1 
cm path length. MALDI-ToF-MS analyses were performed using a Voyager-DE-RP 
(Appplied Biosystems, Framingham, USA) mass spectrometer, and High resolution 
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mass spectra (HRMS) were obtained by Electrospray (ESI) on a LC/MSD-ToF mass 
spectrometer (Agilent Technologies, 2006) from Centres Cientifics i Tècnològics de la 
Universitat de Barcelona (CCiT-UB).  Scanning Tunnelling Microscopy (STM) studies 
were carried out using a 5100 SPM system from Agilent Technologies. Zeta potential 
measurements were obtained using a Malvern Zetasizer Nano-ZS. Centrifugation of the 
nanoparticles was performed using a Beckman Coulter AllegraTM X-22R centrifuge.  

Comercial compounds: pyrrole, 4-hydroxybenzaldehyde, benzaldehyde, sodium 
hydrogen carbonate, magnesium sulfate, potassium carbonate, ethyl-7-
bromoheptanoate, zinc (II) acetate, potassium hydroxide, oleylamine, phenyl ether, 
hexadecanediol, iron (II) acetate, ethyl bromoacetate, 4-benzyloxybenzaldehyde, tris-
(hydroxymethyl)aminomethane, palladium on carbon, 9,10-anthracenedipropionic 
(ADPA). Solvents: propionic acid, ethyl acetate (AcOEt), acetonitrile (ACN), 
dichloromethane (DCM), chloroform, methanol, N-dimethylformamide (DMF), hexane, 
ethanol, tetrahydrofurane (THF) and dimethyl sulfoxide (DMSO) were analytical grade. 

Preparation of ZnPR-COOH 

Synthesis of 5-[4-hydroxyphenyl]-10,15,20-triphenylporphyrin (PR-OH): Dry 
pyrrole (4.57 mL, 65.6 mmol) was added to a solution of refluxing propionic acid (100 
mL). Subsequently, 4-hydroxybenzaldehyde (2 g, 16.4 mmol) and benzaldehyde (5 mL, 
49.1 mmol) were added to the refluxing solution and the reaction mixture was stirred for 
2 h. Then, propionic acid was evaporated to reduced pressure and the crude mixture was 
redissolved in AcOEt and washed with H2O (100 ml x 3) and with solution of 5% 
NaHCO3 (100 mL x 2). Then the organic phase was dried with MgSO4, filtered and the 
solvent was evaporated under reduced pressure. Acetonitrile was added (70 mL) and a 
purple solid was obtained by filtration. The mixture of porphyrins was separated by 
silica gel column chromatography using DCM as the eluent. Second silica gel column 
chromatography with CHCl3 was needed to obtain PR-OH as a purple solid (560 mg, 
5.4 %).32 1H NMR (300 MHz, CDCl3) δ 8.87 (d, J = 4.8 Hz, 2H), 8.83 (s, 8H), 8.21 (dd, 
J = 7.3, 1.9 Hz, 6H), 8.05 (d, J = 8.1 Hz, 2H), 7.78 – 7.70 (m, 6H), 7.15 (d, J = 8.0 Hz, 
2H), -2.75 (s, 2H). MALDI ToF MS: 631.2 m/z [M+1]. mp > 300ºC 

Synthesis of 5-[p-(ethyl 7-heptanoate)-phenyl]-10,15,20-triphenylporphyrin (PR-
COOEt): A suspension of K2CO3 (607 mg, 4.4 mmol) in refluxing DMF (150 mL) in 
argon atmosphere was stirred 30 min. Next, porphyrin PR-OH (350 mg, 0.55 mmol) 
and ethyl 7-bromoheptanoate (861 µL, 4.4 mmol) were added to the stirring solution. 
After 24 h, K2CO3 (167.5 mg, 1.1 mmol) and ethyl 7-bromoheptanoate (215 µL, 1.1 
mmol)  were added and the reaction was kept at room temperature and controlled by 
TLC until started material was finished after 48 h. Reaction was cooled down, filtered 
and the solution was evaporated to reduced pressure. The crude mixture was disolved in 
DCM and washed with water (3 x 100 mL). Then, organic phase was dried with MgSO4 
and the solvent was evaporated in vacuum, obtaining a purple oil, which was 
chromatographed using Hex/AcOEt (9:1) as eluent, obtaining PR-COOEt as purple 
solid (402 mg, 68%). 1H NMR (300 MHz, CDCl3) δ 8.88 (d, J = 4.8 Hz, 2H), 8.83 (s, 
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6H), 8.21 (dd, J = 7.5, 1.9 Hz, 6H), 8.11 (d, J = 8.6 Hz, 2H), 7.75 (d, J = 6.4 Hz, 9H), 
7.28 (d, J = 8.5 Hz, 2H), 4.24 (t, J = 6.4 Hz, 2H), 4.21 – 4.11 (m, 2H), 2.39 (t, J = 7.5 
Hz, 2H), 2.30 (t, J = 7.5 Hz, 1H), 1.99 (m, 2H), 1.77 (m, 2H), 1.66 (m, 2H), 1.31-1.23 
(m, 5H), -2.76 (s, 2H). MALDI ToF 786.3 m/z [M+1]. UV/Vis (CH2Cl2) λmax 412.5, 
517, 556.5, 597.5, 649.5. rf = 0.47 (Hex/AcOEt, 85:15). mp = 185 °C. 

Zinc 5-[p-(ethyl 7-heptanoate)-phenyl]-10,15,20-triphenylporphyrin (ZnPR-
COOEt): PR-COOEt (400 mg, 0.5 mmol) was dissolved in a refluxing solution of 
DMF (150 mL) under argon atmosphere. Zinc (II) acetate (1.646 g, 7.5 mmol) was 
added, and the purple solution became green after 5 min. The reaction was controlled by 
UV-Vis absorption and after 24 h the reaction was cooled down and the DMF was 
evaporated under vacuum. The crude product was dissolved in DCM and washed with 
water (3 x 100 mL). Then, organic phase was dried with MgSO4 and the solvent was 
evaporated in vacuum. Finally the final product was dried into the vacuum oven at 80 
ºC during 4 h, obtaining ZnPR-COOEt as a purple solid (353 mg, 83%). 1H NMR (300 
MHz, CDCl3) δ 8.99 (d, J = 4.7 Hz, 2H), 8.94 (t, J = 2.3 Hz, 6H), 8.22 (dd, J = 7.4, 1.8 
Hz, 6H), 8.11 (d, J = 8.6 Hz, 2H), 7.79 – 7.71 (m, 9H), 7.27 (d, J = 8.6 Hz, 2H), 4.25 (t, 
J = 6.4 Hz, 2H), 4.18 (t, J = 6.4 Hz, 2H), 2.38 (t, J = 7.5 Hz, 2H), 1.99 (m, 2H), 1.76 
(m, 2H), 1.66 (m, 4H), 1.52 (m, 5H). MALDI ToF MS: 848.2 m/z [M+1]. UV/Vis 
(CH2Cl2) λmax 424, 553, 591 nm. rf = 0.93 (DCM/MeOH, 95:5). mp = 105 ºC.  

Zinc 5-[p-(7-heptanoic)-phenyl]-10,15,20-triphenylporphyrin acid (ZnPR-COOH): 
The protected carboxylated porphyrin (350 mg, 0.42 mmol) was dissolved in a mixed 
solvent of methanol (100 mL) and DCM (50 mL) and the stirred reaction was refluxed 
to 60 °C. KOH (2.6 g, 46 mmol) dissolved in water (10 mL) were added to the solution 
and the reaction was keep overnight. The solution was evaporated in vacuum and crude 
product was dissolved in DCM, filtered and washed with water (3 x 100 mL).  The final 
product ZnPR-COOH was obtained by evaporating the solvent from the organic phase, 
giving ZnPR-COOH as a purple solid (303 mg, 80%). 1H NMR (400 MHz, CDCl3) δ 
8.98 (d, J = 4.7 Hz, 2H), 8.94 – 8.92 (m, 6H), 8.23 – 8.19 (m, 6H), 8.10 (d, J = 8.6 Hz, 
2H), 7.78 – 7.70 (m, 9H), 7.25 – 7.22 (m, 2H), 4.22 (t, J = 6.4 Hz, 2H), 3.33 – 3.29 (m, 
2H), 2.71 (t, J = 0.7 Hz, 2H), 2.43 (t, J = 7.4 Hz, 2H), 2.19 (t, J = 8.1 Hz, 2H), 1.97 (m, 
2H), 1.77 (m, 2H). MALDI ToF 820.2 m/z [M]; HRMS ES: calcd for C51H40N4O3Zn 
820.2392, found 821.2508 [M+1]. UV/Vis (CH2Cl2) λmax 424, 553, 591 nm. rf = 0.35 
(DCM/MeOH, 95:5). Mp = 138 °C.  

Synthesis of PR-TRIS3OH 

Ethyl 4-fomylphenoxyacetate (CHO-Ac): Ethyl 4-fomylphenoxyacetate (CHO-Ac) 
was prepared according with the literature, to obtain CHO-Ac as a yellow solid (10.120 
g, 48 %).33 

 5-[benxyloxy]-10,15,20-[ethyl 4-phenoxyacetate] porphyrin (PR-AC3Bnz): 4-
benzyloxybenzaldehyde (3.4 g, 16 mmol), ethyl 4-formylphenoxyacetate (10 g, 48 
mmol) and dry pyrrole (4.48 mL, 64 mmol) were added to a refluxing solution (150ºC) 
of propionic acid (200 mL) under argon conditions.  The solution became immediately 
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dark and after 1.5 h the reaction was cooled down and evaporated under reduced 
pressure. The crude product was dissolved in DCM and washed with H2O (3 x 200 mL) 
and with 5% NaHCO3 solution (2 x 200 mL). The organic phase was evaporated and the 
resulted solid was dried into the vacuum oven at 80 ºC during overnight. Porphyrins 
mixture was separated by silica gel column chromatography using DCM as the eluent. 
Second silica gel column chromatography with CHCl3 was needed, and after washing 
with acetonitrile PR-AC3Bnz was obtained as a purple solid (390 mg, 2.3 %).; 1H NMR 
(400 MHz, CDCl3) δ 8.88 – 8.83 (m, 8H), 8.13 – 8.09 (m, 8H), 7.62 (d, J = 7.2 Hz, 2H), 
7.49 (t, J = 7.7 Hz, 2H), 7.42 (t, J = 7.4 Hz, 1H), 7.34 (d, J = 8.6 Hz, 2H), 7.28 (d, J = 
8.6 Hz, 6H), 5.33 (s, 2H), 4.91 (s, 6H), 4.41 (q, J = 7.1 Hz, 6H), 1.41 (t, J = 7.1 Hz, 9H), 
-2.77 (s, 2H). HRMS ES: calcd for C63H54N4O10 1026.3840, found 1027.3903 [M+1], rf 
= 0.775 (DCM/MeOH 99:1). Mp = 190 ºC. 

5-[benxyloxy]-10,15,20-[Tris(hydroxymethyl) 4-phenoxyacetamide] porphyrin (PR-
TRIS3Bnz): Compound PR-AC3Bnz (200 mg, 0.195 mmol) was dissolved in 40 mL of 
anhydrus DMSO under argon condition at room temperature. 
Tris(hydroxymethyl)aminomethane (236 mg, 1.95 mmol) and potassium carbonate (269 
mg, 1.95 mmol) were added to the stirred solution. After 48 h, 
Tris(hydroxymethyl)aminomethane (118 mg, 0.975 mmol) and potassium carbonate 
(134.5 mg, 0.975 mmol) were added and the reaction was finished after 8 h.  The 
resulting solution was filtered and the DMSO was removed by evaporating under 
reduced pressure using a dry ice condenser rotary evaporator. The crude product was 
dissolved in AcOEt/MeOH (10%) and washed with water (3 x 50 mL). Then, organic 
phase was dried with MgSO4 and the solvent was evaporated in vacuum. The desired 
porphyrin was purified by silica gel chromatography in DCM and MeOH (5%) to final 
obtain PR-TRIS3Bnz as a purple solid (220 mg, 90 %). 1H NMR (400 MHz, DMSO) δ 
8.83 (s, 8H), 8.12 (dd, J = 8.7, 2.7 Hz, 8H), 7.64 (d, J = 7.0 Hz, 2H), 7.50 (t, J = 7.4 Hz, 
2H), 7.45 – 7.39 (m, 11H), 5.38 (s, 2H), 4.91 (s, 9H), 4.79 (s, 6H), 4.31 (s, 3H), 3.68 (s, 
18H), 3.20 (s, 6H), -2.92 (s, 2H). MALDI TOF: 1252.5 m/z [M+1]. rf = 0.41 (DCM/ 
MeOH 9:1). Mp > 300ºC. 

5-[p-hidroxyphenyl]-10,15,20-[Tris(hydroxymethyl) 4-phenoxyacetamide] porphyrin 
(PR-TRIS3OH):  PR-TRIS3Bnz (130 mg, 0.11 mmol) and a 25 % of palladium on 
carbon (32.5 mg, 0.30 mmol) were added in a stirred mixture of DCM/MeOH (1:1) (40 
mL) at room temperature. Hydrogen balloon was then incorporated to the stirred 
reaction after purged the solution with vacuum to remove the air. After 24 h, the 
reaction was filtered and the solvent was evaporated in vacuum to obtain the final 
product PR-TRIS3OH as a green solid (98 mg, 82%).1H NMR (400 MHz, MeOD) δ 
8.69 (m, 8H), 7.84 (dd, J = 17.7, 7.8 Hz, 8H), 7.14 (d, J = 7.3 Hz, 8H), 4.67 (s, 6H), 
3.87 (s, 18H), 3.66 – 3.54 (m, 3H). UV-Vis (MeOH) 419, 523, 560, 602 and 651 nm. 
MALDI ToF MS: 1165.4 m/z [M], HRMS ES: calcd for C62H63N7O16 1161.4331, found 
1162.4404 [M+1].  Rf = 0.33 (DCM/MeOH 8:2). Mp > 300ºC. 

Preparation of ol-IONP: Magnetite nanoparticles covered with oleylamine (ol-
IONP) were prepared by applying a similar method described in the literature.49  
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 Preparation of ZnPR-IONP: ZnPR-COOH (2 mg, 2.4·10-3 mmol) and ol-IONP (2 
mg) where mixed in a THF solution (3 mL), and the mixture was stirred at room 
temperature during overnight. Next, the resulted precipitated was washed with THF (3 x 
1.5 mL) using centrifugation (14000 rpm, 5 min) to finally obtain 8 mg of a dark brown 
powder (ZnPR-IONP). 

Preparation of PR-TRIS-IONP: ol-IONP (2 mg) were dissolved in THF (1.5 mL) 
and the solution was stirred under argon atmposphere. Next, PR-TRIS3OH (5 mg, 
4.3·10-3 mmol) was dissolved in DMSO (1.5 mL) and was added to the stirred solution. 
The mixture was kept at 50 °C during 24 h. The resulting mixture was centrifuged 
(13.000 rpm, 15 min) and a resulted pellet corresponding to unreacted products was 
eliminated. The supernatant was evaporated in vacuum and the resulted solid was 
dissolved in water. Finally,  the solution was washed with water (1.5 mL) three times 
via centrifugation (13.000, 30 min at 4°C) and the final product PR-TRIS-IONP was 
kept in PBS at 4°C.  

Detection of the Singlet Oxygen production 

Singlet oxygen formation changes the ADPA into an endeperoxide that can be 
observed by UV-Vis. 50 µL of ADPA solution of 1.1 mM in methanol was added to 
550 µL of the ZnPR-IONP conjugate solution in THF and to a 30 µM solution of free 
ZnPR-COOH. The mixtures were added in a quartz cuvette and stirred thoroughly. 
Light source with a wavelength between 400 and 500 nm was used to irradiate the 
stirred solution mixture during 4 hours. UV-Vis spectra were recorded every hour in the 
range of 300-800 nm and the singlet oxygen production was determined by the decrease 
of the absorption intensity of the ADPA. Same protocol was used for the compounds 
PR-TRIS3OH and PR-TRIS-IONP using a mixture of H2O/DMSO as solvent. 
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SUPPLEMENTARY DATA 

Figure S1. 1H-NMR spectrum of compound PR-COOEt recorded in CDCl3. Figure 
S2. 1H-NMR   spectrum of compound ZnPR-COOEt recorded in CDCl3. Figure S31. 
1H-NMR  spectrum of compound ZnPR-COOH recorded in CDCl3. Figure S4. 1H-
NMR spectrum of compound PR-AC3Bnz recorded in CDCl3. Figure S5. 1H-NMR 
spectrum of compound PR-TRIS3Bnz recorded in DMSO-d6. Figure S6. 1H-NMR 
spectrum of compound PR-TRIS3OH recorded in CD3OD. Figure S7. UV-Vis 
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absorption spectra of ZnPR-COOH recorded in DCM and b) resulting calibration curve 
(554 nm). Figure S8. a) Fluorescent excitation spectra of ZnPR-COOH and Zn-PR-
IONP recorded in THF and b) Fluorescence excitation spectra of PR-TRIS3OH (light 
grey) and PR-TRIS-IONP (dark grey) recorded in DMSO/water. Figure S9.  MALDI 
ToF MS spectrum of PR-COOEt. Figure S10. MALDI ToF MS spectrum of ZnPR-
COOEt. Figure S11. A) MALDI MS spectrum and b) HRMS ESI positive spectrum of 
ZnPR-COOH. Figure S12. HRMS ESI positive spectrum of PR-AC3Bnz. Figure S13. 
MALDI ToF MS spectrum of porphyrin PR-TRIS3Bnz. Figure S14. MALDI ToF MS 
spectrum of porphyrin PR-TRIS3OH. Figure S15. HRMS-ESI positive spectrum of 
PR-TRIS3OH. Figure S16. Calculations for the maximum ADPA photobleaching for 
PR-TRIS3OH and PR-TRIS-IONP. 
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SUPPLEMENTARY DATA 

 
Figure S1. 1H-NMR spectrum of compound PR-COOEt recorded in CDCl3.  

 Figure S2. 1H-NMR   spectrum of compound ZnPR-COOEt recorded in CDCl3. 
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Figure S.3. 1H-NMR  spectrum of compound ZnPR-COOH recorded in CDCl3. 

 

Figure S4. 1H-NMR spectrum of compound PR-AC3Bnz recorded in CDCl3. 



Chapter 4.3 Supplementary Data 

167 

 

Figure S5. 1H-NMR spectrum of compound PR-TRIS3Bnz recorded in DMSO-d6. 

 

Figure S6. 1H-NMR spectrum of compound PR-TRIS3OH recorded in CD3OD. 
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Figure S7.a) UV-Vis absorption spectra of ZnPR-COOH recorded in DCM and b) resulting 
calibration curve (554 nm). 

a) 

b) 
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Figure S8. a) Fluorescent excitation spectra of ZnPR-COOH and Zn-PR-IONP recorded 
in THF. b) Fluorescence excitation spectra of PR-TRIS3OH (light grey) and PR-TRIS-
IONP (dark grey) recorded in DMSO/water.  

 

a) 

b) 

wavelength (nm) 

wavelength (nm) 
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Figure S9.  MALDI ToF MS spectrum of PR-COOEt. 
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Figure S10. MALDI ToF MS spectrum of ZnPR-COOEt. 
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Figure S11. A) MALDI MS spectrum and b) HRMS ESI positive spectrum of ZnPR-
COOH. 
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Figure S12. HRMS ESI positive spectrum of PR-AC3Bnz. 
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Figure S13. MALDI ToF MS spectrum of porphyrin PR-TRIS3Bnz. 
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Figure S14. MALDI ToF MS spectrum of porphyrin PR-TRIS3OH. 
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Figure S15. HRMS-ESI positive spectrum of PR-TRIS3OH. 
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Figure S16. Calculations for the maximum ADPA photobleaching for PR-TRIS3OH and 

PR-TRIS-IONP. 

 

ZnPR-COOH concentration onto IONP: 

Subtracting the Abs at 554 nm (0.1743) – 
Abs at 580 nm (0.0904) = 0.0839 

If we applied the Lambert Beer law:  

Abs = Ԑ·cm·C (Ԑ554nm = 6.45·10-3 M·cm-1) 

We obtain C= 12.6x10
-3

 mM 

Maximum rate of ADPA photobleaching 
(378 nm): 

100 – 81.197       = 24.75 % Abs/min·mM    
60min x 12.6x10

-3
 mM 

PR-TRIS3OH concentration onto IONP: 

Subtracting the Abs at 428 nm (0.677) – 
Abs at 458 nm (0.042) = 0.635 

If we applied the Lambert Beer law:  

Abs = Ԑ·cm·C (Ԑ418nm = 3.84x10-8 M·cm1) 

We obtain C= 16.53·10-3 mM 

Maximum rate of ADPA photobleaching 
(378 nm): 

 100 – 810.79       = 19.3 % 
Abs/min·mM    
60min x 16.53·10-3 mM 
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4.4 Novel porphyrin functionalized water-soluble gold nanoparticles as 
carriers of photosensitizers in photodynamic therapy  

 

SYNOPSIS 

 

In this work, the preparation of a nanotool potentially useful for delivery in 
photodynamic therapy (PDT) is described. The synthesis and characterization of a novel 
photosensitizer based on a thiol-modified dissymmetrical porphyrin (PR-SH) was 
achieved. The capability of the porphyrin to be attached onto gold nanoparticles as well 
as to stabilize them has been demonstrated. Water soluble multifunctionalized gold 
nanoparticles GNP-PR/PEG were obtained, using the Brust-Shiffrin methodology, by 
immobilization both of a thiolated polyethyleneglycol (PEG), and the thiolated 
porphyrin. . The nanoparticles were fully characterised using different techniques such 
as 1H-NMR spectroscopy, UV-Visible absorption spectroscopy, X-ray Photoelectron 
spectroscopy and Transmission Electron Microscopy.  

In particular, TEM images of GNP-PR/PEG have been obtained showing well-
dispersed spherical nanoparticles with a size near 3 and 4 nm. The coverage of the 
functionalized porphyrin onto the GNP surface has been calculated using the UV-Vis 
absorption spectroscopy, resulting 33 porphyrin molecules per GNP. Cytotoxicity 
experiments were carried out with the GNP-PR/PEG and using GNP-PEG as control. 
IC50 for GNP-PR/PEG and GNP-PEG resulted 200 µg/mL and 15 µg/mL respectively, 
after 24 h, demonstrating that there are non toxic. Finally uptake experiments using the 
MCF10A cells demonstrated the internalization of the modified gold nanoparticles. 
Therefore, GNP-PR/PEG was prepared, being a novel nanosystem that could be 
potentially suitable as drug delivery system for the photodynamic therapy. 
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 Novel Porphyrin Functionalized Water-soluble Gold 
Nanoparticles as Carriers of Photosensitisers in 
Photodynamic Therapy  
 
O. Penon,a T. Patino,b C. Nogués,b D. B. Amabilino,c K. Wurst,d L. Pérez-García*a  
 
Porphyrins are one of the most suitable molecules used in photodynamic therapy (PDT). In this 
study, a potential new photosensitiser based on dissymmetric porphyrin derivative bearing a 
thiol group was synthesised (PR-SH). The described porphyrin was used to functionalise gold 
nanoparticles in order to obtain a potential drug delivery system. Thiol moiety of the 
porphyrin, allows the functionalization of the photosensitiser onto gold nanoparticles such as 
stabilizes them. Water soluble multifunctional gold nanoparticles GNP-PR/PEG were prepared 
using the Brust-Shiffrin methodology, by immobilization both of a thiolated 
polyethyleneglycol (PEG), and the thiolated porphyrin. The nanoparticles were fully 
characterised by 1H-NMR spectroscopy, UV-Visible absorption spectroscopy, X-ray 
Photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM). Furthermore, 
cytotoxicity experiments were carried out with GNP-PR/PEG showing an IC50 of 200 µg/mL 
after 24 h, demonstrating that they are non toxic. Finally, uptake experiments using the 
MCF10A cells demonstrated that internalisation of the modified gold nanoparticles. Therefore, 
GNP-PR/PEG was prepared, being a novel nanosystem that could be potentially suitable as 
drug delivery system of photosensitisers for PDT.  
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Introduction 
Porphyrins and their derivatives are components present in several 
complexes in nature such as haemoglobin, chlorophyll, cobalamine 
or bacterioclorophylls.1, 2 They are also one of the most popular 
aromatic macrocycles in supramolecular chemistry because of their 
multiple functions.3  In the last years, the synthesis of new porphyrin 
derivatives has been increasingly investigated owing to their great 
potential in such diverse areas as, photochemistry, molecular 
recognition, sensors, and molecular rotors, as well as in 
photodynamic cancer therapy.4-8 Also, the development of synthetic 
porphyrin methodology for non-symmetric systems is one of great 

interest because the existing procedures to synthesize them are low 
yielding.9-11 Especially, the synthesis of dissymmetrical porphyrins 
presents an extra difficulty because a mixture of porphyrins is 
always obtained, a fact that usually implies complex purification 
processes.12-14  

In photodynamic therapy (PDT), porphyrins are regarded as 
photosensitisers (PS)15-17 that promote the formation of singlet 
oxygen or free radicals that are highly toxic locally. The target tissue 
is typically irradiated with red light. PS agents can cause significant 
cellular damage, destruction of tumour blood vessels, and induce 
immunity against the damage tissues.18 The accumulation of the PS 
in the target region is one of the main difficulties associated with 
PDT. More specifically, one of the drawbacks of PDT is that the 
porphyrin structures that are used generally are quite hydrophobic, 
which makes them difficult to formulate. However, the most serious 
disadvantage of PDT is the non-specific distribution of the PS in the 
body which leads to adverse effects to the patient induced by 
exposure to sun light. On the other hand, gold nanoparticles (GNPs) 
have raised huge interest in the biomedical field because of their 
biocompatibility, ready and versatile synthesis as well as their ability 
to act as a drug delivery vehicles whereby suitable functionalization 
can lead to site-specific accumulation.19, 20  

Therefore, photosensitiser-coated nanoparticles are a promising 
platform that is currently investigated to improve specificity in PDT, 
while at the same time permitting the hydrophobicity of the 
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photosensitiser. Despite their interest, there are only a few examples 
of systems that combine photosensitisers and nanoparticles.21-25 In 
particular, porphyrins containing a thiol group are amenable to be 
linked covalently to gold surfaces26, 27 as well as coating GNPs.28, 29 
Depending on the solubility of the PS either the Brust-Schiffrin 30 or 
the Turkevich 31 methods can be used for GNP preparation. Systems 
based on porphyrin functionalized gold nanoparticles for 
photodynamic therapy have been reported where porphyrin-coated 
gold nanoparticles were prepared and their PDT efficacy was 
demonstrated in vitro and in vivo.32, 33 In these published works, 
hematoporphyrin and a brucine-porphyrin derivative were used to 
functionalise GNP, indicating that these porphyrin derivatives are 
more efficient for PDT when they are immobilised on the GNP, in 
comparison with the free ligands. Besides, the Turkevich method 
was used in these examples, because the porphyrin derivatives used 
are water soluble.    

As an alternative to these particles, in this work the Brust-
Schiffrin method has been employed due to the possibility to 
immobilise non water soluble ligands onto the GNPs, because a 
biphasic solution is used. Thus, the capability to incorporate a 
lipophilic PS onto the GNP surface was proved, preparing a double 
coating with a porphyrin derivative and a polyethylene glycol (PEG) 
that increases the water solubility of the nanosystem.   

In this context, this study describes first the synthesis of a new 
dissymmetrical porphyrin composed of four phenyl groups at the 
meso positions, one of them incorporating an alkyl chain with a thiol 
end group. Thus, 5-[4-(11-mercaptoundecyloxy)-phenyl-10,15,20-
triphenylporphyrin (PR-SH) was prepared and its capability to coat 
and stabilize water soluble gold nanoparticles have been 
investigated. The porphyrin was chosen because of its similarity to 
second generation photosensitisers, previously studied in solution for 
PDT,34-36 and the thiol group allows its incorporation onto GNPs. 
Therefore, water soluble GNPs (GNP-PR/PEG) have been 
synthesized, coadsorbing the thiol modified porphyrin and a 
polyethylene glycol modified thiol chain (PEG) to the surface of the 
metal. GNPs were prepared by the Brust-Schiffrin method providing 
a potential water soluble drug delivery system in order to localize the 
activity of the photosensitizer. The same methodology was used to 
synthesize the GNP-PEG which will be used for the control 
experiments. The GNPs were characterized using a variety of 
techniques such as proton nuclear magnetic resonance spectroscopy 
(1H-NMR), ultraviolet visible absorption spectroscopy (UV-Vis), 
transmission electron microscopy (TEM) and X-ray photoelectron 
spectroscopy (XPS). Furthermore, the cytotoxicity of the GNPs was 
analysed in human mammary epithelial cell cultures using the MTT 
proliferation assay kit. Internalization and GNPs localization inside 
cells was assessed by inductively coupled plasma mass spectrometry 
(ICP-MS) and TEM, respectively.   

 

Experimental section  

Materials 

Solvents and reagents were propionic acid, ethyl acetate, hexane, 
distillate water, dichloromethane (DCM), chloroform, acetonitrile 
(ACN), methanol, toluene and absolute ethanol were analytical 
grade. Commercial compounds pyrrole, p-hydroxybenzaldehyde, 
benzaldehyde, S-(11-bromoundecyl) thioacetate, gold (III) chloride 
trihydrate, tetraoctyl ammonium bromide (TOAB) and sodium 

borohydride were purchased from Sigma Aldrich. Sodium 
hydrogencarbonate, potassium carbonate and potassium hydroxide 
were purchased from Panreac. α-Thio-ω-hydroxy polyethylene 
glycol (487 Da) (PEG) was purchased from Prochimia.  

Instrumentation 
1H NMR and 13C-NMR spectra were recorded in CDCl3 

(chemical shifts are expressed in parts per million (δ) relative to the 
central peak of the solvent) using a Varian 400 MHz spectrometer. . 
Thin layer chromatography (TLC) was performed on a Merck coated 
F254 silica gel plates. Column chromatography was carried out on 
silica gel 60 (Merck 9385, 230-400 mesh).UV-Vis absorption 
spectra were obtained using an UV-1800 Shimadzu UV 
Spectrophotometer. MALDI-TOF-MS analyses were performed 
using a Voyager-DE-RP (Appplied Biosystems, Framingham, USA) 
mass spectrometer, and High resolution mass spectra (HRMS) were 
obtained with Electrospray ionisation (ESI) on a LC/MSD-ToF mass 
spectrometer (Agilent Technologies, 2006) at the Centres Cientifics i 
Tècnològics de la Universitat de Barcelona (CCiT-UB). MS analysis 
was operated in the delayed extraction mode using DHB as a matrix. 
Transmission electron microscope (TEM) was performed at the 
CCiT-UB. The samples were observed with a Tecnai SPIRIT (FEI 
Co.) microscope at 120 kV. The images were captured by a 
Megaview III camera and digitalized with the iTEM program. The 
size of the nanoparticle's gold core was measured with the analysis 
software (Olympus). XPS experiments were performed in a PHI 
5500 Multitechnique System (from Physical Electronics) with a 
monochromatic X-ray source (Aluminium Kalfa line of 1486.6 eV 
energy and 350 W), placed perpendicular to the analyzer axis and 
calibrated using the 3 d5/2 line of Ag with a full width at half 
maximum  (FWHM) of 0.8 eV. The analyzed area was a circle of 0.8 
mm diameter, and the selected resolution for the spectra was 187.5 
eV of Pass Energy and 0.8 eV/step for the general spectra and 23.5 
eV of Pass Energy and 0.1 eV/step for the spectra of the different 
elements. All measurements were made in an ultra-high vacuum 
(UHV) chamber pressure between 5·10-9 and 2·10-8 torr. 

Synthesis 

5-[4-Hydroxyphenyl]-10,15,20-triphenylporphyrin (PR-OH). 
Dry pyrrole (4.57 ml, 65.6 mmol) was added to refluxing propionic 
acid (100 ml, 140 ºC). Subsequently, p-hydroxybenzaldehyde (2 g, 
16.4 mmol) and benzaldehyde (5 ml, 49.2 mmol) were added to the 
refluxing solution, and the reaction mixture was stirred for 2 h. The 
propionic acid was evaporated under reduced pressure, and the crude 
mixture was washed with acetonitrile leaving a purple solid 
precipitate. The mixture of porphyrins was separated by silica gel 
column chromatography using DCM as the eluent, following by 
column chromatography in chloroform giving PR-OH as a purple 
solid (560 mg, yield 5.4 %).37 1H NMR (300 MHz, CDCl3) δ 8.87 (d, 
J = 4.8 Hz, 2H, pyr’.), 8.83 (s, 6H, pyr.), 8.21 (dd, J = 7.3, 1.9 Hz, 
6H, H2,6), 8.05 (d, J = 8.1 Hz, 2H, H2’,6’), 7.78 – 7.70 (m, 9H, H3,4,5 ), 
7.15 (d, J = 8.0 Hz, 2H, H4’,6’), -2.69 – -2.83 (m, 2H, NH); UV/Vis: 
λmax (DCM)/nm 412.5, 515, 550.0, 590 and 647.5. MALDI ToF 
631.2 m/z; mp > 300 ºC 

5-[4-(11-Undecyloxy thioacetate)-phenyl]-10,15,20-
triphenylporphyrin (PR-SAcO). Dry acetonitrile (60 ml) was 
heated in an argon atmosphere and K2CO3 (55.2 mg, 0.8 mmol) was 
added. After 30 minutes, PR-OH (165 mg, 0.262 mmol) and 11-
bromoundecyl thioacetate (243 µl, 0.8 mmol) were added to the 
stirring solution. After 24 hours, the reaction was cooled down, 
filtered and evaporated under reduced pressure. The crude mixture 
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was dissolved in DCM and washed with water (3 x 100 ml). Then, 
the organic phase was dried with MgSO4 and after filtration the 
solvent was evaporated in vacuum. The product was isolated by 
silica gel column chromatography using hexane/AcOEt (7:3) as 
eluent, obtaining PR-SAcO as a purple oil (151 mg, yield 67 %). 1H 
NMR (400 MHz, CDCl3) δ 8.89 (d, J = 4.8 Hz, 2H, pyr’.), 8.84 (d, J 
= 2.4 Hz, 6H, pyr.), 8.23 – 8.20 (d, J = 7.2, 6H, H2,6), 8.13 – 8.09 (d, 
J = 8.5 Hz, 2H, H2’,6’), 7.79 – 7.74 (m, 9H, H3,4,5), 7.29 – 7.26 (d, J = 
8.4 Hz, 2H, H4’,6’), 4.25 (t, J = 6.5 Hz, 2H, O-CH2 ), 2.88 (t, J = 7.3 
Hz, 2H, CH2-S), 2.32 (s, 3H, SCOCH3), 2.03 – 1.93 (m, 2H, 
CH2CH2O-), 1.60 (m, 4H), 1.40-1.32 (m, 12H, -CH2-), -2.76 (s, 2H, 
NH). UV/Vis: λmax (DCM) /nm 412.5, 517, 556.5, 597.5 and 649.5. 
MALDI ToF 859.4 m/z [M+].   

5-[4-(11-Mercaptoundecyloxy)-phenyl-10,15,20-
triphenylporphyrin (PR-SH). Porphyrin PR-SAcO (151 mg, 0.175 
mmol) was dissolved in a mixed solution of chloroform (50 ml) and 
methanol (15 ml). KOH (1 g) was solved in H2O/methanol solution 
(5 mL) and the basic solution was added to the porphyrin solution. 
The degree of hydrolysis was monitored by TLC. After the 
completion of the hydrolysis (2 h), water was added to the solution 
and the reaction was stirred for 1 hour. The organic phase was then 
washed with water until the pH of the aqueous phase became neutral. 
The final product was obtained by evaporating the solvent from the 
organic phase, giving PR-SH as a purple oil (114 mg, yield 80 %). 
1H NMR (400 MHz, CDCl3) δ 8.90 (d, J = 4.8 Hz, 2H, pyr’.), 8.84 
(s, 6H, pyr.), 8.22 (d, J = 7.2, 6H, H2,6), 8.12 (d, J = 8.5 Hz, 2H, 
H2’,6’), 7.76 (m, 9H, H3,4,5), 7.29 (d, J = 8.4 Hz, 2H, H3’,5’), 4.25 (t, J 
= 6.3 Hz, 2H, O-CH2 ), 2.56 (t, J = 7.3 Hz, 2H, CH2-SH), 2.05 – 
1.92 (m, 2H, CH2CH2O-), 1.68 – 1.35 (m, 16H), -2.75 (s, 2H, NH). 
13C NMR (101 MHz, CDCl3) δ 136.58, 133.51, 129.58, 126.41, 
125.62, 125.43, 124.12, 117.56, 67.28, 48.42, 36.08, 33.26, 31.73, 
30.91, 29.60, 29.01, 28.68, 28.64, 28.56, 28.47, 28.34, 26.95, 26.06, 
23.44, 21.67, 18.70, 18.64, 16.62, 13.09.UV-Vis: λmax (DCM)/nm 
412.5, 514.5, 551, 592.5 and 645.5; MALDI ToF 817.4 m/z [M+]. 
HRMS (ES): calcd for C55H52N4OS 817.3856, found 817.3935 
[M+].  

 Synthesis of water soluble porphyrin/PEG functionalized gold 
nanoparticles (GNP-PR/PEG). Water soluble GNPs were 
synthesized using the Brust-Schiffrin method.30 AuCl4·3H2O (63 
mg, 0.16 mmol) was dissolved in water (5 mL) and added to a stirred 
solution of tetracoctyl ammonium bromide (7.6 mg, 0.013 mmol ) in 
toluene (10 mL). Next, PR-SH (20 mg, 0.021 mmol) was dissolved 
in toluene (1.5 mL) and also thiol-PEG (20 mg, 0.042 mmol) was 
added to the biphasic solution. An excess of aqueous reducing agent 
NaBH4 (45 mg, 1.26 mmol) in water (5 mL) was added to the 
mixture dropwise. The reaction was allowed to occur under stirring 
at room temperature overnight. The aqueous phase of the resulting 
dark red solution was separated using an extraction funnel and was 
subjected to water removal in a rotary evaporator, followed by 
multiple washings using centrifugation in ethanol (3 x 5 mL). 
Finally, a red solid (137 mg) was obtained which was dissolved in 
water giving GNP-PR/PEG that was characterized by UV-Vis, 
TEM, XPS and NMR. 

Synthesis of the GNP-PEG was performed as was described 
before for the GNP-PR/PEG but the porphyrin was not added.  

Cell culture 

The MCF10A epithelial cell line was purchased from ATTCC and 
maintained in DMEM/F12 medium (Gibco) supplemented with 5% 
horse serum (Gibco), 20 ng/ml epidermal growth factor (Gibco), 0.5 

mg/ml hydrocortisone (Sigma), 100 ng/ml cholera toxin (Sigma) and 
10 μg/ml insulin (Gibco), at 37ºC and 5% CO2. Cells were split 1:3 
every 72 hours. 

Cytotoxicity of GNP-PEG and GNP-PR/PEG  

Cytotoxicity of Au-PEG and Au-PEG-Porphyrin nanoparticles was 
determined using the Vybrant® MTT Cell Proliferation Assay Kit 
(Molecular Probes), following the manufacturer’s instructions. 
Briefly, MCF10A cells were seeded at a density of 5000 cells/well in 
96-well dishes, and grown for 72 h, when confluence was reached. 
Then, cells were incubated with Au-PEG or GNP-PR/PEG 
nanoparticles at different concentrations: 2, 5, 10, 15, 20 and 200 
μg/ml. At 24 or 72 hours, medium was replaced with 100 μl of fresh 
culture medium and 10 µl of the MTT (MTT=3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) stock 
solution (12 mM) and incubated for 2 hours. Then, medium was 
removed, leaving only 25 µl, and 50 µl of dimethylsulfoxide were 
added to dissolve the formazan crystals that form during the process. 
Cells were finally incubated for 10 min at 37 ºC and 5% CO2, prior 
to the measurement of the absorbance at 570 nm using a Victor 3 
Multilabel counter (Perkin-Elmer). For each treatment, percentage of 
viability was calculated as the absorbance of treated cells divided by 
the absorbance of untreated control cells. 

ICP-MS analyses 

Cells were seeded at a density of 3 × 104 cells/well in 24-well dishes. 
After 48 hours GNP-PR/PEG or GNP-PEG were added to the 
culture medium at a concentration of 200 μg/ml and incubated for 24 
hours. After co-incubation, the cell culture medium containing GNPs 
was collected and the attached cells were washed with 1x PBS twice 
to remove the GNPs adhered to the plasma membrane. Then, cells 
were harvested by trypsinization and collected in a separate tube. 
Cells were collected by centrifugation and cell pellet was digested in 
Aqua Regia (HNO3:HCl 1:3) at 150 ºC for 20 minutes. After that, 
the amount of gold in cells and culture medium was by ICP-MS 
(Agilent 7500ce).  

TEM analysis 

To analyze the intracellular location of GNP, 1× 106 MCF10A cells 
were seeded in a 9 cm2 cell plate, and growth for 48 h, afterwards 
100 μg/ml of GNP-PEG or GNP-PR/PEG was added to the culture. 
After 24 hours in the presence of the GNPs, cells were fixed for 1 
hour at 4ºC with 2.5% glutaraldehyde in phosphate buffer (PB), 
washed with PB and postfixed with 1% osmium tetroxide in PB 
containing 0.8% potassium ferricyanide at 4°C. Next, samples were 
dehydrated in acetone, infiltrated with Epon™ (Electron Microscopy 
Sciences, Hatfield, PA) resin over 2 days, embedded in the same 
resin, and polymerized at 60°C over 48 hours. Ultrathin sections 
were obtained using a Leica Ultracut UC6 ultramicrotome (Leica 
Microsystems, Wetzlar, Germany) and mounted on Formvar-coated 
copper grids. They were gently stained with 2% uranyl acetate in 
water for 10 min. Finally, sections were observed in an electron 
microscope (J1010; Jeol Ltd, Tokyo, Japan) equipped with a CCD 
camera SIS Megaview III and with an electron microscope (Jeol-
JEM 2011 system operated at 200 kV) equipped with energy 
dispersive X-ray (EDX) compositional analysis. 

Statistical analyses  

Data were analysed using IBM SPSS Statistics (Ver. 19.0; Oregon, 
USA). First, all data were tested for normality and homocedasticity 
by using the Kolmogorov-Smirnov and Levene tests. In the case of 
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data at 24 hours, a previous arcsin √x transformation on viability 
percentages was applied to accomplish the parametric assumptions. 
Then, one-way analysis of variance (ANOVA) was run followed by 
a post-hoc Scheffé test for pairwise comparisons. For data at 72 
hours, no linear transformation remedied the heterocedasticity that is 
why Kruskal-Wallis and Mann-Whitney tests were applied as an 
alternative to parametric statistics. In all the cases, the level of 
significance was set at P<0.05, and data are shown as means +/- 
standard error of the mean (SEM). 

 

Results and discussion 

Synthesis and characterisation of the photosensitiser PR-SH   

The formation of the dissymmetrical porphyrin PR-OH, 
incorporating three phenyl groups and one hydroxyphenyl group at 
the meso position, was achieved by reaction ofpyrrole with a mixture 
of the two different aldehydes in propionic acid (Scheme 1), that 
gives a mixture of all possible meso-substituted porphyrins. Two 
factors were crucial for the isolation of PR-OH: first, acetonitrile 
washing allowed the elimination of all the impurities and pyrrole 
secondary product; and secondly two silica gel columns 
chromatography using dichloromethane and consequently 
chloroform, gave good separation of the desired porphyrin PR-OH 
(5.4%).37 The thiolated chain was incorporated by reaction of 11-
bromoundecyl thioacetate under basic conditions. Subsequently, the 
thioacetate (PR-SAcO) was deprotected using KOH in a mixture of 
methanol and water, giving the desired compound PR-SH as a 
purple oil (80%) (Scheme 1). The thiol-chain incorporated into the 
porphyrin will act as a linker between the photosensitizer and the 
gold nanoparticle.  

 The purple solid of PR-OH isolated after the reaction of 
the porphyrin formation was crystallised from acetonitrile giving 
crystals suitable for single crystal crystallographic characterization 
to know the order and the packing of the structure. The porphyrin 
crystallises in the space group P-1 with just one independent 
molecule in the unit cell, but where the hydroxyl group is disordered 
equally over the four positions where it could theoretically be 
located. The phenyl rings are rotated at approximately 60° (two in 
one helical direction and two in the other) to the tetrapyrrollic 
macrocycle (Fig. 1). In Fig. 2 a view of the packing of the molecule 
is shown where local hydrogen bonds are indicated, although 
obviously any molecule may only possess on hydroxyl group, 
meaning that the intermolecular interactions of this type are present 
in the minority of cases. In the others the 4-positions are either both 

occupied by hydrogen atoms (the majority case) or could contain a 
hydroxyl group next to a hydrogen atom.  The hydrogen atoms at the 
centre of the porphyrin are also disordered in the structure. The 
hydroxyl oxygen atom, apart from forming a hydrogen bond with a 
neighbouring hydroxyl group, also forms weak hydrogen bonds with 
the CH groups of a pyrrole ring of an adjacent molecule (shortest C-
H···O distance 2.99 Å, angle 117.6°, H···O distance 2.44 Å, not 
shown). 

 

Fig. 1. A view of the molecule PR-OH in its crystals, with the 
oxygen atom disordered over the four 4-positions of the phenyl 
rings. Hydrogen atoms are omitted for clarity. 

 

Fig. 2. A view along the a axis of the crystal of PR-OH with the 
disordered hydrogen and oxygen atoms shown in all of their possible 
positions. The hydrogen bonds between neighbouring hydroxyl 
groups are shown in light blue, as are the close contacts between the 
pyrollic nitrogen atoms at the core of the porphyrin. 

The porphyrin molecules pack into sheets (Fig. 3), where the 
hydrogen bonds between hydroxyl groups are in the plane, and weak 
interactions between the hydrogen atoms at the 2 and 3 positions of 
two of the phenyl rings with the π-bonds of the pyrrole rings in 
neighbouring macrocycles (approximate H···C distance 2.8 Å). 
There are no close contacts between the pyrrole rings, as is habitual 
in tetraphenyl porphyrins where the high angle formed between the 
aromatic segments does not allow a close approach of this type for 
steric reasons. 

 
Scheme 1. Stepwise synthesis of PR-SH. 



Chapter 4.4 

184 

 

 

Fig. 3. A view showing the sheets of porphyrin molecules in the 
crystal of X along the directions of the hydrogen bonds between 
molecules.  

Preparation and characterisation of gold nanoparticles (GNP-
PR/PEG) 

The preparation of water soluble gold nanoparticles was 
performed using the biphasic method described by Brust and 
Schiffrin because of the low hydrophilicity of the porphyrin (Scheme 
2). TOAB was used as a phase transfer agent in order to allow the 
interaction between the PR-SH, soluble in toluene, and the gold 
dissolved in water. Thiol terminated polyethylene glycol (PEG) was 
also incorporated to the aqueous phase to increase the polarity of the 
system obtaining GNP-PR/PEG, a water-soluble nanoparticle 
functionalized with the PR-SH and the PEG. In order to provide a 
model colloid  for the biological control experiments, GNP-PEG 
was synthesised using the same methodology described before, but 
without the incorporation of the photosensitizer. 

 

 

Scheme 2. Synthesis of GNP-PR/PEG 

Spectroscopic characterization of PR-SH and GNP-PR/PEG 

The free porphyrins and gold nanoparticles were characterized using 
1H-NMR spectra (see Supplementary Information) that proved the 
identity of the materials. Deprotection of porphyrin PR-SAcO to 
obtain PR-SH was monitored by 1H-NMR in CDCl3. The peak 
corresponding to the methyl group of the protect thiol at 2.32 ppm 
was not present in the spectrum of the deprotected porphyrin PR-
SH, confirming the efficiency of the deprotection protocol. 
Furthermore, a shift of the peak corresponding to the S-CH2 (2.88 to 
2.48 ppm) was observed, indicating the presence of the SH group in 
PR-SH (Fig. S1). 

Absorption spectroscopy (UV Visible) 

Gold nanoparticle formation and the presence of the porphyrin on 
the GNP were confirmed by UV-Visible absorption spectroscopy 
(UV Vis). The gold nanoparticles prepared here have a characteristic 
peak near 520 nm originating from their surface plasmon 
absorption.30 Moreover, free base porphyrins also present five 
characteristic absorption bands: the Soret band (at 420 nm) and the 
four Q bands between 500 to 700 nm.2 Fig. 4 shows the UV-Vis 
spectra of the free base porphyrin PR-SH (0.5 mM) and GNP-
PR/PEG (0.4 mg/mL). PR-SH shows the typical porphyrin bands: 
the Soret band at 421 nm and the Q bands at 515, 551, 593 and 646 
nm. In the case of the GNPs, the Soret band is shifted to near 417 nm 
and although the spectra are quiet broad, weak absorption bands 
corresponding to the four Q bands of the porphyrin can be observed 
(Fig.4). The typical SPR peak of the GNP at 520 nm coincides with 
the lowest wavelength absorption peak of the Q bands of the 
porphyrin. UV Vis absorption spectroscopy also demonstrates that 
the core of the porphyrin is still metal free once attached to the gold 
nanoparticles. During the synthesis of the GNPs, gold atoms could 
be incorporated into the pyrrole ring because it can complex the 
gold(III) metal ion.38 When the porphyrin complexes with gold, only 
one Q band appears. In the GNP UV-Vis spectra we can observe that 
the four bands appear, demonstrating that the porphyrin pyrrole ring 
still metal free after the synthesis. 
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Fig. 4 UV-Visible absorption spectra of solutions of PR-SH (0. 25 
mM) (light grey) and GNPs-PR/PEG (0.4 mg/mL) (dark grey). The 
spectrum of PR-SH was recorded in dichloromethane and that of 
GNP-PR/PEG in water.  

Quantification of the amount of porphyrin per GNP was attempted 
using UV-Vis absorption spectroscopy, taking into account the 
diameter size determined by TEM (see TEM section after). The 
wavelength selected was that corresponding to the Soret band (418 
nm) because it was the most intense peak confirming the porphyrin 
that appeared in the GNP spectrum. First, a calibration line of PR-
SH was obtained using a range of concentrations between 25 µM 
and 0.5 µM (Fig. S3) in order to calculate its extinction coefficient 
(ε) that was (ε418) = 0.03894 mM·cm-1. The GNP-PR/PEG UV-Vis 
absorption spectrum shows quite broad absorption bands and in 
order to normalize the Soret band absorbance value, a subtraction 
between the Soret band peak and the absorbance of the GNP sloping 
background at 442 nm was calculated (Fig. S4).  Accordingly, we 
calculated that the molarity of the porphyrin present on the GNPs 
surface corresponds to 7.30 µM for GNP-PR/PEG. Consequently, 
in order to find the ratio between porphyrin molecules and 
nanoparticle, the concentration of GNPs was calculated using the 
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diameter obtained by TEM and its UV absorbance value at 450 nm39 
obtaining a value of 0.22 µM. Using a volume of 2 mL and the 
Avogadro's number we get a ratio of 33 porphyrin adducts per gold 
nanoparticle in the GNP-PR/PEG.  

X-ray photoelectron spectroscopy (XPS) analysis 

To confirm the formation of the gold nanoparticles and their 
functionalization with PR-SH, XPS experiments were performed. 
Initially, in order to detect the gold atoms a sputtering of the sample 
of the GNP-PR/PEG was necessary to identify the peaks clearly.40 
The sputtering is used normally when the nanoparticle is completely 
coated and the photoelectrons need to penetrate to detect the gold 
atoms. Fig. S5 shows the binding energies of the XPS spectrum of 
the GNPs-PR/PEG and the most intense peaks correspond to 
elements C and O, indicating the presence of the PEG chain on the 
gold nanoparticles. Furthermore, typical peaks for the presence of 
Au appear at 88.5 and 85 eV corresponding to the double peaks of 
Au 4f5/2 and Au 4f7/2. These are typical values for Au0. Also, very 
low intensity peaks appear in the S and the N1s regions, showing the 
presence of pyrrolic nitrogen atoms (N-H) that confirms the 
porphyrin core nature.41 

Transmission electron microscopy analysis 
A morphologic and size study of the gold nanoparticles described 
here was done using the transmission electron microscopy (TEM). A 
drop of the GNP solutions was placed on a carbon-coated copper 
grid for the analysis. Fig. 5a shows a representative TEM image of 
the porphyrin-bearing nanoparticles GNP-PR/PEG. Spherical 
nanoparticles with a narrow size distribution, in terms of 
polydispersity and polymorphism were obserrved. The 
corresponding histograms of diameter show a size in the range of 3.5 
to 4 nm (Fig. 5b).  
 

 
Fig. 5 TEM pictures of the gold nanoparticles a) GNP-PR/PEG and 
b) their corresponding size distribution histogram. 

The water soluble nanoparticles containing only PEG (GNP-PEG) 
gave a practically identical average core size between 3.5 and 4 nm 

(Fig. S6). In both cases, the particles are well separated and in very 
few cases show short distances between particles, a good indication 
that they are well dispersed in water and can be used as essentially 
single particle delivery systems. 

Cytotoxicity of GNP-PEG and GNP-PR/PEG 

To assess the suitability of GNP-PEG and GNP-PR/PEG for 
photodynamic therapy treatments (PDT), it is crucial first to evaluate 
their potential cytotoxic effect in healthy cells and tissues. For this 
reason, MCF10A mammary epithelial non-tumoral cells were 
chosen. As MTT assay has been used widely 42, 43 and recommended 
in cytotoxicity evaluation of nanoparticles,44 it was considered the 
most appropriate approach for our study. As explained in the 
Material and Methods section, the cytotoxic effect of both GNP-
PEG and GNP-PR/PEG was studied after 24 or 72 hours of culture. 
The results are shown in Fig. 6.  

 

 

Fig. 6 Toxicity of GNP-PEG (dark grey) and GNP-PR/PEG (light 
grey). Cells incubated in presence of different concentrations of 
GNPs for 24 hours (a) or 72 hours (b). The discontinuous line 
corresponds to the 50% of viable cells. Representative data (means 
�SD; n=3). 

 

After 24 and 72 hours of culture, there was a clear and 
significant dose-dependent cytotoxic effect for both types of 
nanoparticles, starting at 5 μg/ml (Fig. 6). The cytotoxic effect 
differed between GNP-PEG and GNP-PR/PEG, as GNP-PEG 
were significantly more cytotoxic than the GNP-PR/PEG ones after 
24 hours of incubation at concentrations ≥15 μg/ml and after 72 
hours at concentrations ≥10 μg/ml.  In addition, and after 24 hours of 
incubation, the IC50 (concentration of nanoparticles that resulted in 
50% of cell viability) for GNP-PEG was found at a concentration of 
15 μg/ml, whereas for GNP-PR/PEG the concentration was 200 
μg/ml. At 72 hours, the IC50 was found at 15 μg/ml for GNP-PEG, 
and at 20 μg/ml for GNP-PR/PEG nanoparticles. 
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 According to the literature,44-46 the cytotoxicity of GNPs 
depends on their size and surface properties (charge, ligand density, 
hydrophobicity) and on their concentration. As each published study 
has been done with different GNP sizes, surface properties, 
concentration, molarities and tested in different cell lines, it is 
extremely difficult to compare the results obtained in the present 
article with the published ones.  

Regarding the size of the GNPs, on the one hand, GNPs of 5 nm, 
citrate stabilized, have shown to be cytotoxic, using the colony 
forming efficiency assay, when incubated for 72 hours with 
Balb/3T3 cells at a concentration higher than 50μM (10 μg/ml) but 
using the same concentration GNP of 15 nm did not show 
cytotoxicity even at the highest concentration tested 300 μM (58.8 
μg/ml).47 On the other hand, it has been described that cell viability 
in MCF-7 and PC-3 cultures was reduced in a dose dependent 
manner in presence of citrate capped GNP.48 In this article, the effect 
of different sizes of GNP was analysed (5, 6, 8, 10, 17, 30 and 45 
nm). The IC50 value of 3 nm GNP was set at 65�5 μg/ml, at 78�4 
μg/ml for 8 nm GNP and 57�2 μg/ml for 30 nm, but in the same 
conditions, IC50 was situated at higher doses for GNP of similar 
sizes, that is, 182, 198, 216, 287, and 192�4 μg/ml for 5, 6, 10, 17 
and 45 nm, respectively. Thus it seems that cytotoxicity is dose-
dependent but not size-dependent as can be extracted from this 
article. The IC50 value when using GNP-PR/PEG was found at 200 
μg/ml at 24 hours and 20 μg/ml at 72 h in contrast with the GNP-
PEG that was more cytotoxic (15 μg/ml at 24 and 72 h), in this case 
the size of the particles were at the same range, although GNP-PEG 
were slightly smaller than GNP-PR/PEG.  

Taking into account the surface chemistry, GNP-PEG have been 
used in several studies. In that reported by Arnida et al. (2010) they 
compared the cytotoxicity of plain GNP with GNP-PEGylated 
spheres of 30, 50 and 90 nm in PC-3 cells at a concentration of 1.5 
nM for 88 hours, and according to the authors,49 plain spheres 
stimulated cell proliferation whereas PEGylated ones did not 
interfere with proliferation even if a reduction of the percentage of 
viability cells were found for GNP-PEGylated spheres of 90 nm. 
Other authors, using GNP@MPA-PEG of 3.5 nm diameter at 
different concentrations (from 0.08 up to 10 μM) found that 
cytotoxicity was dose-dependent, obtaining a 70% viability when 
incubated with HeLa cells for 72 hours using the highest 
concentration.50 Finally, Liu et al. using 4.7 nm GNP-PEG did not 
find any cytotoxicity when incubated them with CT26 cells for 48 
hours at a high concentrations (from 500 to 3000 μM).51 Our results 
are in agreement that cytotoxicity is dose-dependent, although we 
already observed cytoxicity at lower concentrations of GNP-PEG 
than the mentioned articles. The lower cytotoxicity found for GNP-
PR/PEG could be explained, in part, because it is known that 
photosensitizers are not by themselves toxic to the targeted cells,21 
thus the presence of PR reduces the number of PEG molecules and, 
probably the cytoxicity. 

Taken together all these results, we can confirm that GNP-
PR/PEG does not affect cell viability at low concentrations of 
nanoparticles (2-10 μg/ml) and thus they will be good candidates to 
be used in photodynamical treatments. 

Uptake of GNP-PEG and GNP-PR/PEG 

We have also analyzed the uptake of GNP-PEG and GNP-PR/PEG 
by means of TEM and ICP-MS. Whereas TEM allows localization 
of nanoparticles inside cells, ICP-MS enables quantification of 
nanoparticles internalized by the cells. The total amount of Au 

present in the cells (pellet) and the culture medium (together with 
PBS washes) was quantified using ICP-MS. Cells incubated for 24 
hours with 200 μg/ml of GNP-PEG took up 1.97% of the total 
amount of Au. In the same conditions, MCF10A cells were able to 
internalize 0.72% of the total amount of the gold present in 200 
μg/ml of GNP-PR/PEG. Thus, cells have internalized more Au 
from GNP-PEG than from GNP-PR/PEG, that could explain why 
GNP-PEG are more toxic than GNP-PR/PEG. Nevertheless, the 
IC50 of GNP-PEG is 15 μg/ml whereas the IC50 of GNP-PR/PEG is 
more than 10 times this value (200 μg/ml). 

There is a consensus on the intracellular uptake of GNP-PEG: 
PEG prevents non-specific interactions of serum proteins with NP 
and in turn their recruitment and internalization (reviewed in Lévy et 
al., 2010;), but at least two studies have reported the internalization 
of GNP-PEG, one using 4.7 nm (Liu et al., 2008) and the other 
using 3-4 nm GNP-PEG (Gu et al., 2009). In both cases, as in the 
present work, internalization was analyzed by using ICP-MS and 
TEM, demonstrating that these GNP can be internalized by different 
types of cells, HeLa cells,50 CT26 cells (Liu et al., 2008) and 
MCF10A (present work). The amount of GNP internalized was 
different in the different reports and was in relation to the GNP-
PEG concentration used in each study. In the present study GNP-
PEG internalization was even superior to the GNP- PR/PEG one. 
Internalization of anti-HER2 antibody–phthalocyanine–PEG–GNP, 
GNP with 4 nm in diameter and chemically modified with a 
photosensitizer as well as PEG and an antibody against a receptor 
present in SK-BR-3 breast cancer cells has also been reported.23 
These GNP were designed to be uptaken by cells expressing the 
HER2 receptor and present in its surface a photosensitizer similar to 
the porphyrin used in the present work. The authors show that these 
GNP can be found inside the cells after 3 h of incubation. Once 
more, the amount of internalization is not comparable since these 
particles were designed to be specifically recognized by cells 
presenting HER2 receptor.  

Analysis of the ultrathin sections of MCF10A cells incubated with 
100 μg/ml GNPs for 24 h has shown that both kinds of 
nanoparticles, GNP-PEG and GNP-PR/PEG, have been uptaken by 
the cells and that once inside they are not aggregated. This is 
relevant, since Ciu et al. (2011) analyzed the cytotoxicity effect of 2, 
10 and 25 nm GNP biofunctionalized with polyvinyl pyrrolidone 
(GNP-PVP) in HeLa cells reported that the cytotoxicity observed in 
their studies was caused by nanoparticle aggregation rather than 
particle size. Small size (2 nm) was not cytotoxic and nanoparticles 
were not aggregated inside HeLa cells in contrast with 25 nm GNP-
PVP that caused a 50% of cell dead after 1 day in culture and 
presented large aggregates in TEM sections. NP clustering is an 
added problem when internalization uptake would be compared 
since in fact, it is not known if aggregates are formed prior or during 
interaction with the membrane.45 According to Chithrani et al. 
(2007), who worked with transferring-coated GNP,52 it is necessary 
to produce enough free energy to bind to the surface of the 
membrane cells; NP smaller than 14 nm need to aggregate with other 
NP in order to be able to wrap the membrane while NP larger than 
50 nm can reach the membrane and be endocyted individually by 
cells. That would explain why NP smaller than 50 nm are less 
efficient to internalize than bigger ones.45 Owing to the small size 
and non-aggregation of the nanoparticles it was hard to find these 
particles inside the cells, but, GNP-PEG and GNP-PR/PEG were 
found either in the cytoplasm, in vesicles, in the Golgi and in the 
nucleus (Fig. 7). 
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Fig. 7 TEM images of MCF10A cells incubated with GNP-PEG (a,b) or GNPs-PR/PEG (c,d) at 24 h. Intracellular distribution: Golgi (a), 
cytoplasm (b), vesicles (c,d). Bar = 200 nm 

 

Coradhegeni et al. only found large aggregates of 5 nm or 15 nm 
GNP inside vesicles and not in other subcellular organelles,47 while 
Gu et al. found that their 3.5 nm GNP@MPA-PEG can reach the 
nuclear envelope of HeLa cells.50 In this case GNP@MPA-PEG 
were found forming large aggregates, but also clusters of few NP 
and even some individual ones. Arnida et al. also reported that plain 
spherical GNP of 30 nm are internalized mainly in clusters and once 
inside the cells NPs were found single or in cluster inside vesicles, 
free in the cytosol or even in the nucleus. 

Finally, Cui et al. described individual and aggregations of GNP-
PVP of 2, 10 and 25 nm in the cytoplasm, mitochondria and 
vesicles.53 Thus, the localization of NPs depends, again, on its size 
and surface chemistry. Overall, we can conclude that the surface 
chemistry of the GNP-PEG and GNP-PR/PEG prevents NP 
clustering that difficult its uptake by MCF10A cells but, in contrast, 
some of these GNP-PR/PEG could be found free in the cytoplasm 
that would allow to interact directly with cell components involved 
in the response to singlet oxygen species generated by PR when 
irradiated in photodynamic treatments.  
 

 

Conclusions 

A novel thiolated porphyrin (PR-SH) has been synthesized in only a 
few steps. The capability of the porphyrin to be attached to gold 
nanoparticles as well as to stabilize them has been demonstrated. 
The corresponding GNP-PR/PEG gold colloid was prepared using 
the Brust-Schiffrin method incorporating the photosensitizer and a 
PEG chain in order to make the nanoparticles water soluble. TEM 
images of GNP-PR/PEG have been obtained showing well-
dispersed spherical nanoparticles with a size near 3 and 4 nm. To 

conclude, the coverage of the functionalized porphyrin onto the GNP 
surface has been calculated using the UV-visible absorption 
spectroscopy, resulting 33 porphyrin molecules per GNP. 
Cytotoxicity experiments were carried out with the GNP-PR/PEG 
and using GNP-PEG as control. IC50 for GNP-PR/PEG and GNP-
PEG resulted 200 µg/mL and 15 µg/mL respectively, after 24 hours, 
demonstrating that there are non toxic. Finally uptake experiments 
using the MCF10A cells demonstrated the internalization of the 
modified gold nanoparticles. Therefore, GNP-PR/PEG was 
prepared, being a novel nanosystem that could be potentially suitable 
as drug delivery system for photodynamic therapy.  
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Fig. S1 1H-NMR spectra of PR-SAcO and PR-SH recorded in 
CDCl3. Fig. S2 13C-NMR spectrum of PR-SH recorded in CDCl3. 
Fig. S3 PR-SH UV-Vis absorption spectra at different 
concentrations (0.5-25 µM) in DCM and their corresponding 
calibration curve. Fig. S4 UV-Vis absorption spectrum of 
functionalized GNP-PR/PEG and calculation of concentration of 
the functionalized porphyrin PR-SH. Fig. S5 XPS spectrum of 
GNPs-PR/PEG after sputtering.  Fig. S6 TEM image of PEG-GNP. 
Fig. S7 MALDI MS spectrum of PR-SH. Fig. S8. HR ESI-MS 
spectrum of PR-SH. Fig S9 MALDI MS spectrum of PR-SAcO. 
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Fig. S1 1H-NMR spectra of PR-SAcO and PR-SH recorded in CDCl3.  

PR-SAcO 

PR-SH 
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Fig. S2 13C-NMR spectrum of PR-SH recorded in CDCl3. 
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Fig. S3 PR-SH UV-Vis absorption spectra at different concentrations (0.5-25 µM) in DCM 

and their corresponding calibration curve.  

wavelength (nm) 
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Fig. S4 UV-Vis absorption spectrum of functionalized GNP-PR/PEG and 

calculation of concentration of the functionalized porphyrin PR-SH. 

PR-SH concentration onto PR/PEG-GNP: 

Subtracting the Abs at 418 nm (0.861) – Abs 
at 460 nm (0.580) = 0.280 nm 

If we applied the Lambert Beer law:  

Abs = Ԑ·cm·C (Ԑ418nm = 0.03894 mM·cm-1) 

We obtain C= 7.3 µM 

wavelength (nm) 
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Fig. S5 XPS spectrum of GNPs-PR/PEG after sputtering.  

 

 

 
 

Fig. S6. TEM image of PEG-GNP. 
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Fig S.7 MALDI MS spectrum of PR-SH.   

  

Fig S8. HR ESI-MS spectrum of PR-SH. 
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Fig S9. MALDI MS spectrum of PR-SAcO. 
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Fig S10. Polarised optical micrograph of crystals of PR-OH. 
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4.4. Novel water soluble multifunctionalized erbB2-porphyrin-PEG-gold 
nanoparticles for photodyamic therapy 

 

SYNOPSIS 

This section describes the preparation of different gold nanoparticles (GNP) 
functionalized with a thiolated porphyrin (PR-SH). First, PR-SH was used to coat gold 
nanoparticles PR-GNP, which were soluble in organic solvents such as  
dichloromethane or DMSO. Additionally, PR-SH has been used to functionalize GNP 
incorporating polyethylenenglycol chains with a terminal carboxylic group to render 
water soluble GNP. Two different experimental procedures have been investigated for 
the preparation of water soluble GNP (A-GNP and B-GNP): a) a biphasic protocol 
described by Brust and b) a monophasic procedure that uses a mixture of DMF and THF 
as solvents. UV-Vis absorption spectroscopy has been used to quantify the amount of 
porphyrin that has been incorporated onto the GNP surface. The methodology relying 
on the monophasic system clearly results in increased ligand coating. TEM was used to 
analyze both the morphology and size of all the GNP synthesized, which showed low 
dispersity and spherical shape. Thus, PR-GNP and A-GNP resulted smaller than the B-
GNP having a diameter size of ca. 4.5 and 9 nm respectively.   

Immobilization of the antibody anti erbB2 onto the B-GNP was intended because it 
recognizes a membrane receptor overexpressed in some cancer cells. The antibody anti-
erbB2 was immobilized onto the GNP through the carboxylic group in the PEG chains 
in order to increase the specificity of the nanosystem. The singlet oxygen production 
has been measured using 9,10-anthracenedipropionic acid (ADPA) absorbance decay, 
following irradiation by a blue source light. First, the capability of the free thiolated 
porphyrin PR-SH to generate singlet oxygen was demonstrated, showing a decrease of 
the ADPA absorbance after the irradiation. Consequently, the ADPA photobleaching 
was analyzed for the PR-GNP, A-GNP and B-GNP, indicating an increase of the 
singlet oxygen production in comparison with the free ligand. Furthermore, PR-GNP 
presented the highest ADPA photobleaching (9%). Concerning, the water soluble GNP, 
it has been probed that the B-GNP generated more singlet oxygen than the A-GNP, 
being a % rate of ADPA photobleaching of 5.6 and 2.8% respectively. Finally, the 
singlet oxygen generation was also measured after the anti-erbB2 immobilization 
(Ab/B-GNP), resulting very similar to the B-GNP, indicating that the antibody does not 
affect the system in terms of singlet oxygen production and the potential of Ab/B-GNP 
PDT. Finally, Ab/B-GNP were used to probe their ability to induce the cancer cells 
death, using a breast cancer cell line (SKBR). The experiments demonstrate a high level 
of cellular uptake of the nanoparticle conjugates Ab/B-GNP by the breast cancer cell 
lines; and following irradiation, morphological changes to the cellular structure were 
observed as indication of cell mortality.  
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INTRODUCTION 

Photodynamic therapy (PDT) is an approach to cancer treatment based on the use of 
photosensitizers, which are activated using light, inducing the cell's death.1-3 One of the 
disadvantages of PDT is the non-specific distribution of the photosensitizer in the body 
leading to serious side effects, caused by the patient's exposure to sun light. 
Furthermore, one of the drawbacks of PDT is that the photosensitizer agents are 
normally hydrophobic, which makes them difficult to formulate for being administered 
to biological media. Obtaining nanosystems for drug delivery is one of the topics that is 
currently investigated in the PDT treatment.4-5 Porphyrins are one of the most studied 
photosensitizers6 since the development of the hematoporphyrin derivative Photofrin®,7 
a porphyrin derivative that is clinically used in PDT cancer treatments.8 On the other 
hand, different nanomaterials have been used as drug delivery systems in the area of 
Nanomedicine,9-10 specially gold nanoparticles (GNP).11 In this context, porphyrin-
coated gold nanoparticles could be an excellent option to improve the specificity in the 
PDT besides to balance the hydrophobicity of the photosensitizer, because 
multifunctionalization can result in water soluble nanoparticles. Only a few examples 
have been found in the literature applying functionalized GNP with porphyrins for the 
PDT. Amongst them, one envisages gold nanoparticles as carriers of a thiol tailored 
porphyrin,13  and another immobilizes porphyrin-brucine quaternary ammonium salts on 
gold nanoparticles obtaining a phototoxic nanomaterial both in vivo and in vitro.12 

These examples are representative of a promising field that needs to be further 
investigated.  

Initially, methodology described by Brust et al.14 has been used for the synthesis of 
gold nanoparticles (GNP) and their surface coverage, although this procedure usually 
requires hydrophilic ligands to obtain water soluble GNP. Alternative procedures have 
been developed recently for the preparation of water soluble GNP covered with 
hydrophobic ligands, relying on multifunctionalization, incorporating for instance a 
polyethyleneglycol (PEG) to increase the water solubility of the nanosystem.15-16 
Furthermore, antibodies can be linked to the nanoparticles using different chemical 
functional groups,17-18 though carboxylic acid groups are generally used because after 
activation, they can react covalently with the amine residues of the antibody.19 In 
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particular, the monoclonal antibody anti-erbB2 has been studied in cancer therapy 
because it recognizes specifically the membrane receptor erbB2 that is overexpressed in 
many cancer cells.20 A work describing the immobilization of the anti-erbB2 and 
phthalocyanines onto GNP for PDT has been reported recently in the literature by some 
of us.21 Therefore, the combination of a porphyrin and an antibody immobilized onto a 
GNP would present a promising tool in the PDT field. 

In this context, a multicomponent nanosystem potentially suitable for PDT was 
prepared, which was composed of: a) GNP as the carrier core, b) a porphyrin, 
substituted with an alkanethiol (PR-SH), as the photosensitizer, c) a COOH-PEG coat 
in order to increase the water solubility of the system and d) the antibody anti-erbB2 to 
target cancer cells. The low polarity of PR-SH forced the use of apolar solvents for the 
GNP coating. In this case, we compared the methodology based on the biphasic method 
described by Brust using toluene and water,14 between a monophasic method that uses a 
mixture of DMF and THF as solvents.15 Several parameters regarding the nanoparticle 
functionalization were investigated, such as the amount of photosensitizer coverage and 
the PDT activity of the nanosystem, in terms of singlet oxygen production, aiming to 
obtain the optimum water soluble nanosystem potentially suitable for PDT. 

RESULTS AND DISCUSSION 

Synthetic methodology 

We have described  the synthesis of 5-[4-(11-Mercaptoundecyloxy)-phenyl-
10,15,20-triphenylporphyrin (PR-SH),22 which resulted nontoxic and suitable to 
functionalize gold nanoparticles through the presence of the thiol group. Otherwise, the 
α-thio-ω-carboxy-polyethylene glycol (COOH-PEG) was also incorporated onto the 
GNP in order to increase the water solubility of the nanoparticles, and because the 
terminal carboxylic group let to the antibody immobilization. GNP functionalized with 
PR-SH and the COOH-PEG were prepared by two different procedures: a) in method 
A, PR-SH was solubilized in toluene and COOH-PEG and the metallic gold precursor 
(HAuCl4) in water. Next, tetraoctylammonium bromide (TOAB) was added as phase 
transfer agent and NaBH4 as reducing agent, and the mixture was kept overnight to 
obtain A-GNP; b) in method B all the reaction occurs in one phase adding the PR-SH, 
the COOH-PEG and the HAuCl4 in a mixture of DMF and THF during overnight, to 
obtain B-GNP (Scheme 1). Both methods were compared in order to find the optimal 
nanoparticles in terms of size, distribution, photosensitizer coverage and activity.   

Additionally, porphyrin coated gold nanoparticles, without the addition of the 
COOH-PEG, were prepared in order to investigate their singlet oxygen production 
capacity. Brust methodology was used as it has been described in the method A, 
resulting PR-GNP as a nanosystem soluble in DCM and DMSO.  
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Scheme 1. Schematic representation of the synthesis of A-GNP and B-GNP. 

UV-Vis absorption spectroscopy 

UV-Vis absorption spectroscopy was used to characterize the formation of the 
different GNP synthesized, as well as to obtain an estimated quantification of the 
amount of PR-SH molecules immobilized on the GNP. Figure 1 shows the UV-Vis 
absorption spectra of the free PR-SH (2.04·10-4 mg/mL) and of the three different 
prepared GNP (PR-GNP, A-GNP and B-GNP) (0.4 mg/mL).  
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Figure 1. a) UV Vis absorption spectra of free PR-SH (2.04·10-4 mg/mL) and PR-GNP (0.4 
mg/mL) in DCM, and A-GNP and B-GNP in water (0.4 mg/mL). b) Magnification of the Q 
band region (480-700 nm) is also showed.  

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

48
0

49
3

50
6

51
9

53
2

54
5

55
8

57
1

58
4

59
7

61
0

62
3

63
6

64
9

66
2

67
5

68
8

A
bs

wavelength (nm)

a) b) 



Chapter 4.5 

203 

First, the functionalization of PR-SH onto the GNP could be confirmed through the 
observation of the peak corresponding to the Soret band of the free ligand (422 nm) in 
the GNP spectra. In the spectra of the different immobilized porphyrin GNP, their Soret 
band peaks were slightly shifted, being 419 nm for PR-GNP, 425 nm for B-GNP and 
429 nm for A-GNP. This shift in the Soret band can be attributed to the fact that the 
PR-SH is coating the GNP. Furthermore, in the B-GNP and PR-GNP spectra, the 
characteristic four Q bands of the porphyrin were also observed although the peaks 
resulted quite broad and less intense. B-GNP seems to have more porphyrin molecules 
PR-SH coating the GNP surface because in comparison to the A-GNP, the Soret band 
peak of B-GNP is more intense than A-GNP. On the other hand, PR-GNP UV-Vis 
absorption spectrum is very similar to the one of B-GNP, indicating also a high 
porphyrin coating 

Transmission Electron Microscopy (TEM) 

The functionalized nanoparticles were also characterized using transmission electron 
microscopy (TEM) to know their morphology, polydispersity and size. Figure 2a and 
Figure 2b show TEM images of A-GNP and B-GNP samples, indicating spherical 
nanoparticles with low polydispersity and uniform size distribution. A-GNP resulted 
smaller than B-GNP with a diameter size of 4.5 nm and 9 nm respectively, as can be 
observed in the histogram showed in the Figure 2; showing that the GNP obtained by 
the Brust method, were smaller than when the DMF/THF method was used. Otherwise, 
PR-GNP had a size and shape similar to the A-GNP probably because they have been 
synthesized using the similar procedure (Figure S1).  

      

      
   Figure 2. TEM images of PBS solution of a) A-GNP and b) B-GNP. Histograms with 
gold nanoparticles diameter size distribution are also showed.  

a) 

b) 

         20 nm                      

100 nm                 20 nm                      

         20 nm                      
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Porphyrin quantification 

To known the amount of photosensitizer that is immobilized on the surface of the 
GNP it is relevant because it is related to the quantity of singlet oxygen than the 
photosensitizer can produce. A quantification of the amount of immobilized PR-SH on 
the GNP can be estimated by UV-Vis absorption spectroscopy using the absorbance 
value of the Soret band. First, a calibration curve using several known concentrations of 
PR-SH in solution (25, 20, 15, 10, 5, 2.5 and 1 µM) was obtained (Figure S2) obtaining 
a value for the extinction coefficient of Ԑ418nm = 3.84x10-8 M·cm-1. Applying the 
extinction coefficient and the Lambert-Beer law, the concentration of the PR-SH that 
has been immobilized onto the GNP was estimated (Figure S3 and S4). In order to 
eliminate the contribution of the GNP, the peaks of the spectra were normalized by 
subtracting the absorption in the Soret band (ca. 418 nm) with the absorption at 460 nm. 
The calculations gave a PR-SH concentration of 2.7 µM on the A-GNP, 16.5 µM for 
the B-GNP and 39.4 µM for the PR-GNP, confirming the observed in the UV-Vis 
absorption spectra in which the B-GNP and PR-GNP contained more porphyrin 
molecules onto the GNP surface. 

Using the UV-Vis absorption spectra of the modified GNP, and the concentrations of 
the ligand obtained before, an estimation of the ratio between porphyrin molecules per 
nanoparticle could be calculated. Following the calculations described by Haiss et al. to 
achieve the number of nanoparticles,23 the diameter size observed by TEM and knowing 
the PR-SH concentration in the GNP obtained before, the ratio of porphyrin per 
nanoparticle corresponded to 78 for the A-GNP and 1088 for B-GNP respectively 
(Table 1). These results show clearly that using the methodology B the quantity of 
immobilized PR-SH is around 14 times higher than using methodology A. The same 
approach has been performed to calculate the ratio of porphyrin/GNP in the non water 
soluble PR-GNP, obtaining 646 porphyrins per nanoparticle. Taking into acount the 
sizes of the GNP obtained by TEM, these values allow us to calculate the area of the 
spherical GNP surface, which together with the ratio porphyrin/GNP, gives us the 
amount of porphyrin present per nm2 (Table 1). It was found that B-GNP have 4.2 
porphyrin molecules per nm2 and PR-GNP have 8.2 porphyrin molecules per nm2. This 
finding is in agreement with the fact that B-GNP incorporates also PEG molecules in 
the surface, leaving less space for the porphyrin. Moreover, A-GNP showed 1.2 
porphyrin molecules per nm2 indicating that the amount of functionalized PR-SH was 
lower. 

Table 1. Calculations for the quantification of the functionalized porphyrin (PR-SH) onto the 
GNP. 

  
Immobilized 

PR-SH  
Ratio  

porphyrin/GNP 
GNP diameter  

(nm) 
GNP area 

 (nm2) 
Ratio 

porphyrin/nm2 

A-GNP 
 

2.7 µM   78 4.5 63.6 1.2 

B-GNP 
 

39.4 µM 1088 9 254.4 4.2 

PR-GNP 
 

16.5 µM 646 5 78.5 8.2 
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Fluorescence spectroscopy 

Fluorescence spectroscopy was  also used to characterize the immobilization of PR-
SH on the GNP thanks to the capability of the porphyrin to emit fluorescence.24 Figure 
3 shows the fluorescence emission spectra of the free ligand and the GNP in solution. In 
PR-SH, B-GNP and PR-GNP emission spectra, two peaks appeared at 650 and 712 nm 
of different intensities corresponding to the porphyrin fluorescence emission. On the 
other hand, the A-GNP spectrum did not show any peak, indicating that the amount of 
the porphyrin coated onto the GNP was too low and the fluorescent emission was 
undetectable. Similar results were obtained in the fluorescence excitation spectra 
(Figure S5) in which the typical porphyrin excitation spectrum only appears in the PR-
SH, B-GNP and PR-GNP spectra. Comparing the fluorescence intensities of the 
samples tested, it was confirmed that method B incorporates more PR-SH than method 
A to make water soluble nanoparticles, although the non-water soluble PR-GNP 
showed also a high porphyrin coverage. 
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Figure 3. Fluorescence emission spectra (excitation at 591 nm) of 2.04·10-4 mg/mL of PR-
SH in DCM, 0.4 mg/mL of A-GNP, B-GNP in water and 0.4 mg/mL of PR-GNP in DCM. 
PR-SH spectrum is recorded using 5 slides while GNP spectra were recorded using 10 slides. 

Antibody erbB2 immobilization 

B-GNP were selected for the immobilization of the anti-erbB2, because they are 
water soluble and load the higher amount of photosensitizer. The antibody erbB2 was 
chosen because recognizes selectively erbB2 receptors, overexpressed in cancer cells.20 
The antibody anti-erbB2 was immobilized onto the B-GNP linked through the PEG 
carboxylic group in order to increase the specific target of the nanosystem.19 Carboxylic 
groups were first activated by the EDC/NHS and consequently, the antibody was added 
in order to be linked covalently on the GNP (Scheme 2).  
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Scheme 2. Antibody erbB2 immobilization onto B-GNP.  

UV-Vis absorption spectroscopy probed the anti-erbB2 immobilization. The 
spectrum of the Ab/B-GNP, shown in the Figure 4 was very similar to the one of B-
GNP. However, a peak near 280 nm was identified, which corresponds to a 
characteristic peak of proteins, indicating the presence of the anti-erbB2 on the GNP.25  

 

Figure 4. UV-Vis absorption spectrum of the Ab/B-GNP, recorded in water. 

Zeta Potential  

Surface coverage of gold nanoparticles can be characterized by zeta potential 
measurements.26-27 Functionalized gold nanoparticles have changes on their charge 
surface depending on the coating ligand. The zeta potential of all the water soluble GNP 
described previously was measured in order to find significant charge changes. Table 2 
shows the different zeta potential values of the samples tested. A-GNP and B-GNP are 

wavelength (nm) 
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negatively charged due to the presence of the carboxylic groups of the functionalized 
PEG which have a negative charge at neutral pH.28 

 

Table 2. Zeta potential values of A-GNP, B-GNP and Ab/B-GNP. All the measurements were 
performed 3 times and PBS (pH 7.4) was used as a media.  

 

 

 

 

 

Also the difference in the zeta potential value between the A-GNP (-21.96 mV) and 
the B-GNP (-11.76 mV) indicated that A-GNP are coated with more carboxylic PEG 
ligand, because the negative charge due to the presence of the COOH groups is higher 
in the A-GNP. On the other hand, when the antibody was immobilized using the COOH 
groups on the GNP, the zeta potential increases to 0.04 mV. This fact could be 
explained by two points: a) the COOH groups are converted into amides due to the 
reaction that links the anti-erbB2 with the PEG, decreasing the negative charge of the 
surface, and b) at pH 7 the antibody may present a slightly positive net electric charge. 

Measure of singlet oxygen production 

In order to probe the potential activity of the GNP in photodynamic therapy, the 
different samples were irradiated with a blue light source (400-500 nm) and the levels of 
singlet oxygen production were measured. The singlet oxygen production was examined 
using the UV-Vis absorption decay of 9,10-anthracenedipropionic acid (ADPA), 
because of  photobleaching phenomena through the formation of an endeperoxide, as it 
has been previously reported.21 In this study, PR-SH, PR-GNP, A-GNP, B-GNP and 
Ab/B-GNP were irradiated in the presence of ADPA during 4 hours under continuous 
stirring.  

First, the no water soluble samples, corresponding to the free ligand PR-SH and the 
PR-GNP, were investigated. Figure 5a,b shows the time dependent decay of the 
absorption spectra of ADPA following irradiation in the presence of either PR-SH and 
PR-GNP. The peak that appears near 420 nm corresponds to the Soret band of the 
porphyrin while the other peaks identified at 400, 378, 360 and 340 nm correspond to 
the ADPA molecule. A decrease of the ADPA absorbance bands was observed for both 
samples after irradiation in the first hour, and consequently, the ADPA absorption bands 
still decreased in intensity until four 4 hours of light exposition. The decay of the ADPA 
absorption was observed for both samples, indicating the formation of the endeperoxide 
and the production of singlet oxygen. A decrease in the Soret Band was also observed in 
the experiments with PR-GNP experiments, possibly due to partial decomposition of 

sample Zeta potential (mV) 

A-GNP -21.96 ± 1 
B-GNP -11.76 ± 0.3 
Ab/B-GNP 0.04  ± 0.1 
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the porphyrin during the formation of the singlet oxygen.29 Instead, in the PR-SH 
spectra, the Soret Band peak was saturated, so its decrease was not observed.  

Figure 5c,d shows the time dependent decay of the absorption spectra of ADPA 
following irradiation of the water soluble nanoparticles A-GNP and B-GNP. It was 
observed that the decay of absorption was higher in the B-GNP than for the A-GNP 
because, the ADPA absorption decay was almost imperceptible for the A-GNP spectra. 
Similar experiments have been done with Ab/B-GNP in order to investigate the effect 
of the antibody concerning the singlet oxygen production (Figure S6). The ADPA 
decay spectra for Ab/B-GNP resulted very similar than the B-GNP experiments, 
confirming the production of singlet oxygen for both samples. 

       

Figure 5. ADPA absorption decay following irradiation for a) PR-SH (1.6·10-4 mg/mL), b) 
PR-GNP (0.4 mg/mL) in DCM, and c) A-GNP and d) B-GNP (0.4 mg/mL) in water. 

wavelength (nm) wavelength (nm) 

wavelength (nm) wavelength (nm) 

a) PR-SH b) PR-GNP 

d) B-GNP c) A-GNP 
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Figure 6 represents a summary of the progressive decay of ADPA absorption band 
of all the samples studied at 378 nm, indicating a percentage of the ADPA that has been 
converted to the endeperoxide. After 4 hours, the levels of ADPA decay for PR-SH was 
53%, and for the PR-GNP and the B-GNP were 20% and 24% respectively, resulting a 
good indication of the singlet oxygen production.  On the other hand, A-GNP exhibited 
a very low decrease (3%) after 3 h, showing a very low singlet oxygen production, 
probably because the presence of few porphyrin molecules on the GNP surface, as it has 
been demonstrated in the porphyrin quantification experiments described before.  

 

Figure 6. Summary of ADPA decay at 378 nm. 

Finally, in order to compare the singlet oxygen production capacity of the free 
porphyrin PR-SH and the new GNP, the maximum rate of ADPA photobleaching was 
normalized, using the concentration of the photosensitizer by the following equation 
(Equation 1). The non water soluble PR-GNP were analyzed, calculating first the 
porphyrin coverage onto the GNP that has been used for the ADPA experiments, being 
13.3 mM and corresponding to an ADPA photobleaching rate of 9%. 

 

% ���� ���	
� 
ℎ�������ℎ��� =
(%���378  �� � = 0) − (%���378  �� � = 60 min)

60 ���× [����ℎ����](��)
 

Equation 1. Calculations for the % rate of ADPA photobleaching. 

The porphyrin concentration on the A-GNP and B-GNP was estimated by UV-Vis 
absorption spectroscopy as it has been described previously in the porphyrin 
quantification section. Figure 7 shows the % ADPA photobleaching maximum rate of 
the five samples tested after the concentration normalization. B-GNP resulted more 
effective than A-GNP obtaining an ADPA photobleaching of 5.7 % Abs/min·mM and 
2.8 % Abs/min·mM respectively, confirming the results obtained before in which the 
amount of porphyrin per GNP was higher in B-GNP. On the other hand, PR-SH 
exhibited a value of 1.6%, while the PR-GNP showed the highest % ADPA 
photobleaching (9%).These results demonstrate that when the porphyrin is immobilized 
onto the GNP the singlet oxygen production increases, and that the photobleaching 
achieved is proportional to the amount of immobilized porphyrin on the nanoparticles. 
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 Additionally, the immobilization of the antibody on the GNP did not affect in terms 
of singlet oxygen production, because the % ADPA photobleaching of Ab/B-GNP (5.6 
%) resulted very similar to the B-GNP photobleaching value. Although PR-GNP 
showed the highest % ADPA photobleaching, B-GNP resulted more suitable for the 
incorporation of anti-erbB2, because of their water solubility, giving Ab/B-GNP 
selected for in vitro PDT experiments.  

 

Figure 7. Percentage rate of the photobleaching of ADPA at 378 nm, after porphyrin PR-SH 
concentration normalization.  

Ab/B-GNP uptake by SK-BR-3 cell line and irradiation experiments 

Ab/B-GNP was finally tested in living cells, in order to see their capability to induce 
the cancer cell's death after irradiation. A breast cancer cell line (SK-BR-3) was used 
because it overexpressed the membrane receptor erbB2, which the immobilized 
antibody anti-erbB2 recognizes specifically. The SK-BR-3 cells were incubated on glass 
coverslips with Ab/B-GNP (0.8 µM porphyrin equivalent) for 3 h. Next, coverslips 
containing the SK-BR-3 cells were placed in a chamber at 37 °C to obtain the images 
with a fluorescence microscope. The uptake of Ab/B-GNP by the cells was analysed 
using fluorescence microscopy because porphyrins emitted fluorescence in the red 
region. Figure 8a,c shows images of the SK-BR-3 cells after the incubation with Ab/B-
GNP. In particular, Figure 8b exhibits a high red fluorescence emission inside the cells 
due to the presence of the porphyrin, indicating a high level of cellular uptake of the 
nanoparticle conjugates Ab/B-GNP by the breast cancer cell lines. 

Then, to activate the generation of singlet oxygen, SK-BR-3 cells loaded with the 
Ab/B-GNP were illuminated with the light from a mercury arc lamp for 30 seconds of 
irradiation. After 8 min, the cell's death was confirmed using propidium iodide, a 
fluorescent dye that stains apoptotic cells.30 Thus, Figure 9 shows fluorescent and 
bright images of the Ab/B-GNP uptaken by the SK-BR3 cells after and before 
irradiation. It is clearly visible that, after irradiation, the morphology of the cells 
changes and the cell membrane is damaged, indicative of cell mortality. Further, the 
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addition of the propidium iodide confirmed the cell death, induced by the production of 
singlet oxygen, being a potentially suitable nanosystem for PDT.  

 
Figure 8. Bright field and fluorescence images of SK-BR-3 cells before irradiation: a) and b) 

cells loaded with Ab/B-GNP and c) and d) control cells without nanoparticles loaded. Images 
correspond to: bright field images a) and c); fluorescence images b) and d). Scale bars = 20 µm.  

 
Figure 9. a) bright field and b) fluorescence images of SK-BR-3 cells loaded with Ab/B-

GNP before irradiation, and c) bright field and d) fluorescence images of SK-BR-3 cells loaded 
with Ab/B-GNP after irradiation with propidium iodide. Scale bars = 20 µm.   

a)  b) 

c)  d) 

a) b) 

c)  d) 
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CONCLUSIONS 

Porphyrin PR-SH has been used to functionalize water soluble GNP incorporating 
additionally PEG chain with a terminal carboxylic group (COOH-PEG). Different water 
soluble GNP were successfully prepared, using the Brust protocol (A-GNP) and a 
procedure that uses a mixture of DMF and THF as solvent (B-GNP). Moreover, non 
water soluble GNP (PR-GNP) have also been prepared, being soluble in DMSO.  UV-
Vis absorption spectroscopy and TEM have been used to quantify the amount of 
porphyrin that covered the GNP surface. Thus, the amount of porphyrin per nm2 was 
calculated for A-GNP, B-GNP and PR-GNP resulting 1.2, 4.2 and 8.2 PR-SH/nm2 
respectively. These results demonstrate that the methodology B increases the amount of 
PR-SH on the nanoparticles, resulting in a porphyrin coverage per nm2 higher in the B-
GNP than in the A-GNP. Concurrently, PR-GNP showed the higher value concerning 
the number of porphyrin per nm2. Alternatively, TEM has been used to know the GNP 
morphology and size showing low dispersity and a spherical shape. Thus, A-GNP and 
PR-GNP were smaller than the B-GNP having a diameter size of 4.5-5 and 9 nm 
respectively. 

The singlet oxygen production has been measured using the ADPA absorption decay, 
following irradiation by a blue source of light. First, the capability of the PR-SH to 
generate singlet oxygen has been demonstrated, showing a decrease of the ADPA 
absorption after the irradiation. Consequently, the ADPA photobleaching has been 
analyzed for the PR-GNP, A-GNP and B-GNP, indicating an increase of the singlet 
oxygen production in comparison with the free ligand. Furthermore, comparing the 
different GNP, PR-GNP presented the highest ADPA photobleaching (9%). 
Concerning, the water soluble GNP, it has been probed that B-GNP generates more 
singlet oxygen than A-GNP, being an ADPA photobleaching of 5.7 and 2.8% 
respectively. The singlet oxygen generation was also measured after the antibody 
immobilization (Ab/B-GNP), resulting very similar than the B-GNP, indicating that the 
antibody does not affect the system in terms of singlet oxygen production. Finally, 
Ab/B-GNP were selected to probe their ability to induce the cancer cell's death in vitro, 
using a breast cancer cell line (SK-BR-3 cells). The cells were incubated with the Ab/B-
GNP demonstrating a high level of cellular uptake of Ab/B-GNP by the SK-BR-3 cells. 
After irradiation, morphological changes to the cellular structure were observed as 
indication of cell mortality, as was also confirmed using the propidium iodide.  

These results, validates the preparation of PR-GNP, B-GNP and specially Ab/B-
GNP potentially suitable in photodynamic therapy. 

EXPERIMENTAL DETAILS 

Materials and method 

Solvents: water, toluene, tetrahydrofurane (THF), N,N-dimethylformamide (DMF) 
methanol, propionic acid, ethyl acetate, hexane, distillate water, dichloromethane 
(DCM), chloroform, acetonitrile (ACN), and absolute ethanol were analytical grade.  



Chapter 4.5 

213 

Commercial compounds pyrrole, p-hidroxybenzaldehyde, benzaldehyde, S-(11-
bromoundecyl) thioacetate, potassium carbonate, gold (III) chloride trihydrate 
(HAuCl4·3H2O), tetraoctylammonium bromide (TOAB), sodium borohydride, N-
hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC), 
MES hydrate and Tween 20 were purchased from Sigma. α-Thio-ω-carboxy 
poly(ethylene glycol) 3073 Da (PEG-COOH) was purchased from Irish Biotech GmbH 
Anti-ErbB 2 antibody [ICR55] was purchased from Abcam and 9,10-
anthracenedipropionic acid (ADPA) was purchased from Molecular Probes. Sodium 
dihydrogen orthophosphate dihydrate (NaH2PO4·2H2O), di-sodium hydrogen 
orthophosphate anhydrous (Na2HPO4), sodium chloride (NaCl), culture grade dimethyl 
sulfoxide (DMSO), phosphate buffered saline (PBS) tablets, 75 cm3 Nunc Easy tissue 
culture flasks with porous caps, Nunc multidishes, Nunc cryo tubes, 18 mm diameter 
glass coverslips and cryogenic freezing container were purchased from Thermo Fisher 
Scientific, UK. Sodium hydrogen carbonate was purchased from BDH Laboratory 
Supplies Poole, UK. Trypsin 0.25 % (1x) with ethylenediaminetetraacetic acid (EDTA) 
was purchased from Invitrogen, UK. Millex GP syringe driven filter units (0.22 µm) 
were purchased from Millipore Corporation, USA. Sterile centrifuge tubes and sterile 
disposable serological pipettes individually wrapped were purchased from Corning B. 
V. Life Sciences (The Netherlands). VivaspinTM 500 µL tubes (100 KDa molecular 
weight) cut off, polyethersulfone (PES): Sartorius Stedium Biotech). 

SK-BR-3 human breast adenocarcinoma cells were purchased from LGC Standards. 
SK-BR-3 cell line was kindly provided by Prof Dylan R. Edwards (School of Biological 
Sciences, University of East Anglia, Norwich, UK). 

Instrumental techniques 

UV-Vis absorption spectra of the samples were recorded using a Hitachi U-3000 
spectrophotometer, using quartz cuvettes with a 1 cm path length. Fluorescence 
excitation and emission spectra were recorded using a Hitachi F-4500 fluorescence 
spectrometer. The spectra were recorded in right angle using quartz cuvettes with a 1 
cm path length. Transmission electron microscopy (TEM) images were obtained using a 
Jeol 2000EX TEM operating at 200 kV. Samples (5 µL) were deposited on a holey 
carbon film 300 mesh copper grids from Agar Scientific, UK. Zeta potential 
measurements were obtained using a Malvern Zetasizer Nano-ZS. Centrifugation of the 
nanoparticles was performed using a Beckman Coulter AllegraTM X-22R centrifuge. 
SK-BR-3 cells were imaged using a Zeiss Axiovert 200M microscope at 37 °C. 
Fluorescence images were captured using a 63x PlanApochromat (1.4 NA) oil-
immersion objective lens, a Zeiss AxioCam MRm CCD camera and AxioVision 
software. Images collected were processed using the AxioVision SE64 Rel. 4.8 
software.  

Synthesis of porphyrin-antibody functionalized gold nanoparticles 

Preparation of functionalized water soluble gold nanoparticles. 
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 Method A) A solution of HAuCl4·3H2O (3.6 mg, 9.14 µmol) in water (0.5 mL) was 
added to a stirred solution of tetraoctyl ammonium bromide (11 mg, 20.14 µmol) in 
toluene (1 mL). Then, PR-SH (2 mg, 2.44 µmol) and thiol-PEG-COOH (7.5 mg, 2.44 
µmol) were dissolved in toluene (0.5 mL) and the solution was added to the aqueous 
solution. An excess of NaBH4 (5.3 mg, 0.14 mmol) in water (1 mL) was added 
dropwise to the mixture. The reaction was allowed to occur under stirring at room 
temperature overnight. The aqueous phase of the resulting dark red solution was 
separated using an extraction funnel and was subjected to water removal in a rotary 
evaporator, followed by multiple washings using centrifugation in ethanol (3 x 5 mL) 
resulting A-GNP. The solution was finally stored at 4 °C in MES buffer (50 mM, pH 
5.5, 0.05% Tween 20).  

Method B) PR-SH (1 mg, 1.22 µmol) was dissolved in dry THF (0.5 mL) and was 
added to a stirred solution of the thiol-PEG-COOH (3.75 mg, 1.22 µmol) in 1 mL of dry 
THF. After 5 min, a solution of HAuCl4·3H2O (0.6 mg, 1.52 µmol) in 0.6 mL of dry 
DMF was added. The reaction was kept stirring during 5 min and a solution of NaBH4 
(0.75 mg, 19.8 µmol) in 0.6 mL of DMF was rapidly added to the stirred solution. The 
reaction was kept overnight at room temperature. Next, 4 mL of THF were added and 
the solution was centrifuged (5000 rpm, 2 min). The supernatant was collected and the 
solvent was removed in a rotary evaporator. 4 mL of THF were added because the non-
functionalized GNP were not soluble in the THF. The new solution was evaporated and 
the solid obtained was dissolved in 5 mL of MES buffer (50 mM, pH 5.5, 0.05% Tween 
20). Finally, the solution was centrifuged (13000 rpm, 30 min) and the supernatant was 
kept at 4 °C resulting B-GNP.  

Synthesis of porphyrin functionalized gold nanoparticles (PR-GNP). A solution of 
HAuCl4·3H2O (3 mg, 7.6 µmol) of water (5 mL) was added to a stirred solution of 
tetraoctyl ammonium bromide (7.6 mg, 13.8 µmol) in toluene (5 mL). Then, PR-SH (5 
mg, 6.1 µmol) was dissolved in toluene (1.5 mL) and then it was added to the biphasic 
solution. An excess of NaBH4 (5.3 mg, 0.140 mmol) in water (1 mL) was slowly added 
to the mixture. The reaction was allowed to occur under stirring at room temperature 
overnight. The organic phase of the resulting dark red solution was separated using an 
extraction funnel and was subjected to solvent removal in a rotary evaporator, followed 
by multiple washings using centrifugation in ethanol (3 x 5 mL) to give PR-GNP as a 
red solid soluble in DCM and DMSO. 

Antibody immobilization. EDC (0.4 µL, 2.25 µmol) and NHS (1.5 mg, 13 µmol) 
were added to a 1 mL of the B-GNP solution and the mixture was stirred at room 
temperature during 30 min. Next, excess of EDC and NHS was removed by 
centrifugation using VivaspinTM 500 µL tubes at 14000 rpm for 30 min at 4 °C. After 
that, GNP were resuspended in 1 mL of PBS buffer (pH 7.4) and 18 µL of the anti-
ErbB2 antibody (1 mg/mL) was added. The mixture was stirred slowly during 15 h at 
room temperature. Finally, the unbound antibody was removed from the GNP solution 
by five repeated filtrations of the sample in the VivaspinTM 500 µL tubes (14000 rpm, 
30 min at 4°C). After each centrifugation the GNP was resuspended in 500 µL of PBS, 
yielding Ab/B-GNP that was kept in sterilized PBS at 4°C.  
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Singlet Oxygen production 

Singlet oxygen formation changes the ADPA into an endeperoxide which can be 
observed by UV-Vis absorption spectroscopy. 50 µL of ADPA solution of 1.1 mM in 
methanol was added to 550 µL of the PR-SH in DCM, PR-GNP in DMSO and to 550 
µL of the water soluble GNP samples in PBS buffer. The solutions were added in a 
quartz cuvette and stirred thoroughly. Light source with a range between 400 and 500 
nm was used to irradiate the stirred solutions mixture during 4 hours. UV Vis absorption 
spectra were recorded every hour, in the range of 300-700 nm, and the singlet oxygen 
production was determined by the decrease of the absorption intensity of the ADPA. 

Biological experiments 

Imaging medium. The imaging medium based on Hank’s balanced salt solution 
(HBSS) was prepared in water containing sodium chloride (120 mM), potassium 
chloride (5 mM), calcium chloride (2 mM), magnesium chloride (1 mM), sodium 
dihydrogen phosphate (1 mM), sodium hydrogen carbonate (1 mM) and 4-(2-
hydroxyethyl)piperazine-4-ethanesulfonic acid (HEPES, 25 mM). The pH of the 
imaging medium was adjusted to pH 7.2. The imaging medium was supplemented with 
bovine serum albumin (1 mg/mL), basal medium eagle amino acids (2 %), glutamine (2 
mM) and glucose (11 mM). The imaging medium was sterilised by filtration through a 
Millex GP syringe driven filter unit (0.22 µm) prior to use.  

Phosphate buffer saline (PBS). The phosphate buffered saline solution used for the 
cell-based experiments was prepared by dissolving 10 PBS tablets in water (1 L) 
followed by 10 min of autoclaving at 110 °C. The as-prepared PBS solutions contained 
Na2HPO4 (8 mM), KH2PO4 (1 mM), NaCl (160 mM), and KCl (3 mM); and had a pH 
value of 7.3. The PBS buffer (10 mM) used to dissolve the propidium iodide was 
prepared using NaH2PO4 · 2H2O and Na2HPO4 stock solutions (200 mM). The as-
prepared PBS solutions contained NaCl (150 mM) and calcium chloride dihydrate (100 
µM). The pH of the PBS buffer was adjusted to pH 7.4. The buffer was sterilised by 
filtration through a Millex GP syringe driven filter unit (0.22 µm) prior to use.  

SK-BR-3 cell culture. SK-BR-3 human breast adenocarcinoma cells were cultured in 
McCOY’s 5A medium supplemented with 10 % fetal bovine serum and 1.5 % L-
glutamine (200 mM). The cells were routinely cultured at 37 °C in a 5 % CO2 
atmosphere in 75 cm3 Nunc Easy tissue culture flasks with porous caps. 

Freezing SK-BR-3 cell. To ensure the availability of a stock of SK-BR-3 cell line, 
cells were grown, subcultured and stored in liquid nitrogen. SK-BR-3 cells on a 75 cm3 
tissue culture flask were incubated at 37 °C in a 5 % CO2 atmosphere until they reached 
near confluence. The culture medium was removed and the cells were washed with PBS 
(5 mL). SK-BR-3 cells were dislodged from the surface of the tissue culture flask 
surface by trypsination. The PBS in the flask was replaced by trypsin 0.25 % (1x) 
EDTA (5 mL). The flask was placed in the incubator at 37 °C in a 5 % CO2 atmosphere 
for 5 min. The cells were then dislodged from the flask surface and were mixed with 
fresh supplemented McCOY’s 5A medium (5 mL) in a 15 mL centrifuge tube. To 
remove the excess trypsin, the solution was centrifuged at 800 relative centrifugal force 
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(rcf) for 5 min at 21 °C in an Eppendorf 5810R centrifuge. The supernatant was 
discarded and the pellet obtained from two flasks were resuspended in 6 mL of freezing 
medium (90 % supplemented McCOY’s 5A medium and 10 % culture grade DMSO). 
The cell solution was placed in 1.8 mL Nunc cryo tubes (1 mL of cell solution in each 
tube). The cryo tubes were placed in a cryogenic freezing container filled with propan-
2-ol and were frozen to -80 °C overnight. The following day, the tubes were placed in a 
sample box and stored in liquid nitrogen for long term storage. 

Passaging and subculturing SK-BR-3 cells. A cryo tube containing the SK-BR-3 
cells (1 mL in freezing medium) was defrosted in a water bath at 37 °C. The cells were 
transferred to a 15 mL centrifuge tube containing fresh supplemented McCOY’s 5A 
medium (9 mL). The freezing medium was removed by centrifugation of the cell 
suspension at 1,000 rcf for 5 min in an Eppendorf 5810R centrifuge. The supernatant  
was discarded and the pellet containing the SK-BR-3 cells was resuspended in fresh 
supplemented McCOY’s 5A medium (12 mL) and transferred to a 75 cm2 Nunc Easy 
flask. The cells were grown in an incubator at 37 °C in a 5 % CO2 atmosphere. 
Subcultures (1:6) were made every 5 days by washing the cells with PBS and 
dislodging the cells from the flask surface using trypsin 0.25 % (1x) EDTA as 
previously indicated. 

Culture of SK-BR-3 cells onto coverslips. For imaging, SK-BR-3 cells were cultured 
on 18 mm diameter glass coverslips 22 – 24 h prior to performing imaging experiments. 
Cells were cultured at 37 °C in a 5 % CO2 atmosphere in a 75 cm3 tissue culture flask 
until they reached near confluence. Cells were washed with PBS and harvested from the 
flask using trypsin as indicated previously. A sterile coverslip was placed in each well 
in a 6-well Nunc multidish. Supplemented McCOY’s medium (2 mL) and an aliquot of 
the cell suspension (1 mL) were added to each well covering the coverslip. The cells 
were then incubated at 37 °C in a 5 % CO2 atmosphere for 22 – 24 h. 

Incubation of SK-BR-3 cells with porphyrin-antibody functionalised gold 
nanoparticles. The growth medium in the well containing the coverslip with the SK-
BR-3 cells of interest was removed. The cells were washed once with PBS (1 mL) and 
incubated for 3 h at 37 °C in a 5 % CO2 atmosphere in McCOY’s medium 
supplemented only with L-glutamine (1.5 mM) containing porphyrin-antibody 
functionalised gold nanoparticles (0.8 µM porphyrin equivalent).  

SK-BR-3 control cells. The growth medium in the well containing the coverslip with 
the SK-BR-3 cells of interest was removed. The cells were washed once with PBS (1 
mL) and incubated for 3 h at 37 °C in a 5 % CO2 atmosphere in McCOY’s medium 
supplemented only with L-glutamine (1.5 mM). 

Incubation of SK-BR-3 with propidium iodide. Propidium iodide (5 µL, 1 mg/mL in 
PBS) was mixed with HBSS-based imaging medium (1 mL), added to the coverslip of 
interest to stain the SK-BR-3 cells on the coverslip and incubated in the dark at 37 °C.  

Imaging and irradiation of SK-BR-3 cells loaded with and without Ab/B-GNP. For 
imaging, 18-mm cover slips containing the SK-BR-3 cells of interest were placed in a 
Ludin chamber (Life Imaging Service, Olten, Switzerland) which was securely 
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tightened. Each coverslip was washed three times with HBSS-based imaging medium 
and the Ludin chamber was mounted on a stage at 37 °C in a Zeiss Axiovert 200M 
microscope. The images were acquired with a 63x PlanApochromat (1.4 NA) oil-
immersion objective. The Ab/B-GNP uptaken by the cells were excited at 530 – 585 nm 
and the emission was collected through a 600 nm long-pass filter. To activate the 
generation of singlet oxygen by the Ab/B-GNP uptaken by the cells, the cells were 
illuminated through the objective with the light from a Hg arc lamp reflected off a long-
pass, dichroic mirror with a cut-off of 495 nm for 30 s.  

Imaging of SK-BR-3 cells loaded with propidium iodide. The propidium iodide 
stained the nucleus of dead cells with significant membrane damage. Fluorescence from 
the propidium iodide was excited at 530-585 nm and emission collected through a 600 
nm long-pass filter. 

SUPPLEMENTARY DATA 

Figure S1. a) TEM image of PR-GNP and b) their corresponding size distribution 
histogram. Figure S2. UV-Vis absorption spectra of PR-SH at different concentrations, 
and the corresponding calibration line. Figure S3. UV-Vis absorption spectra of A-
GNP and B-GNP and calculations for the immobilized porphyrin concentration onto A-
GNP and B-GNP. Figure S4. UV-Vis absorption spectrum of PR-GNP and 
calculations for the immobilized porphyrin concentration onto PR-GNP. Figure S5. 
Fluorescence excitation spectra (emission at 716 nm) of 0.25 mM of PR-SH and 0.4 
mg/mL of A-GNP and B-GNP in water. PR-SH spectrum is recorded using 5 slides 
while GNP spectra were recorded using 10 slides. PR-GNP excitation spectrum is also 
showed using 5 slides. Figure S6. ADPA decay absorption spectra in the presence of 
Ab/B-GNP following irradiation. 
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SUPPLEMENTARY DATA 

 

 

 

 
Figure S1. a) TEM image of PR-GNP and b) their corresponding size distribution 

histogram. 

a) 

b) 

diameter (nm) 
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Figure S2. UV-Vis absorption spectra of PR-SH at different concentrations, and the 
corresponding calibration line.  

wavelength (nm) 
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Figure S3. UV-Vis absorption spectra of A-GNP and B-GNP and calculations for the 
immobilized porphyrin concentration onto A-GNP and B-GNP.  

 

PR-SH concentration onto A-GNP: 

Subtracting the Abs at 430 nm (0.350) – 
Abs at 460 nm (0.245) = 0.105 nm 

If we applied the Lambert Beer law:  

Abs = Ԑ·cm·C (Ԑ418nm = 3.84x10-8 M·cm1) 

We obtain C= 2.73·10-3 mM 

PR-SH concentration onto B-GNP: 

Subtracting the Abs at 426 nm (0.820) – 
Abs at 460 nm (0.186) = 0.634 nm 

If we applied the Lambert Beer law:  

Abs = Ԑ·cm·C (Ԑ418nm = 3.84x10-8 M·cm1) 

We obtain C= 16.5·10-3 mM 

wavelength (nm) 
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Figure S4. UV-Vis absorption spectrum of PR-GNP and calculations for the immobilized 
porphyrin concentration onto PR-GNP.  

. 

PR-SH concentration onto PR-GNP: 

Subtracting the Abs at 418 nm (1.990) – 
Abs at 442 nm (0.476) =1.513 nm 

If we applied the Lambert Beer law:  

Abs = Ԑ·cm·C (Ԑ418nm = 3.84x10-8 M·cm1) 

We obtain C= 39.4 µM 

wavelength (nm) 
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Figure S5. Fluorescence excitation spectra (emission at 716 nm) of 0.25 mM of PR-SH and 

0.4 mg/mL of A-GNP and B-GNP in water. PR-SH spectrum is recorded using 5 slides while 
GNP spectra were recorded using 10 slides. PR-GNP excitation spectrum is also showed using 
5 slides. 

 

wavelength (nm) 

wavelength (nm) 



Chapter 4.5 Supplementary Data 

225 

 

 

 

 

 

 

 

 
Figure S6. ADPA decay absorption spectra in the presence of Ab/B-GNP following 

irradiation. 

 

wavelength (nm) 



 

226 

 
 
 
 



 

227 

 
 

CHAPTER 5 
Synthesis of porphyrin derivatives as 
components for molecular materials 



 

228 

 
 
 
 
 
 
 
 
 
 



Chapter 5.1 

229 

5.1 INTRODUCTION AND OBJECTIVES 

 5.1.1 INTRODUCTION 

The combination of different scientific disciplines allows the understanding of matter 
and the creation of new molecular materials, especially innovative multicomponent 
nanomaterials. In nature, molecular machines at the nanoscale can operate with high 
efficiency using chemical energy.1 A molecular machine can be defined as an assembly 
that in response to a specific stimulus can produce mechanical movements. The main 
principles governing the design of molecular machines rely on the fact that an external 
stimuli (changes in pH, light, temperature, or electrical current) induce a change in their 
molecular or supramolecular states, causing the desired movement.2-4 In addition, the 
stability and reversibility of the process is critical, as it has been studied with 
rotaxanes.5-6 The control of motion and coupling to surfaces are decisive parameters in 
the operation of future molecular materials, such as motors and machines.7-8 Hence 
there is interest in understanding of these molecular materials, either to imitate their 
actions or incorporate them into new devices such as, molecular machines. Several 
examples of molecular machines have been described in the last years. For instance, 
Figure 5.1 exhibits an assembly of disc-shaped molecules consisting of an aromatic 
system based on a multi substituted benzene ring. Mixing solutions of these molecules 
with silver ions leads to the spontaneous formation of a rotor complex.9  

 

Figure 5.1. Disc-shaped molecules based on a multi substituted benzene ring mixed with silver 
ions, resulting in a rotor complex.  

On the other hand, Figure 5.2 shows a model of a molecular rotor, also called “nano-
car”, based on a meso-(R,S-R,S) isomer derivative of a polycyclic compound as a 
wheeled element.10 The rotary action of the individual motor is the consequence of the 
propulsion of the molecular units. The single molecule car's 'wheels' can be made to 
turn in response to tiny electrical pulses, propelling it across a surface. The 'wheels' of 
the vehicle look like small paddlewheels and have a central C=C double bond as the 
axle. The rotation comes from isomerisation of this double bond, after excitation with a 
Scanning Tunnel Microscopy (STM) tip. 
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Figure 5.2. a) Structure and representation of the meso-(R,S-R,S) isomer. b) Molecular 

model representation of the paddlewheel-like motion of the four-wheeled molecule (right).  

Figure 5.3 shows an example of the preparation of a molecular rotor based on the so-
called azimuthally positioned rotor, which is based on the functionalization of a given 
metallic or inorganic surface with a rotor molecule through an axle spacer.11  

    
Figure 5.3. Design of electrically driven molecular motor that is assembled on a gold 

surface. 

The search for novel molecular materials which might have utility in areas such as 
molecular electronics,12-13 photovoltaics,14 and even molecular machines,15-16 is leading 
to explore the synthesis and self-assembly of supramolecular structures containing π- 
extended structural units which are often crucial for their functionality.17 Biphenyl 
derivatives as π-functional units have been studied currently because these groups are 
well defined spatially and they might aid in electrical or mechanical transmission of 
energy.18-19 In particular, porphyrins as molecular materials20 have been described 
acting as photoconductors,21 components of photovoltaic devices,22 and in molecular 

a) 

b) 
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electronics.23 Special attention has been focused in the use of porphyrin derivatives as 
components of molecular rotors.24-26 Moreover, porphyrins are especially attractive 
because of their ability to coordinate ligands when a metal ion is bound in their core.27,28   

Therefore, the preparation of metallo-porphyrin derivatives incorporating biphenyl 
moieties has been proposed by us to obtain a supramolecular structure suitable as 
component for molecular rotors.  Figure 5.4 shows a model of the proposed rotor, based 
on the synthesis of a biphenyl substituted zinc porphyrin (Zn1), and their incorporation 
to a surface perpendicularly. The metal located inside the porphyrin core, could 
coordinate with a certain SAM, and after the appropriate stimuli the porphyrins could 
rotate. This possible approach for the preparation of molecular rotors concerns the so-
called azimuthally positioned rotor, which is based on the functionalization of a given 
surface (a stator) with the porphyrin derivative (Zn1) as a rotor molecule through an 
axle spacer. Changes on the motion, perpendicular to the surface, will be transmitted 
through the SAM of the anchored rotors.  

 

Figure 5.4. Porphyrin based molecular rotor: model of the aimed paddles movement. 

Therefore, the present section involves the synthesis and characterization of the 
tetrakis-biphenyl substituted zinc porphyrin as element for the future preparation of 
molecular machines. This section, based on the published manuscript,29 describes also 
the synthesis of a phthalocyanine derivative as alternative compound for the molecular 
rotor. Otherwise, the study of the photophysical properties of the porphyrin and 
phthalocyanine derivatives have been also performed based on fluorescence and 
absorbance spectroscopy studies.  
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5.1.2 OBJECTIVES 

The main objectives of this section are: 

 

I) Preparation of 5,10,15,20-tetrakis(4-biphenyl)porphyrin and its zinc(II) complex. 

II) Molecular and supramolecular characterization of the zinc porphyrin, especially 
by 1H-NMR spectroscopy, in order to analyse its aggregation behaviour in solution.  

III) Study of the photochemical properties of the porphyrin derivatives, regarding 
absorption spectroscopy and fluorescence emission and excitation characterization. 
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5.2 Multiply biphenyl substituted zinc (II) porphyrin and phthalocyanine as 
components for molecular materials.  

 

SYNOPSIS 

 

This work reports for the first time the synthesis of the compound Zinc(II)-
5,10,15,20-tetrakis(4-biphenyl)porphyrin (Zn1), which was prepared in two steps. First, 
the 5,10,15,20-tetrakis(4-biphenyl)porphyrin (1) was prepared following two different 
experimental conditions using either: a) propionic acid or b) a mixture of acetic acid and 
nitrobenzene. Both conditions yielded compound 1, in 3% and 9% respectively. Besides 
the fact that the yield in the method that uses acetic acid and nitrobenzene resulted 
higher, the great advantage of this procedure is that the resulting porphyrin crystallized 
directly from the reaction mixture. In the second place, a zinc atom was incorporated 
into the porphyrin ring to obtain the desired porphyrin Zn1, resulting more effective a 
procedure that used DMF as solvent with an excess of zinc acetate. 1H-NMR 
spectroscopy studies at different concentrations for the compounds 1 and Zn1 were 
performed in order to investigate the behaviour of the porphyrins in solution, especially 
concerning the aggregation process. On the other hand, this work also describes the 
synthesis of the tetra-functionalized phthalocyanine 2,3,9,10,16,17,23,24-octakis (4-
biphenyl) phatholocyaninatozinc (2) and their corresponding zinc derivative (Zn2), as 
alternative structure for a molecular rotor. 

Additionally, optical and photochemical characterization of the resulting compounds 
was also achieved. A study of the morphology of the porphyrin and phthalocyanine 
crystals by optical microscopy has been performed, in order to investigate the capacity 
of the compounds to form ordered solid state materials. Photochemical properties of the 
porphyrin and phthalocyanine derivatives have been also investigated, following 
absorbance spectroscopy characterization and fluorescence emission and excitation 
studies. 
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� Microtools selected for cell tagging, based on biofunctionalization of lectins onto 
encoded polysilicon microparticles have been successfully prepared. 

 
- The best chemical conditions to afford a well-organized SAM on silicon surfaces, 

were found to be using a solution of ethanol or toluene, with a silane concentration 
of 135 mM for 3 h.  

 
- Quantification of the WGA immobilization was also achieved by two different 

techniques: UV-Vis absorption spectroscopy and OWLS, exhibiting a protein 
coverage of ca. 75%.  

 
- SAMs with three different functional groups (aldehyde, activated ester and 

epoxide) have been used to immobilize successfully two lectins (WHA and PHA) 
onto the silicon barcodes. Mouse embryo adhesion experiments indicated that the 
activity of the lectin is not affected by the silane used, whereas WGA was more 
efficient than PHA-L in terms of barcodes adhesion and retention rates. 

 
- Tagging experiments in mouse embryos showed excellent adhesion ability to the 

embryo ZP with extremely successful retention rates (96% after 4 days), and high 
embryo viability (96%). Best results in terms of embryo tagging, were obtained 
using TESUD as silane, the lectin WGA with a concentration of 35 µ/mL and using 
the silicon barcodes that present high rugosity.   

 
� Synthesis of the aminoanthracene derivative AnNH2, and its immobilization onto 

silicon surfaces using two different SAMs was performed, with an amine or amide 
linkage.  

 
- Fluorescence measurements of AnNH2 on silicon surfaces, indicated a maximum of 

fluorescence emission at acidic pH values. Preliminary experiments based on the 
immobilization of the AnNH2 onto silicon microparticles have been done, rendering 
a microtool potentially suitable as a intracellular pH sensor. 

 
- An anthracene derivative incorporating an aza crown ether suitable as calcium 

receptor was prepared (AnCr). Fluorescence spectroscopy measurements in 
solution of AnCr showed a calcium selectivity of the AnCr in comparison with 
other cations tested (Mg+2, Na+ and K+) rendering a potentially suitable calcium 
chemosensor. 

 
� The zinc porphyrin derivative ZnPR-COOH has been successfully synthesized and 

immobilized onto iron oxide nanoparticles (ZnPR-IONP). Alternatively, the 
porphyrin derivative PR-TRIS3OH have been synthesized and immobilized onto 
iron oxide nanoparticles (PR-TRIS-IONP) obtaining water soluble nanoparticles. 
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- Singlet oxygen production experiments with ZnPR-COOH and PR-TRIS3OH 
resulted an ADPA photobleaching % of 6.2 and 7.3 respectively while ZnPR-
IONP and PR-TRIS-IONP, presented an ADPA photobleaching % of 24.7 and 
19.3 respectively, indicating that the presence of the porphyrin onto the 
nanoparticle increases the singlet oxygen production being a suitable system for 
PDT. Otherwise, no difference was observed between a zinc porphyrin and a metal 
free porphyrin.   

 
� Porphyrin PR-SH was synthesized and immobilized onto GNP. PEG-OH chain was 

also incorporated, achieving the water soluble GNP-PR/PEG. 
 

- Cytotoxicity experiments in MCF10A mammary epithelial non-tumoral cells were 
performed, indicating that GNP-PR/PEG nanoparticles are non-toxic. Moreover, 
cell uptake experiments have been performed by TEM and ICP MS, founding free 
GNP-PR/PEG in the cytoplasm. 

 
- Two methodologies for the preparation of water soluble PR-SH and PEG-COOH 

coated gold nanoparticles have been compared with the DMSO soluble PR-GNP. 
Quantification studies by UV-Vis absorption spectroscopy demonstrated that PR-
GNP and B-GNP contained more PR-SH onto the nanoparticle surface than the A-
GNP, resulting a ration of porphyrin per nm2 of 8.2, 4.2 and 1.2 respectively.  

 
- Singlet oxygen production experiments indicated that the results were obtained for 

PR-GNP followed by B-GNP, A-GNP and the free PR-SH resulting an ADPA 
photobleaching % of 9, 5.6, 2.8 and 1.6 respectively. These experiments 
demonstrate that incorporation of the PR-SH onto the GNP increases the singlet 
oxygen production. 

 
- Antibody anti-erbB2 immobilization onto the B-GNP was achieved through the 

PEG-COOH and characterized by UV-Vis absorption and zeta potential. Singlet 
oxygen generation was also measured for Ab/B-GNP, resulting very similar to B-
GNP, showing that the presence of the antibody does not affect the singlet oxygen 
production.  

 
- Ab/B-GNP uptake by SKBR-3 cell line was demonstrated by fluorescence 

microscopy; after irradiation, morphological changes to the cellular structure were 
observed as indication of cell mortality, due to the production of singlet oxygen.  

 
� Synthesis of a biphenyl zinc (II) porphyrin and phthalocyanines has been achieved. 

1H-NMR spectra were recorded in order to analyse the aggregation of the porphyrin 
1 in chloroform. 1H-NMR spectra of 1 at concentration (7 mM) showed very broad 
signals, indicating aggregation of the porphyrin molecules. On the other hand, 
spectra of lower concentration of the compound 1 (0.1 mM) resulted in well defined 
peaks.  
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SUMMARY OF THE RESULTS 

Chapter 2 describes the preparation of microtools for tagging living cells through a 
chemical study of the self-assembled monolayer (SAM) formation and the subsequent 
lectin immobilization process, onto silicon encoded microparticles (barcodes). The work 
is focused on the immobilization, on silicon microbarcodes, of the lectin wheat germ 
agglutinin (WGA), a protein that provides a specific cellular recognition due to its 
capacity to recognize some specific carbohydrates of the embryos membrane, the so 
called zona pellucida (ZP). This protein-carbohydrate recognition makes possible the 
attachment of the barcode to the cell membrane, obtaining a system for cell tagging. 
Adhesion of WGA biofunctionalized barcodes to mice embryos was tested in embryos, 
as well as their toxicity, because of their potential use in assisted reproduction protocols. 
The adhesion experiments and the embryo's viability resulted higher than 90 % in all the 
cases (Figure 7.1). 

 

Figure 7.1. Barcode functionalization and embryo tagging strategy. 

Several parameters have been initially investigated in order to find the best 
conditions to obtain the optimal microtool concerning the cell viability and the barcode 
adhesion rate. In particular, protein concentration and the rugosity of the silicon 
micromaterial have been analyzed. Thus, the best adhesion results of functionalized 
barcodes to mice embryos were obtained when the concentration of wheat germ 
agglutinin (WGA) was of 35 µg/mL. On the other hand, it was also demonstrated that a 
higher roughness of the silicon material led to better barcode retention rates (Table 1). 

a) Polysilicon barcodes 

b) SAM formation and 
protein immobilization 

c)  Embryo tagging 



Chapter 7 

256 

Table 7.1.WGA concentration and surface roughness influence on the adhesion of 
biofunctionalized WGA-SAM barcodes to the ZP of mouse embryos. 

 

Barcode 
roughness 

[WGA] 
(µg/mL) 

retention rate 
(%) 

15 68.60% 
high 25 73.40% 

35 84.90% 
15 67.20% 

low 25 48.80% 
35 69.80% 

 

Additionally, the chemical immobilization methodology has also been examined, 
especially concerning the SAM formation on polysilicon surfaces using the 11-
triethoxysilylundecanal (TESUD). Thus, different chemical parameters have been 
studied such as silanization time, molar concentration of the silane, type of solvent or 
deposition method, followed by surface characterization by contact angle 
measurements. The resulting experiments indicated that the best chemical conditions to 
form the SAM on the polysilicon surface were obtained using a concentration of the 
silane of 135 mM in a solution of either ethanol or toluene for a minimum of 3 hours. 
Otherwise, different WGA immobilization approaches were also attempted always 
covalently. Different linkers were tested in order to analyze their efficiency in the 
coupling with the biomolecules, and the functionality of the immobilized proteins 
(Figure 7.2).  

 
Figure 7.2. Lectin immobilization using different SAM linkers.   
 

Thus, aldehyde, pentafluorophenyl ester and epoxide residues have been used as 
functional terminal groups of their corresponding SAMs, all of them being excellent for 
the WGA immobilization. Adhesion experiments of biofunctionalized barcodes using 
the three different linkers were tested, obtaining retention rates of ca. 90% in all three 



Chapter 7 

257 

cases. On the other hand, lectin PHA-L was also immobilized in order to test its ability 
to recognize the carbohydrates of the embryos membrane (ZP), but the adhesion rates 
were low, demonstrating that WGA is the optimal protein for the recognition of the ZP. 
Exhaustive characterization of the SAM formation and the WGA immobilization was 
also performed using several techniques such as matrix assisted desorption/ionization 
time of flight mass spectrometry (MALDI ToF MS), time of flight secondary ion mass 
spectrometry (Tof-SIMS), atomic force microscopy (AFM), contact angle 
measurements and fluorescence microscopy. Further, quantification of the TESUD 
formation onto a silicon surface was also achieved by the UV-Vis absorption 
spectroscopy, resulting a protein surface coverage of 2.4·1014 molecules/cm2 (ca. 97 %). 
Quantification of the immobilized WGA was obtained using OWLS, finding a value of 
2.7·1012 molecules/cm2, equivalent to a WGA coverage of ca.  75%. 

Chapter 3 includes the synthesis of aminoanthracene derivatives as potentially 
suitable chemosensors of pH and calcium. Synthesis and immobilization on polysilicon 
surfaces of N-(9-anthrylmethyl)-1,2-ethanediamine (AnNH2) (Figure 7.3) has been 
successfully achieved, and it has been possible to characterize the corresponding SAM 
by different techniques, including MALDI ToF MS and contact angle measurements. 
Fluorescence spectroscopy measurements of the immobilized AnNH2 on a silicon 
surface showed a remarkable increase of its fluorescence at acidic pH (Figure 7.3). 
Preliminary experiments based on the immobilization of the AnNH2 onto silicon 
microparticles have been performed, rendering a microtool potentially suitable as 
intracellular pH sensor. 
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Figure 7.3. AnNH2 emission fluorescence spectra decay at different pH values. 

Alternatively, preparation of a microtool designed for intracellular calcium sensing in 
living cells, incorporating an azacrown moiety as the calcium receptor, was attempted. 
Synthesis of 1-(9’-methylanthracenyl)-4,7,10,13-tetraoxa-1-azacyclopentadecane 
anthracene (AnCr) (Figure 7.4) has been successfully achieved. Fluorescence 
spectroscopy measurements in solution of the synthesized anthracene derivative AnCr 
showed a high affinity for Ca+2 according to the increase in the fluorescence bands upon 

pH 2 

 

pH 12 
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calcium complexation (Figure 7.4). More importantly, the receptor showed high 
selectivity for Ca+2 ions in comparison with other cations such as Mg2+, Na+, and K+, 
rendering a potentially suitable calcium chemosensor. Derivatization and 
immobilization on microparticles needs further investigation to achieve intracellular 
calcium sensors. 

 
Figure 7.4. Scheme of AnCr and emission fluorescence spectra after increased concentrations 
of calcium. 

Chapter 4 describes the preparation of iron oxide or gold multifunctional 
nanoparticles with conveniently functionalized porphyrins as photosensitizers 
potentially useful for photodynamic therapy (PDT).  

- Iron oxide nanoparticles 

This section describes the preparation of novel photosensitizers based on porphyrin 
scaffolds, their assembly onto iron oxide and gold nanoparticle and their capability to 
produce radical oxygen species in order to be useful for PDT.  

A zinc porphyrin derivative (ZnPR-COOH) has been synthesized in three steps 
containing a carboxylic alkyl chain and a zinc atom inside the core of the molecule. All 
the chemical steps have been characterized by 1H-NMR spectroscopy and MALDI ToF 
MS. Iron oxide nanoparticles (ol-IONp) have been synthesized and functionalized with 
the compound ZnPR-COOH, obtaining a novel nanosystem (ZnPR-IONP) that has 
been characterized by a variety of techniques such as X-ray photoloectron spectroscopy 
(XPS), fluorescence spectroscopy, UV-Vis absorption spectroscopy, and transmission 
electron microscopy (TEM) (Figure 7.5).  In order to probe the capability of the 
photosensitizers for the PDT the singlet oxygen formation was examined. ZnPR-IONP 
and the free ligand have been irradiated with a blue light source and the singlet oxygen 
production has been measured recording the absorbance decay of the anthracene 
derivative 9,10-anthracenedipropinic acid (ADPA). These experiments confirmed the 
capability to produce singlet oxygen for the photosensitizer, showing an important 
increase in terms of singlet oxygen production, when the porphyrin is incorporated onto 
the IONP.   

wavelength (nm) 
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 On the other hand, the porphyrin derivative PR-TRIS3OH, was also synthesized, 
incorporating TRIS groups to the structure of the porphyrin to increase the water 
solubility of the nanosystem. Thus, the metal free porphyrin PR-TRIS3OH was 
obtained, and consequently it was used to functionalize the ol-IONp through the 
hydroxyl groups of the porphyrin (Figure 7.5). After the PR-TRIS3OH coverage, the 
PR-TRIS-IONP were water soluble, allowing their potential use in biological systems. 
PR-TRIS-IONP have also characterized by absorbance and fluorescence spectroscopy, 
and by Zeta potential measurements demonstrating the porphyrin coverage. Finally, the 
singlet oxygen production was studied for PR-TRIS3OH and PR-TRIS-IONP, using 
the ADPA decay, resulting higher in the case of the PR-TRIS-IONP, resulting a good 
candidate to be used for the PDT, particularly because of their water solubility.    

 

Figure 7.5. Scheme of functionalized iron oxide nanoparticles with ZnPR-IONP and PR-
TRIS-IONP. 

- Gold nanoparticles 

A novel thiolated porphyrin (PR-SH) has been synthesized following a few steps. 
First, the 5-[p-hidroxyphenyl]-10,15,20-triphenylporphyrin (PR-OH) has been prepared 
and it was characterized by X-ray crystallography of single crystals. Consequently, a 
thiolated alkyl chain has been incorporated to give the aimed porphyrin PR-SH. The 
capability of the porphyrin to be attached onto gold nanoparticles (GNP) as well as to 
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stabilize them has been demonstrated. Two different GNP have been prepared: a) PR-
GNP, which are soluble in solvents such as dichloromethane or DMSO and b) 
PR/PEG-GNP which incorporates a polyethylene glycol (PEG) in order to make them 
water soluble (Figure 7.6). Both GNP have been fully characterized using several 
techniques such as 1H-NMR spectroscopy, UV-Vis absorption spectroscopy or XPS. 
Furthermore, TEM images of both GNP have been obtained showing well-dispersed 
spherical nanoparticles with a size near 4 nm. To conclude, the coverage of the 
functionalized porphyrin onto the GNP surface has been quantified using the UV-Vis 
absorption spectroscopy, obtaining 646 porphyrin molecules/GNP in the PR-GNP and 
33 porphyrin molecules/GNP in the PR/PEG-GNP. Approximately, the PR-GNP 
contained 20 times more porphyrin molecules for GNP in comparison to the water 
soluble GNP.  

 
Figure 7.6. Scheme of the porphyrin functionalized gold nanoparticles PR-GNP and PR/PEG-
GNP.   

The previously described PR-SH has been used to functionalize water soluble GNP 
incorporating additionally a PEG chain with a terminal carboxylic group. Two different 
approaches have been investigated for the preparation of the water soluble GNP: A) the 
typical Brust protocol using a biphasic system and B) a monophasic procedure that uses 
a mixture of DMF and THF as solvent. TEM was used to know the GNP morphology 
and size. Both nanoparticles showed low polydispersity and spherical shape. Thus, A-
GNP resulted smaller than the B-GNP having a diameter size of 4.5 and 9 nm 
respectively. UV-Vis absorbance spectroscopy and the diameter size obtained by TEM 
have been used to quantify the amount of porphyrin that has been covered onto the GNP 
surface. It has been demonstrated that the methodology B increases the coverage of the 
tested ligand, resulting on porphyrin coverage of approximately ca. 4 times higher 
comparing the B-GNP with the GNP obtained for the Brust method, while the PR-GNP 
had the highest porphyrin coverage with a ratio of 8.2 porphyrin/nm2 (Table 7.2). 
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Table 7.2.  Quantification of the immobilized porphyrin (PR-SH) onto the GNP. 

  
Diameter  

(nm) 
Ratio 

porphyrin/nm2 

A-GNP 4.5 1.2 

B-GNP 9 4.2 

PR-GNP 5 8.2 

 

Once it had been demonstrated that the B-GNP are capable of incorporating higher 
amounts of photosensitizer, immobilization of the antibody anti erbB2 onto the B-GNP 
was targeted because it recognizes a membrane receptor that is overexpressed in cancer 
cells. The antibody anti erbB2 was immobilized onto the GNP via the PEG carboxylic 
group in order to increase the specific target of the nanosystem yielding Ab/B-GNP 
(Figure 7.7). 

             

Figure 7.7. Transmission Electron Microscopy image and schematic representation of the 
antibody-porphyrin functionalized Ab/B-GNP. (Scale bar = 20 nm). 

The singlet oxygen production has been measured using the ADPA absorbance 
decay, following irradiation by a blue source light. First, the capability of the free 
thiolated porphyrin PR-SH to generate singlet oxygen was demonstrated, showing a 
decrease of the ADPA absorbance after the irradiation. Consequently, the ADPA 
photobleaching has been analyzed for the PR-GNP, A-GNP and B-GNP, indicating an 
increase of the singlet oxygen production in comparison with the free ligand. 
Furthermore, comparing the different GNP, the GNP soluble in DMSO (PR-GNP) 
presented the highest ADPA photobleaching (9%). Concerning the water soluble GNP, 
it has been probed that B-GNP generated more singlet oxygen to the A-GNP, being an 
ADPA photobleaching of 5.6 and 2.8% respectively. Finally, the singlet oxygen 
generation was also measured after the antibody immobilization (Ab/B-GNP), resulting 
very similar than the B-GNP, indicating that the antibody does not affect the system in 
terms of singlet oxygen production. 
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Comparing these results with the values obtained for the modified iron oxide 
nanoparticles (Figure 7.8), several points are remarkable: a) iron oxide nanoparticles 
help the porphyrin to produce higher quantity of singlet oxygen, b) the singlet oxygen 
formation of the free base porphyrins changes depending on the functional groups that 
the porphyrin contains, c) no differences have been observed concerning the presence of 
the zinc inside the porphyrin core, in terms of singlet oxygen production. 

 
Figure 7.8. Percentage of the photobleaching of ADPA at 378 nm, corresponding to the 
capability of the singlet oxygen production of the compounds tested. 

Finally, Ab/B-GNP were used to probe in vitro their ability to induce the cancer 
cell's death, using SK-BR-3 cells. The cells were incubated with the Ab/B-GNP and 
after irradiation, morphological changes to the cellular structure were observed as 
indication of cell mortality, as was also confirmed using propidium iodide (Figure 7.9). 

 

 
Figure 7.9. a) Optical and b) fluorescence microscopy images of SKBR cells with Ab/B-

GNP before irradiation. c) and d) optical and fluorescence microscopy images after irradiation. 
Propidium iodide (purple) was added as label for cell death. 
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Chapter 5 relates the synthesis and characterization of a Zinc (II) biphenyl 
substituted porphyrin (Zn1) as a potentially suitable element for the preparation of a 
molecular rotor. Thus, a symmetrical zinc porphyrin incorporating four biphenyl groups 
in their structure was synthesized using two different experimental conditions, resulting 
in a maximum yield of 9% (Figure 7.10). 1H-NMR spectroscopy was used to analyze 
the aggregation of the porphyrin in solution, showing broad peaks at concentration ca. 7 
mM, whereas diminishing concentration to 1 mM allowed observation of well defined 
peaks for all the protons of Zn1. This report also describes the photochemical 
characterization of the metallo-porphyrin Zn1 using UV-Vis absorption and 
fluorescence spectroscopies.  
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Figure 7.10. Representation of the synthesis of the Zinc (II) porphyrin derivative 
(Zn1). 
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