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Chapter 1. Introduction 

1.1. Prologue 

The interdisciplinary PhD Thesis presented here studies the synthesis and 

characterization of three different molecular π-functional components, namely bis-

pyridinium salts, bis-bipyridinium salts and porphyrins, and their capacity to be 

incorporated into different carriers such as gold nanoparticles, microparticles and gold 

nanorods to generate nano- and micro structured materials for sensing and drug 

delivery, mainly for Photodynamic Therapy (PDT). It is presented as a compilation of 

publications including 3 articles that have already been published (Chapters 2, 3.1 and 

3.4), 1 submitted (Chapter 3.3) and 2 in preparation (Chapters 3.2 and 4.1).  

The Thesis is structured in 6 Chapters: Chapter 1 is the Introduction and includes the 

Prologue, Context of the work, general Objectives and the associated bibliography. 

Chapter 2-4 correspond to the main results, collected as papers. Chapter 5 correspond to 

a global Results and Discussion, and Chapter 6 includes the general conclusions. 

The work begins with the assembly of nanostructures coated with gemini-type 

pyridinium amphiphiles. These π-functional components have the ability to play a 

multiple role such as transfer agents and stabilizers, as well as ionophores, and also are 

responsible for the preparation, stability, and delivery properties of gold nanoparticles 

(AuNPs), which gold core is stabilized by the anions present in the bis-pyridinium salts 

(Chapter 2). The results obtained are presented in the paper published in Journal of 

Colloid and Interface Science 502 (2017) 172–183.  

Porphyrins are the π-functional components for the functionalization of different 

carriers for PDT, as included in Chapter 3. This Chapter describes the synthesis and 

characterization of different porphyrins, and their covalent and non-covalent 

immobilization into different vehicles such as AuNPs, nanorods (NR) and mono- and 

bifunctional microparticles (µP). Part of this work has been developed during a stay at 

the University of East Anglia (Norwich, UK) in the group of Prof. David Russell. The 

results of this Chapter are presented in two already published papers: RSC Advances 7 

(2017) 16963–16976 (Chapter 3.4) and Colloid and Surfaces B, 2017, accepted with 

revision (Chapter 3.1) and a manuscript submitted for publication to RSC Organic 

Biomolecular Chemistry, 2017 (Chapter 3.3) and a manuscript in preparation (Chapter 
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3.2).  

In Chapter 4 we describe the non-covalent functionalization of polysilicon substrates 

with the third kind of π-functional system in this thesis - gemini-type amphiphilic 

bipyridinium salts, which act as hosts for the subsequent incorporation of ᴫ-donor 

compounds, such as neurotransmitters, in order to obtain potential sensors. The results 

are presented in a manuscript in preparation.  

Additionally, two more articles have been published in connexion with the work of the 

thesis, although they have not been included in the thesis. In the first one, the 

preparation, characterization and functionalization of nanorods is described. The second 

article includes the biological experiments to determine the cell death mechanism of 

Zn(II)meso-tetrakis(4-carboxyphenyl)porphyrin synthetized in this work to be used as 

photosensitizer for Photodynamic Therapy. These two articles have not been included 

as part of this doctoral Thesis because they show, respectively, mainly the 

electrochemical preparation of the magnetic core-shell nanowires and the biological 

data concerning the specific death mechanism in two different cells after the interaction 

with a previously irradiated photosensitizer. However, they were the seed for articles 

RSC Advances 7 (2017) 16963–16976 and Colloid and Surfaces B, 2017 included in 

the thesis. 

They are: 

Electrochemical preparation and characterization of magnetic core–shell nanowires for 

biomedical applications.  

C. Gispert, A. Serrà, M.E. Alea, M. Rodrigues, E. Gómez, M. Mora, M.Ll. Sagristá, L. 

Pérez-García, E. Vallés.  

Electrochem Commun., 63 (2016) 18–21. 

 

Cell Death Mechanisms in Tumoral and Non-Tumoral Human Cell Lines Triggered by 

Photodynamic Treatments: Apoptosis, Necrosis and Parthanatos.  

J. Soriano, I. Mora-Espí, M. E. Alea-Reyes, L. Pérez-García, L. Barrios, E. Ibáñez & 

C. Nogués. 

Sci Rep., 7:41340 (2017). 
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1.2. Context of the work 

1.2.1. Nanomedicine & nanomaterials 

Nanomedicine applies the knowledge and tools of nanotechnology to solve medical 

problems applications. Nanotechnology offers many potential benefits to medical 

applications including the early detection of cancers and cancer treatment, passive and 

active disease targeting, increased biocompatibility, and multifunctionality 

encompassing both imaging and therapeutic capabilities, allowing for simultaneous 

disease treatment and monitoring. Nanomedicine involves the use and preparation of 

nanoscale materials, such as biocompatible nanoparticles (metallic, paramagnetic or 

polymeric),
1
 quantum dots (QDs),

2
 nanorods (NRs)

3
 or carbon nanotubes (CNTs)

4
 

(Figure 1.1).  

Nanomaterials can be obtained by two different approaches: the top-down and the 

bottom-up methodologies. In the top-down approach the bulk material is processed by 

different methods, that can be mechanical techniques (such as milling), lithographic 

techniques or laser-beam processing, to name a few.
5
 On the other hand, the bottom-up 

strategy consists on the use of chemical synthesis and non-covalent interactions 

(supramolecular chemistry) to obtain organized assemblies of molecules.
6
 The major 

advantages of nanomaterials in medical applications include the following: a) they are 

on the same size scale with biomolecules such as receptors, antibodies, and nucleic 

acids. Nanomaterials can also be functionalized with biomolecules, enabling them to 

target specific organelles within certain tissues or even the entire cells for localization in 

the targeted area; b) Nanostructures can often overcome solubility and stability issues 

through surface modification/wrappings or additional formulation; c) Nanostructures 

have novel physical properties, such as optical properties from quantum dots, which can 

be utilized for bioimaging; d) Due to their nanosize, they are normally composed of 

thousands of atoms with a high surface area so that a higher therapeutic payload such as 

radioactive isotopes or chemotherapy drugs can be carried to or encapsulated in the 

nanostructure.  
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Figure 1.1. Schematic representation of different nanomaterials used in Nanomedicine. 

1.2.2. SAMs formation and biomedical applications 

The present work includes the study and the preparation of novel nanomaterials using 

bottom-up processes, obtaining new functional nano- and micromaterials, being 

potential tools in Nanomedicine.  

Self-assembly procedures have been the common point for the preparation of all these 

bioactive nanomaterials, that we called micro- and nanotools. They are formed by three 

main elements: a metallic or inorganic substrate in particular gold nanoparticles or 

polysilicon and gold surfaces, a self-assembled monolayer as linker or host, and a 

bioactive molecule (Figure 1.2). 

Nanomaterials

Nanoparticles

Carbon

Nanotubes

Quantum

DotsNanorods

Polymeric

Paramagnetic

Metallic

SiO2

Fe2O3
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Figure 1.2. Schematic representation of: a) SAMs on a surface of a microparticle, 

forming a microtool, b) functionalized metallic nanoparticle yielding a nanotool and c) 

the components of nano/microtool.  

Self-assembly is a process based on the spontaneous organization of molecules forming 

a well-ordered structure,
7
 and self-assembled monolayers (SAMs) are the functional 

component of the nano- and microtools described in this thesis. SAMs have been 

investigated in the last decades for their high range of applicationsin in many areas of 

research including nanotechnology, chemical surface sciences, biotechnology chemical 

engineering or electronics. The activity and the utility of the SAMs depend on the 

molecule that will be immobilized into the SAMs using the reactivity between the 

functional group of the SAMs and the desired molecule.
8
 The functionalization of 

SAMs with different biomolecules is of great interest to give biological properties to the 

substrate, and the preparation of biosensors, as for example DNA chips for diagnostics,
9 

or through the immobilization of biomolecules
10 

or cells,
11 

or to tag cells through the 

immobilization of biomolecules capable of recognizing specific types of cells 

(biosensors)
12,13

 and microfluidic circuits for biochemical sample preparation.
14

 More 

particular applications of SAMs include the functionalization of tools to detect 

interactions using SPR-based sensors
15,16

 and measurement of interactions between 

biomolecules using microscope probes.
17,18 

There many exemples of the biomolecules 

Linker or host

Subtrate

Bioactive

molecule

a) b)

c)
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can be covalently linked to SAMs such as antibodies, proteins, nucleic acids, enzymes 

or even organized system like whole cells can be profitably used for molecular 

recognition.
10,19 

Besides, SAMs also have been synthetized to produce super 

hydrophilic/hydrophobic surfaces, charged surfaces or to endow substrates of several 

properties.
20 

So they provide great potential in surface design of nanolayers for bioactive 

coating for biomedical devices such as drug delivery.
21-23 

Additionally, different materials have been employed as substrates for the formation of 

self-assembled monolayers (SAMs), but gold
24,25 

and silicon
13,26 

are the most widely 

used and studied, because of the ease of using thiol and silane chains, respectively, to be 

attached onto the corresponding surfaces to form well-organized SAMs and also more 

importantly because the substrates are biocompatible materials. Some of the most 

important challenges concerning SAMs usage are to select a methodology to obtain a 

well-organized SAMs, to find a simple method to characterize and quantify the 

monolayer,
27 

and, more significantly, to be able to correlate chemical synthesis, 

characterization and function of the new material. 

1.2.3. Gold nanoparticles preparation and applications 

Gold is an inert and resistant metal, and this property is also found in gold nanoparticles 

(GNPs). Furthermore, the small size of GNPs renders a very important property, named 

the Surface Plasmon Resonance (SPR). This phenomenon is caused by the collective 

oscillation of electrons at the surface of the gold due to the electromagnetic radiation of 

the incident light. According to Mie’s theory,
28

 the SPR band of the particles with 

spherical shape, visible in the absorption spectra, results from the dipole oscillations of 

the free electrons in conduction band that are occupying the energy states immediately 

above the Fermi energy level. A decrease in the size of the GNPs translates into a 

broadening of the SPR band and a decrease in the intensity of the peak. GNPs with sizes 

below 2 nm do not present SPR band, as well as bulk gold.
29

 The SPR maximum peak 

can range from 518 nm to 565 nm, corresponding to sizes ranging from 9 nm to 100 

nm.
30

 This band is also present in gold thin films. It is important to highlight that the 

band depends not only of the size of the GNPs, but also of the type of ligand that is on 

the nanoparticles’ surface, and the solvent where they are resuspended. The dependence 

of the SPR relative to the GNPs size allows the determination of the later by UV-visible 

absorption spectroscopy.
31,32

 The SPR band also experiences shifts on its absorption 
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wavelength upon aggregation of the GNPs, which can be easily seen macroscopically 

because of the changes in the colour of the colloidal solution. Recently it has been 

found that SPR depends more on the plasmon length (distance along which occurs the 

oscillation, that depends on the size) rather than the shape.
33

 As far as characterization 

of GNPs is concerned, the development of the electron microscope allowed the study of 

these colloids, since the particles’ size is small and cannot be properly studied with a 

regular optical microscope. 

One of the method to obtain gold nanoparticles is the citrate method, developed by 

Turkevich, which uses citrate as the reducing agent of Au(III) salts, and is one of the 

most widely used methods to obtain gold nanoparticles dispersed in water.
34

 The 

method was further studied, and it was proved that tuning the citrate:Au ratio affords 

GNPs with distinct sizes.
35

 The citrate is the responsible for the reduction of the gold, 

but recently, it was found that it is not citrate itself but the dicarboxylic acetone 

resulting from its oxidation the responsible for the stabilization of the nanoparticles.
36

  

Another method developed for the synthesis of GNPs that could also render good 

reproducibility is the Brust-Schiffrin method, in which a two-phase system is used.
37 

A 

Au(III) salt is solubilized in water and transferred by tetraoctylammonium bromide 

(TOAB) to an organic phase containing a thiol that will stabilize the GNPs once are 

formed. The reduction of the gold is performed by adding an aqueous solution of 

NaBH4 with vigorous stirring. The GNPs is stabilized by the formation of a monolayer 

of thiols on its surface, and for that reason the so-obtained GNPs are referred to as 

monolayer-protected clusters (MPC).  

However, alternative ligands used to stabilize GNPs are also viable, such as amines,
38

 

bipyridyls,
39

 phosphines,
40

 triazole ring-containing polymers,
41

 amphiphiles that both 

reduce and cap the GNPs,
42,43

 imidazolium-based amphiphiles,
44

 ionic liquids based on 

imidazolium salts,
45

 peptides,
46

 and DNA.
47

 In particular, the use of derivatives of 

pyridine such as 4-(dimethylamino)pyridine (DMAP),
48-50 

dihydropyridine
51

 and 

pyridinium salts
52,53 

as stablizing agents of GNPs has been reported (Figure 1.3). 
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Figure 1.3. Schematic representation of GNPs with different ligands that can be used 

for stabilization: amine, dihydropyridine, imidazolium-based amphiphiles, phosphines, 

pyridinium salt and bipyridyls. 

In addition to the various types of stabilizers that can be used in their synthesis, the fact 

that GNPs can be functionalized with appropriate thiols, that furthermore can be used to 

immobilize biomolecules in the surface, makes them a very versatile tool. Therefore, 

GNPs have been widely studied to be used in different types of applications, including 

catalysis,
41

 therapy agents for delivery of drugs,
54-56 

medical diagnosis,
57 

biological 

sensors,
58 

imaging
59 

but also in theranostics.
59 

In particular drug delivery is one of the 

main biological applications of the gold nanoparticles because they are able to 

incorporate a particular bioactive molecule or drug, deliver it to a certain tissue or cell.
60 

In our group, we have synthetized GNPs based on bis-imidazolium amphiphiles that act 

as phase transfer agent of the gold salt during the synthesis, capping agent for the 

stabilization of the GNPs, and binding agent for anionic molecules, resulting in a major 

simplification of the synthetic process and subsequent purification of the functional 
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nanomaterial.
44

 Furthermore, the ability of bis-imidazolium salts to complex anions,
44,55

 

particularly carboxylates, allowed the incorporation and delivery of a carboxylate-

containing model drug
44,55,61

 (Figure 1.4). 

 

Figure 1.4. Schematic representation of: a) organic soluble GNPs and b) water soluble 

GNPs based on gemini imidazolium amphiphile (ref
44,61

) as nanosystems to be used as 

drug delivery. 

As a step forward in this research we have focused on the use of gemini amphiphiles 

based on bis-pyridinium salts in the synthesis and stabilization of GNPs, expecting that 

these molecules would expand the anion recognition ability of the nanomaterials. We 

have chosen gemini pyridinium open-chain analogues, where the imidazolium rings 

have been replaced by pyridinium moieties, whereas keeping the same spacer (1,3-

dimethylenebenzene spacer) as in our previous studies.
44,55,61 

 

1.2.4. Photodynamic Therapy and applications 

GNPs can also be used as delivery and targeting agents for photodynamic therapy 

(PDT).
62-65

 PDT consists in using radiation to produce Reactive Oxygen Species (ROS) 

Ibuprofenate

Piroxicam

Gemini imidazolium salt

a) b)
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which are toxic to cells. The photosensitizer (PS) is the molecule that is excited upon 

irradiating it with a specific wavelength. The relaxation of the molecule back to its 

ground state can occur with the emission of a fluorescent photon, or to an excited triplet 

state, from which can relax to ground state with the emission of a phosphorescent 

photon or by transference of energy to another molecule. In the presence of oxygen, the 

energy transfer occurs easily between the photosensitizer and molecular oxygen, and 

because the energy to form singlet oxygen is low, oxygen singlet is produced in this 

transfer.
66

 The oxygen singlet is responsible for the cytotoxic effect of the 

photosensitizer on cells. PS are molecules non-toxic in the dark, that when irradiated 

with visible or near-infrared light induce cell death, due to the formation of ROS
67-69

 

(Figure 1.5). Most PS investigated for PDT applications are chlorins,
70,71 

bacteriochlorins,
72

 phthalocyanines,
73,74

 and specially porphyrins
75

 and 

metalloporphyrins.
76,77 

 

Figure 1.5 Schematic representation of the mechanism of PDT. 

PDT presents several advantages: it is less invasive, has less secondary effects, and 

allows more localized treatments. However, some of the major drawbacks of some PS 

when used in PDT are the non-specific distribution of the drug in the body as well as the 

slow excretion of the photosensitizer, leading to severe side effects caused by the 

patient’s exposure to sun light. Furthermore, some of the currently used PS are 

hydrophobic molecules, requiring their dispersion in emulsions or the use of delivery 

1) PS administration 2) Acumulation
in tumor 3) Laser

irradiation

4) Cancer 
cell death

3O2

1O2

Singlet
oxygen 

formation
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systems to administer the drugs to the biological media. Therefore, the use of 

nanostructured vehicles to transport and deliver such PS to the desired target can help to 

overcome this limitation.
78

 Some examples already described in literature include silica 

nanoparticles,
79,80

 iron oxide nanoparticles,
81,82 

polymeric nanoparticles,
83,84

 scintillating 

nanoparticles,
85 

magnetic nanoparticles,
86

 gold nanowires,
87 

upconverting 

nanoparticles
71,88

 and GNPs
89-91 

as drug delivery systems. 

One of the challenges in PDT is to target selectively tumour cells, which can be 

achieved by conjugating PS with carriers such as GNPs.
78,92 

For example, Russell’s 

group used phthalocyanine-conjugated GNPs to generate singlet oxygen.
64

 These 

conjugated GNPs proved to have in vivo activity against melanoma cells.
90

 To improve 

their distribution, GNPs can be additionally conjugated with antibodies.
 
The targeting of 

breast cancer cells with anti-HER2 antibodies, which recognize the HER2 factor 

(overexpressed in many breast cancer cells) led to the accumulation of the GNPs in the 

tumour, and cell death was induced upon the radiation.
62,65 

If the GNPs are to be used in biomedical application, it is very important to assess their 

toxicity. There has been work done in this area, with findings that sum up to an overall 

understanding of the GNPs safety in living organisms. For instance, when using Cos-1 

cells the toxicity of the GNPs present is closely related to their surface charges, which 

interact electrostatically with the cell membrane.
93

 On the other hand, positively-

charged GNPs appear to induce structural changes in the cell membrane, and 

furthermore induce cytotoxicity due to changes in the membrane potential and increase 

in the concentration of Ca
2+

. The cellular uptake of GNPs with positive charges is 

improved, but the cell proliferation decreases and cell death is induced.
94

 
 
In K562 cells 

leukaemia cells, the GNPs are uptaken and up to a concentration of 250 µM 

(concentration expressed in gold atoms) they did not show toxicity.  

The functionalization of GNPs with more than one molecule implies a more 

complicated synthetic procedure. One approach is the use of Janus type particles,
95

 with 

different materials that may allow orthogonal chemical functionalization, facilitating the 

process of immobilizing different functional molecules on the same vehicle. Different 

alternatives can be used for targeting, as for example using magnetic particles to direct 

the vehicles to the cancerous tissue through applying a magnetic field, thus moving the 

particles towards the correct site of action.
96 

This approach has been described for 
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magnetic active targeting of cancer cells using magnetic nanoparticles associated with 

mesoporous silica nanoparticles
97 

or micro/nanospheres.
98 

One of the key aspects of a 

vehicle is its size and shape. It was already described that hexahedral silicon oxide 

microparticles can be easily internalized in HeLa cells.
9 

Furthermore, silica semi-

spheres with diameters of 1.6 and 3.2 µm can be internalized in endothelial cells.
99 

GNPs with different sizes and aspect ratios have been described to have a better uptake 

by HeLa cells when the aspect ratio is lower,
100,101 

but other nanoparticles with different 

aspect ratios showed a different trend, with a better uptake found for high aspect 

ratio,
102,103 

as well as higher internalization rate in the cells. This is explained by the fact 

that the internalization mechanism appears to depend on the aspect ratio: spherical 

particles are internalized by clathrin-mediated pathway preferably, while particles with 

larger aspect ratios tend to internalize by caveolae-mediated pathway.
104

 Therefore, 

literature suggests that not only the size and shape, but also the composition of the used 

nanomaterial has influence on the uptake of vehicles into cells, but a clear tendency is 

not yet well established. 

1.3. Objectives 

The general objectives of this thesis are: 

 Synthesis and characterization of different π-functional compounds as 

components of functional nanomaterials nano- and microtools for drug delivery, 

sensing and photodynamic therapy (Figure 1.6). 

 Prepare GNPs based on amphiphilic gemini pyridinium salts to incorporate 

anionic drugs and porphyrins for drug delivery and photodynamic therapy. 

 Functionalization of polysilicon materials with bis-imidazolium and bis-

pyridinium salts and subsequent incorporation of porphyrins for photodynamic 

therapy. 

 Functionalization of polysilicon microparticles with bis-bipyridinium salts, for 

sensing of π-donor neurotransmitters. 
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Figure 1.6. π-functional compounds as components of nanomaterials for a) drug 

delivery, b) sensing and c) PDT. 

Moreover, the specific objectives that have been proposed are: 

- Preparation of Gold nanoparticles for drug delivery: 

a) Synthesis and characterization of bis-pyridinium salts. 

b) Synthesis and characterization of GNPs based on bis-pyridinium salts. 

c) Incorporation of anionic drugs and study of their release rate in vitro. 

d) Cytotoxicity and genotoxicity study of the bis-pyridinium salts free in solution 

and of the corresponding coated GNPs. 

- Preparation of nanotools for Photodynamic Therapy: 

a) Synthesis and characterization of anionic and lipoic acid derived porphyrin.  

b) Preparation and characterization of GNPs coated with bis-pyridinium salts for 

the incorporating of anionic porphyrins. 

c) Immobilization of bis-imidazolium and bis-pyridinium salts into polysilicon 

materials and incorporation of an anionic porphyrin. 

Neurotransmitters

SensingDrug Delivery

Gold & polysilicon

microparticles

Gold nanoparticles

Gold nanorods

PDT

a) b)

c)
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d) Immobilization and characterization of a lipoic acid derived porphyrin on GNPs, 

gold nanorods and bifunctional microparticles.  

e) Study and quantification of the singlet oxygen formation of the free porphyrins 

in solution and incorporated on GNPs. 

f) Assessment of cytotoxicity, phototoxicity and cell internalization of the free 

porphyrin in solution and coated on the vehicles. 

- Preparation of microtools for sensing: 

a) Synthesis and characterization of different bis-bipyridinium salts as ᴫ-acceptor 

compounds. 

b) Functionalization and characterization of polysilicon microparticles with bis-

bipyridinium salts and incorporation of neurotransmitters as ᴫ-donor 

compounds. 

c) Evaluation of the cytotoxicity and genotoxicity of bis-bipyridinium salts. 
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a b s t r a c t

Hypothesis: Gemini pyridinium-based amphiphiles can play a triple role as: gold nanoparticles (AuNPs)
synthesis facilitator, particle stabilizer and anion recognition centre. The so formed nanoparticles should
be able to bind and release anionic drugs.
Experiments: We describe (a) Synthesis, by a phase transfer method, of both new organic media and
water soluble AuNPs using gemini-type surfactants based on bis-pyridinium salts as ligands, acting as
transfer agents into organic media and also as nanoparticle stabilizers, (b) Examination of their stability
in solution, (c) Chemical and physical characterization of the nanoparticles, (d) Toxicity data concerning
both the bis-pyridinium ligands and the bis-pyridinium coated nanoparticles, and (e) Study of their
ability for delivering anionic pharmaceuticals such as ibuprofen and piroxicam.
Findings: Pyridinium gemini-type surfactants show the ability to play multiple roles such as transfer
agent and stabilizer, as well as ionophores: They are responsible for the preparation, stability, and
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delivery properties of these AuNPs, which gold core is stabilized by the anions present in the bis-
pyridinium salts. The tetrahydropyridine resulting from the reduction of the bis-pyridinium salt is cap-
able of reduce gold, due to its spontaneous oxidation to the corresponding pyridinium salt, leading to
the formation of stable AuNPs.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

Gold nanoparticles (AuNPs) are one of the most investigated
metal nanoparticles [1,2]. They have attracted considerable inter-
est in various applications such as catalysis [3,4], medical diagnosis
[5], biological sensors [6], drug delivery [7,8] and imaging [9].
Many types of ligands have been studied as stabilizers in the
synthesis of organic and water soluble AuNPs: besides thiols,
other examples found in the literature include thioether end-
functionalized polymers [10], dendrimers [11], amino acid based
amphiphiles [12], peptides [13], DNA [14], and ionic liquids based
on imidazolium salts [15]. In particular, the use of derivatives of
pyridine such as 4-(dimethylamino)pyridine (DMAP) [16–18],
dihydropyridine [19] and pyridinium salts [20,21] as stabilizing
agents of AuNPs has been reported although the definitive stabi-
lization mechanism is not yet fully established.

On the other hand, our group has reported previously the
preparation and stabilization of monodisperse gold nanoparticles
using gemini imidazolium-based amphiphiles [22,23]. These
molecules show anion binding properties in solution, and therefore
they play a unique triple role, acting as phase transfer agent of the
gold salt during the synthesis, capping agent for the stabilization of
the AuNPs, and binding agent for anionic molecules, resulting in a
major simplification of the synthetic process and subsequent
purification of the functional nanomaterial [22]. Furthermore, the
ability of bis-imidazolium salts to complex anions [24], particularly
carboxylates, allowed the incorporation and delivery of a
carboxylate-containing model drug [22,25].

As a step forward in this research we have focused on the use of
gemini amphiphiles based on bis-pyridinium salts in the synthesis
and stabilization of AuNPs, expecting that these molecules would
expand the anion recognition ability of the nanomaterials. We have
chosen gemini pyridinium open-chain analogues, where the imida-
zolium rings have been replaced by pyridinium moieties, whereas
keeping the same spacer (1,3-dimethylenebenzene spacer) as in
our previous studies [22–25]. Thus, we concentrated to investigate
the capacity of these new gemini pyridinium amphiphile
analogues to promote the synthesis and stabilization of AuNPs,
and also to confirm the role of the chain length in the synthesis
of the so-formed gold nanoparticles. To test the AuNPs’ ability to
incorporate and release anionic molecules, two model drugs were
used: ibuprofen and piroxicam, which are non-steroidal anti-
inflammatory drugs widely used in inflammatory arthritis and
osteoarthritis [26].

Thus, we report here (a) a solution based preparation of new
AuNPs (organic and water-soluble AuNPs) with bis-pyridinium
amphiphilic ligands, which act both as transfer agents of gold into
organicmedia and also as nanoparticle stabilizers, (b) the formation
of AuNPs by reduction of Au3+ by the spontaneous oxidation of a
bis-tetrahydropyridine amphiphile, (c) their chemical and physical
characterization, including their stability in solution toward aggre-
gation and ligand exchange, (d) toxicity data concerning both the
bis-pyridinium ligands and the bis-pyridinium coated nanoparti-
cles, (e) their molecular recognition ability toward piroxicam and
ibuprofen, as models of anionic drugs, (f) in vitro studies of the
ability of the new AuNPs for delivering anionic pharmaceuticals.

2. Experimental section

2.1. Materials

Sodium hydrogen carbonate, sodium sulfate (Na2SO4) and 6 N
hydrochloric acid (HCl) were purchased from Scharlau; sodium
hydroxide (NaOH) from Merck, 4-methylpyridine, 1,3-bis
(bromomethyl)benzene, 1-decanol, 1-octadecanol, 4-chloropyridine
hydrochloride, hydrogen peroxide (H2O2), sodium borohydride
(NaBH4), hydrogen tetrachloroaurate (III) (HAuCl4), sodium citrate
tribasic dihydrate, potassium bromide (KBr), ibuprofen, piroxicam,
tetraoctylammonium bromide, phosphate buffered saline (PBS)
pH = 7.4 and 5.2 were purchased from Sigma-Aldrich. Metallic
sodium and ammonia 20% were purchased from Panreac and
hexa(ethylene glycol)alkyl thiol (HS-C11-(EG)6-OH) was purchased
from Prochimia. Acetonitrile (MeCN), dichloromethane (CH2Cl2),
methanol (MeOH), diethyl ether (Et2O), chloroform (CHCl3),
ethanol (EtOH), dimethyl sulfoxide (DMSO), tetrahydrofuran
(THF), dimethylformamide (DMF), toluene, dimethylsulfoxide-d6

(CD3)2SO and chloroform-d (CDCl3) were purchased from Sigma-
Aldrich.

2.2. Methods

Melting points were measured by CTP-MP 300 hot-plate appa-
ratus with ASTM 2C thermometer using crystal capillaries
purchased from Afora. 1H NMR: Varian Gemini 300 (300 MHz),
Varian Mercury 400 spectrometers (400 MHz) from Centres Cientí-
fics i Tecnològics de la Universitat de Barcelona (CCiT-UB). 13C NMR:
Varian Mercury 400 (100 MHz) from CCiT-UB. NMR spectra were
determined in CDCl3 or (CD3)2SO with tetramethylsilane (TMS) as
reference. The chemical shifts are expressed in parts per million
(ppm) relative to the central peak of the solvent. Infrared Spec-
troscopy (IR): IR spectra were collected on a Thermo Nicolet Avatar
320 FT-IR spectrometer at room temperature in the range 4000–
400 cm�1, in KBr pellets (1% of the samples). Elemental analysis
was performed on a Thermo EA 1108 CHNS from CCiT-UB. Thin
layer chromatography was performed on a Merck coated F254 silica
gel plates. Column chromatography was carried on silica gel 60
(Merck 9385, 230–400 mesh). Matrix Assisted Laser Desorption
Ionization-Time of Flight Mass Spectrometry (MALDI-ToF-MS)
analysis were performed using a Voyager-DE-RP (Applied Biosys-
tem, Framingham, USA) mass spectrometer, and High Resolution
Mass Spectrometry (HRMS) were obtained by Electrospray
Ionization (ESI) on a LC/MSD-ToF mass spectrometer (Agilent Tech-
nologies, 2006) from CCiT-UB. MS analysis was operated in the
delayed extraction mode using 2,5-dihydroxybenzoic acid (DHB)
as a matrix. UV absorption spectra were obtained using UV-1800
Shimadzu UV spectrophotometer, using quartz cuvettes with a
1 cm path length. Absorption spectra were determined in CHCl3
and H2O. High-Resolution Transmission Electron Microscopy
(HRTEM): The images were obtained using a JEOL JEM 2100 trans-
mission electron microscope at 200 kV, from CCiT-UB. The protocol
to prepare the samples for the HRTEM and experimental details of
the cytotoxicity and genotoxicity, incorporation of drugs into
AuNPs and the release study are explained in the Supplementary
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Material. The images were captured by a Mega view III Soft Imag-
ing System camera, and the size of the nanoparticles gold core was
measured with ImageJ [27]. The size of the nanoparticles was also
determined by Dynamic Light Scattering (DLS) using a Zetasizer
Nano ZS series (Malvern Instruments) from Departament de Farmà-
cia i Tecnologia Farmacèutica i Fisicoquímica, Universitat de Barce-
lona. XPS experiments were performed at Institut Català de
Nanociència i Nanotecnologia (ICN2)-CSIC in a Phoibos 150 analyzer
(SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions
(base pressure 5E-10 mbar) with a monochromatic aluminium
Kalpha X-ray source (1486.74 eV). The energy resolution as mea-
sured by the FWHM of the Ag 3d5/2 peak for a sputtered silver foil
was 0.58 eV. Thermogravimetric Analysis was performed on
Mettler Toledo TGA/SDTA 851e from CCiT-UB, from 30 �C to
700 �C with a heating rate of 10 �C min�1. Capsules: crucible of
aluminum (100 lL) with perforated cap. Nitrogen was used as
purgative gas in all measurements.

2.3. Synthesis and characterization of the ligands 1�2Br and 2

1,3-Bis(4-octadecyloxy-1-piridiniomethyl)benzene dibromide
(1�2Br): The synthesis of the precursor of 1�2Br followed a modifi-
cation of a protocol previously reported [28], where metallic
sodium (1.86 g, 80 mmol) was added to 1-octadecanol (21.9 g,
80 mmol) at 110 �C for 2 h. Then 4-chloropyridine hydrochloride
(4.95 g, 33 mmol) was added and the mixture was stirred for
72 h at 110 �C. After cooling down to room temperature, water
(50 mL) was added dropwise and the solution neutralized with
HCl 6 N. The aqueous phase was extracted with CH2Cl2
(4 � 25 mL), and the organic phase was dried with anhydrous
Na2SO4 and the solvent was evaporated in vacuum. The residue
was purified using a silica gel column chromatography using
Et2O/CH2Cl2 (7:3) as eluent, following by column chromatography
in CH2Cl2/MeOH (9:1), obtaining 4-octadecyloxypyridine (2.66 g,
yield 23%) and used directly in next step.

A solution of 4-octadecyloxypyridine (150 mg, 0.43 mmol) in
dry MeCN (13 mL) was added dropwise during 1 h to a solution
of 1,3-bis(bromomethyl)benzene (57 mg, 0.22 mmol) in dry MeCN
(10 mL) and heated at 75 �C for 24 h. After cooling down to room
temperature, the suspension was filtered off, and the white solid
was washed with MeCN (5 mL) and dried to afford 1�2Br (1.80 g,
94%): mp > 300 �C. 1H NMR (300 MHz, CDCl3, 25 �C): d 9.76 (d,
J = 7.5 Hz, 4H, H-20, 06), 8.39 (s, 1H, Ar-H2), 7.69 (d, J = 6.3 Hz, 2H,
Ar-H 4, 6), 7.33 (d, J = 7.5 Hz, 4H, H-30, 50), 7.01 (dd, J = 7.8 Hz,
1H, Ar-H5), 5.92 (s, 4H, N-CH2), 4.21 (t, J = 6.45 Hz, 4H, (O-(CH2)),
1.25 (s, 64H, 2(CH2)16), 0.87 (t, J = 6.6 Hz, 6H, (CH3)). 13C NMR
(100 MHz, CDCl3, 25 �C): d 170.4, (Py-C 40), 146.9 (Py-C 20, 60),
134.5 (Ar-C 1, 3), 131.3 (Ar-C 2), 130.3 (Ar-C 5), 130.1 (Ar-C 4, 6),
113.9 (Py-C 30, 50), 71.4 (O-CH2), 61.3 (N-CH2), 31.8–22.6
((CH2)16), 14.1 (CH3). MALDI-ToF–MS m/z: 879.7 (100%) [M�Br]+,
797.7 (85%) [M�2Br]+, 530.4 (30%) [M�Br(C23H41NO)]+, 450.5
(20%) [M�((2Br)C23H41NO)]+. HMRS (ESI) m/z: (C54H90N2O2Br2
-2Br)2+ calculated 399.3489 found 399.3496. Elemental analysis
(C54H90Br2N2O2�1H2O): N (calculated 2.92 found 3.01) C (calcu-
lated 66.38 found 66.81) H (calculated 9.49 found 9.58).

1,3-Bis(4-octadecyloxy-1,2,5,6 tetrahydropyridylmethyl)ben
zene (2): A solution of NaBH4 (5 mg, 0.13 mmol) in H2O (2 mL)
was added to a solution of 1�2Br (25 mg, 0.03 mmol) in dry CH2Cl2
(2 mL). The mixture was stirred during 1 h at room temperature.
Then, the aqueous phase was extracted with CH2Cl2 (3 � 5 mL),
and the organic phase was dried with anhydrous Na2SO4 and the
solvent was evaporated in vacuum to afford 2 as a yellow oil
20 mg, 88%. 1H NMR (300 MHz, CDCl3, 25 �C): d 7.32 (s, 1H,
Ar-H2), 7.26 (m, 3H, Ar-H 4, 5, 6), 4.54 (s, 2H, H50), 3.61 (t,
J = 7.06 Hz, 4H, (O-(CH2)), 3.56 (s, 4H, N-CH2), 3.03 (s, 4H, H 60),
2.59 (t, J = 4.45 Hz, 4H, H 20), 2.20 (m, 4H, 2(CH2)), 1.64 (m, 4H,

2(CH2), 1.43–1.25 (s, 56H, 2(CH2)14), 0.88 (t, J = 6.0 Hz, 6H, CH3).
MALDI-ToF–MS m/z: 803.6 (100%) [M�1]+, 454.3 (70%)
[M�(C31H52NO)]. HMRS (ESI) m/z: (C54H96N2O2) calculated
804.75 found 805.75.

2.4. Synthesis and characterization of AuNPs

2.4.1. Synthesis of 1�AuNPs with the bis-pyridinium salt 1�2Br
A solution of HAuCl4 (11.8 mg, 0.03 mmol) in water (0.5 mL)

and a 1% solution of trisodium citrate dihydrate (15 mg,
0.05 mmol) in water (1.5 mL) were added to boiling water
(10 mL). Heating was continued for 15 min. during which time
the solution changed colour from pale yellow to red. The reaction
flask was allowed to cool to room temperature. Then, an aqueous
solution of these AuNPs (8 mL) was mixed with a solution of ligand
1�2Br (24 mg, 0.025 mmol) in CHCl3 (8 mL). The biphasic mixture
was stirred for 24 h in the dark at room temperature. The phases
were separated and the solvent of the organic phase was removed
in a rotary evaporator, and the residue washed using centrifugation
in EtOH (3 � 1 mL), to give 1�AuNPs.

2.4.2. Synthesis of 2�AuNPs with the bis-pyridinium salt 1�2Br
An aqueous solution of HAuCl4 (8.8 mg, 0.026 mmol) in water

(2 mL) was mixed with a solution of 1�2Br (50 mg, 0.052 mmol)
in CHCl3 (2 mL). After 1 h, a solution of NaBH4 (4.9 mg, 0.13 mmol)
in water (2 mL) was slowly added. The stirring continued for 4 h in
the dark at room temperature. The organic phase of the resulting
dark red solution was separated and the solvent was removed in
a rotary evaporator, and the residue washed using centrifugation
in EtOH (5 � 1 mL), to afford 2�AuNPs.

2.4.3. Synthesis of 3�AuNPs and 4�AuNPs using the bis-pyridinium salt
1�2Br and the thiol HS-C11-(EG)6-OH

A solution of HAuCl4 (3.6 mg, 0.009 mmol) in water (0.5 mL)
was added to a stirred solution of 1�2Br (4.3 mg, 0.005 mmol) in
CHCl3 (0.5 mL). Then, a solution of the thiol HS-C11-(EG)6-OH
(2.1 mg, 5 lmol) in CHCl3 (0.5 mL) was added. An excess of
NaBH4 (5.1 mg, 0.14 mmol) in water (1 mL) was added dropwise
to the mixture. The stirring continued for 24 h in the dark at
room temperature. AuNPs were obtained in both phases (organic
and aqueous phase). The water-soluble AuNPs were named
3�AuNPs and the organic-soluble AuNPs were named 4�AuNPs.
The phases were separated and the solvent of aqueous phase
(3�AuNPs) and organic phase (4�AuNPs) was removed in a rotary
evaporator, and the residues washed using centrifugation in EtOH
(5 � 1 mL).

2.4.4. Synthesis of 20�AuNPs with the tetrahydropyridine 2
A solution of 2 (50 mg, 62 lmol) in CHCl3 (2 mL) was added to a

solution of KBr (15.3 mg, 0.13 mmol) in water (2 mL). Then a solu-
tion of HAuCl4 (1.8 mg, 0.005 mmol) in water (2 mL) was added
dropwise to the mixture. The stirring continued for 3 h in the dark
at room temperature. The phases were separated and the organic
solvent was removed in a rotary evaporator, and the residue
washed using centrifugation in EtOH (5 � 1 mL), to afford
20�AuNPs.

3. Results and discussion

The compounds synthesized in this work are bis-pyridinium
salts connected through a 1,3-xylyl spacer; the pyridinium moi-
eties bear chains of different length: 1�2Br (18 carbon atoms)
(Fig. 1), 3�2Br (10 carbon atoms) and 4�2Br (1 carbon atom) (see
Supplementary Material Fig. S1), to assess the influence of the
chain length on the synthesis and stability of the AuNPs where
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they will be incorporated. The three bis-pyridinium salts 1�2Br,
3�2Br and 4�2Br were synthesized in good yield (see Supplemen-
tary Material Scheme S1). Salts 1�2Br and 3�2Br were obtained in
two steps by reaction of 4-chloropyridine hydrochloride with ali-
phatic alkoxides, either from 1-octadecanol or 1-decanol, affording
the corresponding alkoxypyridines [28], which were the limiting
step, since they were difficult to purify. The alkoxypyridines
reacted with 1,3-bis(bromomethyl)benzene to afford 1�2Br (94%)
and 3�2Br (83%), respectively. Also, the tetrahydropyridine 2 was
obtained in 88% in yield by treatment of bis-pyridinium salt
1�2Br with an excess of NaBH4 (Fig. 1 and Scheme S1 in
Supplementary Material). The bis-pyridinium salt 4�2Br was
obtained in 97% in yield by reaction of 4-methylpyridine with
1,3-bis(bromomethyl)benzene (Scheme S1 in Supplementary
Material). These newly synthesized bis-pyridinium salts 1�2Br,
3�2Br and 4�2Br and the tetrahydropyridine 2 were characterized
by 1H and 13C NMR spectroscopy, MALDI-ToF-MS, IR and elemental
analysis. The results of the different techniques used for the
characterization of the ligands are shown in the Supplementary
Material (Fig. S2–S21).

3.1. Synthesis of AuNPs using 1�2Br and the tetrahydropyridine 2

The schematic representation of the different AuNPs are shown
in Scheme 1 and their synthesis method was selected depending of
the solubility of the ligands 1�2Br and 2. The different experiments
for their preparation are summarized in Table 1.

Firstly, we synthesized AuNPs using the bis-pyridinium salt
1�2Br to study their capacity as stabilizer agent. Thus, 1�AuPs were
obtained by a two-step procedure, consisting of the preparation of
citrate stabilized NPs (using a modification of Turkevich method
[29]), followed by mixing with a solution of the ligand 1�2Br for
24 h (Table 1 entry 1). The characterization of 1�AuNPs (see later)
indicates the presence of a bis-pyridinium salt coating the stabi-
lized gold nanoparticles.

On the other hand, the synthesis of AuNPs using the same bis-
pyridinium salt 1�2Br as stabilizing agent and following a modi-
fication of the biphasic Brust-Schiffrin protocol [30] resulted in a
red solution, the so-formed AuNPs are named 2�AuNPs here
(Table 1, entry 2). In this case, the reducing agent NaBH4 con-
verts the pyridinium salt 1�2Br to the tetrahydropyridine 2, and
therefore a mixed coating is expected for 2�AuNPs (Scheme 1).
These results confirm the capacity of 1�2Br as stabilizer agent
as well as transfer agent in the synthesis of the 1�AuNPs and
2�AuNPs.

Additionally, the stability of 2�AuNPs was determined in solu-
tion at room temperature and under reflux in three different sol-
vents (CHCl3, THF and toluene), by means of UV–vis absorption
spectroscopy. No obvious change in the shape of the maximum

in the plasmon resonance peak was observed, which indicates that
the prepared 2�AuNPs are stable (Supplementary Material
Table S1).

One concern during the synthesis of these AuNPs is the chemi-
cal integrity of the bis-pyridinium salt 1�2Br under the reaction
conditions used, especially in the presence of NaBH4 as the reduc-
ing agent, because the reduction could lead to the formation of
tetrahydropyridine species that could influence the stability of
the AuNPs. The mechanism of the reduction of pyridinium salts
by sodium borohydride to give tetrahydropyridine and piperidine
derivatives has been well established [31,32]. It is known that
dihydropyridines can act as coatings in the formation of stable gold
nanoparticles [19], while for tetrahydropyridines, to the best of our
knowledge, have not been reported yet.

To obtain water soluble AuNPs, with potential to be used in
biomedical applications, some attempts to use both ligands in a
monophasic system were made, but in these experiments no
AuNPs could be obtained; then, we chose to use the biphasic sys-
tem protocol based in the Brust-Schiffrin method [30]. Basically,
the AuNPs preparation consisted of mixing of the gemini pyri-
dinium based amphiphilic ligand 1�2Br and a thiolated
polyethyleneglycol derivative HS-C11-(EG)6-OH in CHCl3 for the
formation and coating of AuNPs, and then adding the aqueous
HAuCl4 solution and the reducing agent (NaBH4). Following this
method, we verified that both water-soluble 3�AuNPs and
organic-soluble 4�AuNPs were obtained simultaneously (Table 1,
entry 3), and we postulate that the affinity of the AuNPs to each
phase is determined by the proportion between the water-
soluble ligand thiol (HS-C11-(EG)6-OH) and the amphiphilic ligand
1�2Br present on the AuNPs surface, but the amount of each could
not be exactly determined. The obtained 3�AuNPs and 4�AuNPs
will allow to study the incorporation and interaction with different
anionic drugs such as ibuprofen and piroxicam and their respective
sodium salts (see later).

To confirm which species, either pyridinium salt 1�2Br or its
reduced form 2, is stabilizing the gold surface, we encompassed
different experiments (Table 1 entries 4 and 5). First, we attempted
the synthesis of AuNPs using the tetrahydropyridine 2 following a
modification of the Brust-Schiffrin method but in the absence
of the reducing agent NaBH4. Under these conditions, the
bis-tetrahydropyridine 2 is capable of reducing Au3+ to Au0,
concomitantly to its spontaneous oxidation to the corresponding
bis-pyridinium salt, leading to the formation of nanoparticles,
which were unstable in solution as indicated by the formation of
a dark precipitate after 24 h (Table 1, entry 4). However, when
the tetrahydropyridine 2 was used in the presence of an excess
of KBr (Table 1, entry 5), stable 20 �AuNPs soluble in organic
solvents were obtained, indicating that 2 has a lower ability to
stabilize metallic gold than 1�2Br. Additionally, given that (a) gold

1·2Br 2Br

Fig. 1. Structures of compounds 1�2Br and 2 and their respective cartoons.
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nucleation appears to be faster -or at least simultaneous- to the
reduction step of 1�2Br to the tetrahydropyridine 2, and (b) com-
pound 2 is a poorer stabilizer of metallic gold than 1�2Br, it is plau-
sible to consider that the pyridinium molecules 1�2Br that are not
coating the AuNPs, and therefore remain free in solution, are

rapidly reduced to tetrahydropyridine 2 by action of the excess
of NaBH4 used as reducing agent, likely resulting in a formation
of a layer of 2 interdigitated around the layer of 1�2Br, although
the exact disposition of 2 is not exactly determined. Because the
tetrahydropyridine 2 is lipophilic, these AuNPs are not water-soluble.

Table 1
Experiments for the synthesis of AuNPs with bis-pyridinium salt 1�2Br and the tetrahydropyridine 2.

Entry Sa RAb Au:Sa:RAb RCcT (�C)/solvent AuNPs Aspect

1 1�2Br Citrate 1:8:12 r.t/CHCl3/H2O 1�AuNPs Red solution
2 1�2Br NaBH4 1:2:5 r.t/CHCl3/H2O 2�AuNPs Red solution
3 1�2Brd NaBH4 1:0.5:15 r.t/CHCl3/H2O 3�AuNPs Red solution

1�2Brd NaBH4 1:0.5:15 r.t/CHCl3/H2O 4�AuNPs Red solution
4 2 – 1:2:0 r.t/CHCl3 – Dark precipitate
5 2e – 1:12:0 r.t/CHCl3/H2O 20 �AuNPs Red solution

a S: Stabilizer.
b RA: Reducing Agent.
c RC: Reaction conditions.
d In presence of HS-C11-(EG)6-OH respect to Au0. The number of moles of 1�2Br plus HS-C11-(EG)6-OH is equivalent to the total amount of 1�2Br used in previous

experiments.
e In presence of an excess of KBr respect to Au0.

CHCl3, r.t, 24 h

Citrate AuNPs
1·AuNPs (organic-soluble) 

HAuCl4/H2O+

1) CHCl3/H2O, r.t, 1 h

2) NaBH4,H2O, r.t, 4 h

2·AuNPs (organic-soluble)

(a)

(b)

1) CHCl3/H2O

2) 
3) NaBH4,H2O, r.t, 24 h        

(d)

+ KBr

1) CHCl3/H2O
2) HAuCl4/H2O

r.t, 3 h

2'·AuNPs (organic-soluble)

(c)

3·AuNPs (water-soluble) 4·AuNPs (organic-soluble)

2

1·2Br

1·2Br

Scheme 1. Schematic representation of the synthesis of the gold nanoparticles: (a) 1�AuNPs, (b) 2�AuNPs, (c) 3�AuNPs, (d) 4�AuNPs and (d) 20AuNPs.
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These experiments indicate that the stabilizing species around
the gold core in the AuNPs is the ion pair formed by either bromide
or citrate ions, attached to the gold particle surfaces, and the catio-
nic surfactant head groups (gemini pyridinium salt) surrounding
the anion layer by electrostatic interactions. This conclusion arises
from the fact that when no enough bromide ions anions are pre-
sent, i.e. when using only the tetrahydropyridine 2, the obtained
AuNPs are not sufficiently stable and flocculate. These results are
in agreement with previous reports on the interaction of anions
with a solution of metallic nanoparticles, and the ions’ role in the
stabilization of metal nanoparticles [33]. All the above indicates
that for the synthesis of stable AuNPs based on bis-pyridinium
salts the presence of the anions in their structure is critically
important.

On the other hand, to study the influence of the length chain of
the ligands on the stabilization of the AuNPs, we selected bis-
pyridinium salts with shorter hydrocarbon chains: 3�2Br and
4�2Br (see Supplementary Material Fig. S1). The synthesis of AuNPs
using the bis-pyridinium salt 3�2Br was attempted following a
modification of the Brust-Schiffrin method [30] (see Supplemen-
tary Material Section 4 Table S2, entry 6). In the case of 4�2Br,
the preparation of the AuNPs was attempted by a modification of
the Turkevich method [29] using different reduction agents such
as NaBH4 [34], H2O2 [35,36] or citrate [29] (see Supplementary
Material Table S2, entries 7–10). In all cases, using 3�2Br or 4�2Br
did not yield any AuNPs, as no formation of the typical red solution
was observed, and a precipitate was visible in some cases. Clearly,
the length of the chain of the bis-pyridinium salt, 18 carbon atoms
in 1�2Br is decisive for the amphiphile to act as promoter agent,
and thus to successfully generate AuNPs. Consequently, the use
of 3�2Br and 4�2Br for the synthesis of AuNPs was not further
studied.

3.2. Characterization of AuNPs from 1�2Br and the tetrahydropyridine 2

UV–vis absorption spectroscopy of 1�AuNPs-4�AuNPs and
20�AuNPs in CHCl3 as well as 3�AuNPs in water showed the typical
surface plasmon resonance (SPR) peaks of gold colloids between
510 and 526 nm (Fig. 2 black, red2, dark blue, light blue and green
line, respectively) which is responsible for their typically coloured
solutions. The different SPR peaks obtained for the synthesized
1�AuNPs-4�AuNPs and 20�AuNPs, may be due to the selected synthe-
sis method in each GNP and their varied composition.

High-Resolution Transmission Electron Microscopy (HRTEM).
1�AuNPs-4�AuNPs and 20�AuNPs were characterized using HRTEM
to study their morphology and their size distribution. The samples
observed by HRTEM were prepared by depositing onto a carbon-
coated copper grid the solutions of AuNPs with concentration
range between 4 � 10�4 and 5 � 10�2 lM. Fig. 3 shows the micro-
graphs obtained for 1�AuNPs-4�AuNPs and 20�AuNPs and their
respective histograms. In all cases, the nanoparticles display a
spheroidal shape and low polydispersity (Table 2). The samples
of 1�AuNPs showed the biggest size and lowest polydispersity,
which may be due to the selected synthesis method using a Turke-
vich protocol. Colloids 2�AuNPs and 4�AuNPs showed the highest
polydispersity with an average size between 5 and 17 nm, while
in the case of 3�AuNPs and 20 �AuNPs an average size between 9
and 13 nm was observed (Table 2).

Dynamic Light Scattering (DLS). The size of 1�AuNPs, 2�AuNPs,
3�AuNPs, 4�AuNPs and 20�AuNPs was also measured using DLS.
These AuNPs proved stable in solution and have low polydispersity
index as shown in Table 2. The average size measured was between

11.3 and 23.5 nm. These results imply a slightly higher diameter
than that observed by HRTEM, in agreement with the fact that this
technique measures the hydrodynamic size of the particles, in con-
trast with HRTEM that only gives us the gold core size, because no
contrast agent was used and the ligands used are transparent to
the electron beam compared with the gold. Thus, the size mea-
sured by DLS gives the diameter that includes not only the core
but also the alkyl chains of the ligands. 1�AuNPs showed the high-
est value of size (23.5 nm), this result may be due to the selected
synthesis method, as it is known that the AuNPs synthesized by
Turkevich method present a bigger size than the AuNPs synthe-
sized by Brust-Schiffrin method. On the other hand, the values of
the size obtained by DLS were similar for 2�AuNPs and 20�AuNPs
nanoparticles, this may be because both have a similar composi-
tion, while in the case of 3�AuNPs and 4�AuNPs were bigger, this
may be due to the presence of S-PEG on the surface of AuNPs,
which leads to increase the diameter of the nanoparticles.

NMR spectroscopy. NMR spectroscopy was used to complement
the information about the species coating the different AuNPs, and
the results are in good agreement with those observed by
MALDI-ToF-MS. The 1H NMR spectra of 1�AuNPs, acquired in CDCl3
at room temperature exhibit signals corresponding to the bis-
pyridinium salt 1�2Br (see Supplementary Material Fig. S22). In
contrast, in the case of the 2�AuNPs and 20�AuNPs, the signals cor-
responding to the tetrahydropyridine 2were observed (see Supple-
mentary Material Figs. S23 and S24, respectively).

Matrix Assisted Laser Desorption Ionization-Time of Flight Mass
Spectrometry (MALDI-ToF-MS). This technique was used to study
the coating of 1�AuNPs-4�AuNPs and 20�AuNPs, and the results
are shown in Table 3 (see also Supplementary Material Table S3
and Fig. S25-S29, respectively). The spectra were recorded using
DHB as the matrix. Despite precedents from the literature reports
[22,23,25], on bis-imidazolium coated nanoparticles, the experi-
mental conditions for recording sufficiently informative spectra
were difficult to find. As we can see in Table 3 and Table S3 see
Supplementary Material, all nanoparticles but 1�AuNPs have
multicomponent coatings. In the case of 2�AuNPs and 20 �AuNPs
there is indication of the presence of both ligands 1�2Br or 2, peaks
arising from the tetrahydropyridine 2 being the most abundant,
together with peaks resulting from the fragmentation of 1�2Br
(see Supplementary Material Table S3). These results can be
explained in terms of the redox processes taking place during the
synthesis of the AuNPs leading to the existence of both species in
the mixed coatings, i.e. reduction of 1�2Br by NaBH4 in the case
of 2�AuNPs, or spontaneous oxidation of 2 in the case of 20�AuNPs.
Obviously, for 1�AuNPs, synthesized using citrate as the reducing
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Fig. 2. UV–vis absorption spectra of the 1�AuNPs-4�AuNPs and 20 �AuNPs.
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this article.
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agent, only peaks associated to the bis-pyridinium salt 1�2Br can be
observed; specifically, peaks corresponding to its molecular ion
(m/z 957.6) (Table 3) or peaks resulting from its fragmentation
(Table S3 in the Supplementary Material); the fragments reveal
complexation to gold, indicating close proximity to the surface of
the nanoparticle metallic core. For multicomponent colloids
3�AuNPs and 4�AuNPs the most abundant peaks indicate the pres-
ence of both 1�2Br and the thiolated polyethyleneglycol derivative

as the predominant species, although in the case of 4�AuNPs, the
tetrahydropyridine 2 was also present, something that could
explain the higher hydrophobicity of these nanoparticles because
of the absence of charge in the reduced surfactant.

X-ray Photoelectron Spectroscopy (XPS) was used to determine
the valence state of gold in the synthesized nanoparticles 2�AuNPs,
3�AuNPs, 4�AuNPs and 20AuNPs. The samples were prepared by
drop casting of the different AuNPs solutions (CHCl3 or H2O) onto
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a silicon substrate. For all experiments, sputtering of the samples
was necessary to remove the outer organic layer and expose the
metallic core so that the peaks corresponding to the Au0 could be
clearly identified. The characteristic binding energies of Au0 at
84.4 and 88.2 eV, corresponding to Au 4f7/2 and Au 4f5/2 respec-
tively, could be observed for 2�AuNPs, 3�AuNPs and 4AuNPs (see
Supplementary Material Fig. S30). For 20�AuNPs, it was not possible
to observe the signals corresponding to Au0 not even after the
sputtering step, probably because the dense coating of tetrahy-
dropyridine 2, which difficults the removal of the organic layer
without completely destroying the sample.

Thermogravimetric Analysis (TGA). 2�AuNPs were further char-
acterized by TGA, to confirm the presence of both ligands. The ther-
mogram of 2�AuNPs showed the presence of both 1�2Br and the
correspondingly reduced 2 (see Supplementary Material Section 5
Fig. S31). TGA also allowed determination of the mass ratio for the
two ligands (1�2Br and 2) and gold in the analysed 2�AuNPs
samples, as stated in (Supplementary Material Table S4). Taking
into account their respective molecular weights, we could deter-
mine the number of moles for each species, and establish a ratio
of stabilizer to gold. Furthermore, considering the size of the gold
core in 2�AuNPs, the number of gold moles per nanoparticle was
determined, and with the ratio stabilizer: gold, the number of
ligands per nanoparticle was calculated. Also, after calculating
the nanoparticle’s surface area the presence of ca. 14 molecules
of 1�2Br and 19 molecules of 2 per nm2 was estimated (see Supple-
mentary Material Fig. S31 and Table S4). This density is similar to
the previously reported AuNPs incorporating gemini imidazolium
amphiphiles as stabilizer agents [22,25]. Overall, it seems to
confirm that the minority ligand 1�2Br forms a layer around the
gold core, so that the formed 2�AuNPs have the positively charged
pyridinium heads layer favouring stabilization of the gold core, and
the tetrahydropyridine 2 forms a layer around the bis-pyridinium
salt 1�2Br. This particular disposition would explain why 1�2Br
could not be noticeably detected by MALDI-ToF MS and 1H NMR
spectroscopy.

3.3. Cytotoxicity and genotoxicity assay of 1�2Br, 2�AuNPs and
3�AuNPs

The cytotoxicity and genotoxicity of ligand 1�2Br as well as
2�AuNPs and 3�AuNPs were studied, since these AuNPs will be
used later in the drug release study (see later). The cytotoxicity
(expressed here as IC50) was determined in three different cell
lines; the mouse fibroblast cell line (3T3/NIH), the human liver
carcinoma cell line (HepG2) and the human epithelial colorectal
adenocarcinoma cell line (CaCo-2). The cells were exposed to a
range of concentrations of ligand 1�2Br, 2�AuNPs and 3�AuNPs
for 24 h, well-dispersed either in water or DMSO. Noticeably, after
the interaction between the coated AuNPs and the cell medium, no
agglomeration or turbidity was observed, indicating that the
synthetized gold nanoparticles 2�AuNPs and 3�AuNPs were highly
dispersed in the cell medium used in the cytotoxicity test. After
exposure, the viability of the cell culture was calculated using
the MTT Assay, and the percentage of viable cells was determined
as shown in the Supplementary Material Section 6 (Tables S5–S7).
The IC50 concentration values calculated for ligand 1�2Br as well as
for 2�AuNPs and 3�AuNPs are shown in Table 4. The IC50 values
found from 2�AuNPs and 3�AuNPs were lower than the IC50 value
obtained for the amphiphiles 1�2Br alone. These results suggests
that the interaction of the polar head group with the gold nucleus
of the nanoparticles prevents, in some way, a higher toxicity,
presumably because the positive charge of the pyridinium salt is
shielded from interaction with the cell [37,38]. In the case of
2�AuNPs, they were not cytotoxic for any cell line used, whereas
3�AuNPs showed very low toxicity in HepG2 and CaCo-2 at high
concentrations (418 lM and 10,460 lM, respectively). Comparison
of the values found in the literature for cytotoxicity of gold
nanoparticles is hampered by the different experimental protocols
reported for its evaluation, as well as for the differences in the
composition of the nanomaterials, for which a precise composition
is not always defined [39]. Several reports indicate that interaction
with the biological media depends on many factors, such as size,
shape and charge of gold nanoparticles [40]. Additionally, the mod-
erate toxicity of cationic particles has been evaluated [41], with the
toxicity mainly attributed to the cationic surfactant used as coating
agent [42].

To be suitable for drug delivery purposes, the carriers them-
selves must be biocompatible and have low toxicity. In our work,
we found out that 2�AuNPs and 3�AuNPs showed low toxicity in
the three studied cell lines, since the values found for their IC50

were ca. 0.5–1 mM. These are very high concentration values tak-
ing into consideration they are well above the expected therapeu-
tical concentrations, which means that the AuNPs should be safe
when administered to the body.

Additionally, to evaluate the genotoxicity of 1�2Br, 2�AuNPs and
3�AuNPs in three cell line (3T3/NIH, HepG2 and CaCo-2), the Single
Cell Gel Electrophoresis, also known as Comet Assay, was used
according to guidelines [43]. For this analysis, cell viability higher
than 70% was required and a genotoxic effect was considered for
tail intensity values higher than 10%. The DNA-damaging
alkylating-agent methylmethane sulfonate (MMS 400 mM) was
used as positive control. Table S5–S7 in the Supplementary
Material show the percentage of tail intensity referring to the
DNA fragmentation in the presence of amphiphile 1�2Br, 2�AuNPs
and 3�AuNPs, at the same range of concentrations used for
testing their cytotoxicity. It was observed that neither 1�2Br nor
the AuNPs (2�AuNPs and 3�AuNPs) show any significant formation
of a tail of cellular DNA fragments within the studied
concentrations and cell lines tested, which means that below the
IC50 no genotoxicity is observed (see Supplementary Material
Tables S5–S7), confirming the suitability of these nanomaterials
for drug delivery purposes.

Table 3
Positive-Ion Mode MALDI-ToF-MS for the AuNPs 1�AuNPs-4�AuNPs and 20 �AuNPs
using DHB as matrix.

Ionsa (m/z, %)

AuNPs [Mb�1H]+ [Mc�H]+ [Md+Na+]+

1�AuNPs 957.6 (45%)
2�AuNPs 803.8 (100%)
3�AuNPs 957.6 (90%) 491.3(100%)
4�AuNPs 957.6 (100%) 803.8 (45%) 491.3 (75%)
20 �AuNPs 803.8 (100%)

a m/z: mass/charge ratio, (%): relative abundance.
b 1�2Br.
c Tetrahydropyridine 2.
d HS-C11-(EG)6-OH.

Table 2
Average size measured by HRTEM, DLS and Pdi for 1�AuNPs-4�AuNPs and 20 �AuNPs.

Sample Z-averagea (nm)/HRTEMb ± SDc Z-averagea (nm)/DLSd Pdie

1�AuNPs 18.3 ± 0.5 23.5 0.08
2�AuNPs 5.8 ± 1.3 11.3 0.26
3�AuNPs 13.5 ± 2.7 17.3 0.13
4�AuNPs 16.5 ± 2.9 21.2 0.25
20 �AuNPs 9.7 ± 0.5 13.7 0.17

a Average size measured.
b High-Resolution Transmission Electron Microscopy.
c Standard deviation.
d Dynamic Light Scattering.
e Polydispersity index calculated by DLS.
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3.4. Incorporation of ibuprofen and piroxicam into different AuNPs
(organic and water soluble)

Prior to the incorporation of ibuprofen and piroxicam into dif-
ferent AuNPs, the complexation ability of the bis-pyridinium
amphiphile 1�2Br to ibuprofen and piroxicam was examined in
solution, using 1H NMR spectroscopy. The binding of 1�2Br with
piroxicam appears to be the stronger as indicated by the observed
chemical shifts (see Supplementary Material Section 7 Fig. S32 and
Table S8).

The synthesis of 5�AuNPs and 6�AuNPs (see Fig. S33 in the Sup-
plementary Material) was necessary to use as control nanoparticles
in the incorporation study of drugs such as ibuprofen, piroxicam
and their respective sodium salts (see later). In both cases, the
obtained 5�AuNPs and 6�AuNPs display a spheroidal shape and
low polydispersity (Fig. S34 and Table S9 in the Supplementary
Material).

After evaluation of the anion binding exhibited by the pyri-
dinium salt 1�2Br, we decided to investigate if the binding ability
was still operating in the AuNPs prepared in this work. Initially,
the anion binding properties of 2�AuNPs, 3�AuNPs, 4�AuNPs, as
well as the non-pyridinium containing controls 5�AuNPs and
6�AuNPs were studied by UV–vis absorption spectroscopy.

The quantification of ibuprofen and piroxicam was carried out
by UV–vis absorption spectroscopy, and used to evaluate the incor-
poration of these drugs into water soluble 3�AuNPs and 5�AuNPs;
their corresponding sodium salts (ibuprofen sodium salt and pirox-
icam sodium salt), were incorporated into organic-soluble
2�AuNPs, 4�AuNPs and 5�AuNPs.

The results of drug incorporation in different nanoparticles are
shown in Table 5. Control extraction experiments using only sol-
vent as the extraction phase (without any nanoparticles) indicated
that, the quantity of drug in solution was similar to that obtained
in the initial solution. These results indicated that the solvent
(H2O/CHCl3) does not interfere with the incorporation of drugs into
nanoparticles.

In the case of 2�AuNPs (organic-soluble AuNPs), the percentage
of piroxicam sodium salt incorporated to them was greater than
ibuprofen sodium salt (Table 5), possibly because of the higher
affinity between piroxicam sodium salt and the ligand 1�2Br as
the study of drug-ligand interaction by NMR had shown.

A similar trend is observed for the AuNPs with both ligand 1�2Br
and the pegylated thiol (3�AuNPs and 4�AuNPs), which showed
higher values of incorporated piroxicam or piroxicam sodium salt
rather than either ibuprofen or its sodium salt.

At this point, a control was performed with nanoparticles
5�AuNPs and 6�AuNPs, incorporating only the pegylated thiol,
but not the gemini-pyridinium salt 1�2Br. The incorporation of
the piroxicam drug was evaluated showing extremely low percent-
ages of incorporation in both nanoparticles 5�AuNPs and 6�AuNPs
with values of 8 and 25%, respectively, indicating that 1�2Br pre-
sent in the nanoparticles is by far the main responsible for the
incorporation of the drug in the nanoparticles synthesized
2�AuNPs, 3�AuNPs and 4�AuNPs.

Accordingly, the bis-pyridinium salt 1�2Br containing nanopar-
ticles 3�AuNPs (water-soluble) and 4�AuNPs (organic-soluble)
were used for in vitro studies of piroxicam or piroxicam sodium
salt. In order to know the concentration of 3�AuNPs and 4�AuNPs
we applied calculations described by Haiss (see Supplementary
Material) [44]. The final concentration of 3�AuNPs was 170 nM,
and 143 nM for 4�AuNPs. After the extraction, in the case of
3�AuNPs the aqueous phase was washed three times with dichlor-
omethane and in the case of 4�AuNPs the organic phase was
washed three times with water, to remove any unbound drug
(piroxicam and piroxicam sodium salt). The aqueous phase with
3�AuNPs and piroxicam incorporated exhibits, besides the 3�AuNPs
peak at 522 nm, the peak at 342 nm corresponding to piroxicam
(Fig. S35 a) in the Supplementary Material. This peak was not vis-
ible in the organic phases used to extract piroxicam from the
nanoparticles. On the other hand, from the organic phase with
the 4�AuNPs and piroxicam sodium salt incorporated exhibits,
besides the 4�AuNPs peak at 528 nm, the peak at 324 nm corre-
sponding to piroxicam (Fig. S35 b) in the Supplementary Material).
This peak was not visible in the aqueous phases used to extract the
piroxicam sodium salt from the nanoparticles. This means that the
drug was well incorporated into the nanoparticles, and that the
pyridinium ligands can bind enolate incorporating compounds.
Also, a slight change in the SPR peak of the AuNPs was registered,
that initially was at 518 nm and shifted to 522 nm for 3�AuNPs and
519 nm and shifted to 528 nm for 4�AuNPs. It is known that the
SPR peak depends not only of the size of the AuNPs but also of
the ligand that is covering the AuNPs, so we could explain this shift
because of the incorporation of the drug (piroxicam and its sodium
salt) in the structure. According to our calculations, we could incor-
porate 50 lg of piroxicam/mg in 3�AuNPs and 46 lg of piroxicam
sodium salt/mg in 4�AuNPs.

Finally, the stability of the water soluble 3�AuNPs after the
incorporation of piroxicam was examined for a period of three
months, and no macroscopic changes in the colloidal dispersions
or variations in the SPR band were observed, which indicates that

Table 5
Percentages of anionic drug incorporated in different gold nanoparticles.

AuNPs Drug incorporation (%)n

Ibuprofen (sodium salt) Ibuprofen Piroxicam (sodium salt) Piroxicam

2�AuNPs (a) 13.6 ± 4.0 n/d 46.3 ± 2.3 n/d
3�AuNPs (b) n/d 19.3 ± 2.6 n/d 78.3 ± 4.0
4�AuNPs (a) 17.0 ± 3.0 n/d 73.6 ± 3.9 n/d

n Number of replicates. n/d = not determined, results displayed as average with error corresponding to standard deviation, obtained for n = 3 independent experiments.

Table 4
Values of the IC50 determined for the products tested in three different cell lines.

Products Cell line 3T3 Cell line HepG2 Cell line CaCo-2

IC50 (lg/mL) IC50 (lM) IC50 (lg/mL) IC50 (lM) IC50 (lg/mL) IC50 (lM)

1�2Br 250 96 70 73 >500 1833
2�AuNPs >500 >500 >500 >500 >500 >500
3�AuNPs >500 >500 611 418 >500 10,460

The maximum concentration tested was 500 lg/mL.
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their stability is not affected after the incorporation of the drug
(see Table S10 in the Supplementary Material).

3.5. In vitro release studies

The release of piroxicam from the AuNPs was determined using
a Franz cells system, which schematic representation is included in
Fig. S36 in the Supplementary Material [45]. The samples were sus-
pended in Sorensen buffer at either pH 5.5 or 7.4, to simulate phys-
iological conditions, and the receptor solution used was NaOH
71 mM, in which piroxicam is soluble, as tested prior to the exper-
iments, and thus complying with the SINK conditions. Given the
size of the gold nanoparticles, dialysis membranes were selected
with a cut-off which allows the passage of piroxicam (molecular
weight 331.35 Da) but prevents the passage of the nanoparticles
(membrane dialysis pore diameter is equivalent to 2.4 nm).

Six different kinetic models (zero order, first order, Plateau fol-
lowed by a first order, Korsmeyer- Peppas, Higuchi and Weibull
function) were used to fit the experimental data obtained in the
drug release experiments following the corresponding equations
(see Table S11 in the Supplementary Material). The kinetic model
that best describes the release of piroxicam and sodium salt pirox-
icam respectively, from 3�AuNPs and 4�AuNPs, for both pH values
tested, is the Plateau followed by a first order model as shown in
Fig. S37 in the Supplementary Material. This means that the release
rate depends only on the amount of drug present. Furthermore, the
presence of a delay in the beginning of the release means that the
drug is well encapsulated by the ligand 1�2Br, and suffers other dif-
fusion processes from the interior of the nanoparticle, specifically a
partition between the inner environment and the donor solution.
This partition favours the slow release of the drug, because the
donor solution must comply with the physiological conditions,
opposite to the receptor solution. Also, is know that piroxicam is
more soluble in aqueous solution at pH 7.4 (similar to physiologi-
cal conditions) than in solutions at acidic pH, solubility related to
the ionization of the drug at pH 7.4 [46]. Instead, at more acidic
pH 5.5 the drug is less soluble, something that does not favour
the diffusion process from the interior of the nanoparticle, result-
ing in a delayed release of the drug at pH 5.5 respect to 7.4.

At physiological conditions the drug release followed a first
order kinetics (Fig. 4), with values of the dissociation constant KD

of 0.0129 h�1 and 0.0100 h�1 from 3�AuNPs and 4�AuNPs,
respectively. At pH 5.5, the same kinetics were observed, and the
dissociation constant found were 0.0095 h�1 and 0.0034 h�1 from
3�AuNPs and 4�AuNPs, respectively.

Additionally, the amodelistic parameters (efficiency, medium
dissolution time (MDT) and area under curve (AUC)) were calcu-
lated (Supplementary Material Section 10, Table S12). Therefore,
Student’s t-test analysis was performed and significant differences
were found between the releases at the pH 5.5 and 7.4 (see Supple-
mentary Material Table S13). At pH 7.4 the efficiency of the release
is higher than at pH 5.5 in both AuNPs (3�AuNPs and 4�AuNPs),
meaning that it is more suited for delivery under physiological
conditions and not for an external application in the skin since a
higher amount of drug can be released from the AuNPs. On the
other hand, the value of MDT registered at pH 7.4 is lower, suggest-
ing that the release of this drug from the AuNPs complex is
favoured at this pH. Moreover, in the case of the water-soluble
3�AuNPs the release of the drug is more favoured than 4�AuNPs.
This can be seen as an advantage of 3�AuNPs, allowing its use as
nanosystems with a high potential for use in biomedical
applications.

Finally, the stability in solution in different pH media of
3�AuNPs before and after the incorporation of the drug (piroxicam)
was examined. Thus, 3�AuNPs (with and without drug) were
dissolved in three buffer solutions at pH 5.5, 7.4 and 9 values,

respectively, both at room temperature and at 37 �C, and the char-
acteristic SPR band was monitored daily for a week. In all cases, no
macroscopic changes in the colloidal dispersions or variations in
the SPR band, were found throughout the study, indicating the sta-
bility of 3�AuNPs in these experimental conditions, as well as of
their complex with the anionic drug, since no release conditions
are operating in the performed experiments (see Tables S14 and
S15 in the Supplementary Material).

4. Conclusions

In this work, we have synthesized and characterized three bis-
pyridinium salts 1�2Br, 3�2Br, and 4�2Br with different chain
lengths (18, 10 and 1 carbon atoms, respectively). Clearly, the
length of the chain of the bis-pyridinium salt, is decisive for the
amphiphile to act as promoter agent, since only 1�2Br containing
18 carbon atom chains are able to successfully generate 2�AuNPs
following a biphasic method [30]. Consequently, the use of 3�2Br
and 4�2Br for the synthesis of AuNPs is not favourable. The tetrahy-
dropyridine moiety in 2 (resulting from the reduction of 1�2Br) is
capable of reducing Au3+ to Au0, due to its spontaneous oxidation
to the pyridinium salt, leading to the formation of 20�AuNPs. The
gold nanoparticles synthesized 1�AuNPs-4�AuNPs and 20�AuNPs
proved stable and to have low polydispersity. Remarkably,
20�AuNPs were found to be stable and monodisperse only when
synthesized in the presence of KBr, indicating not only how crucial
are the long chains in the amphiphile but the critical role of anions
in their structure for the synthesis and stability of these nanopar-
ticles, as described in previous report [22,33]. The close proximity
of the ligand 1�2Br to the metallic core was confirmed by different
techniques such as MALDI-ToF MS and NMR spectroscopy. The

Fig. 4. (a) Liberation profile at pH 7.4 and 5.5 of piroxicam-3�AuNPs, (b) Liberation
profile at pH 7.4 and 5.5 of piroxicam sodium salt-4�AuNPs. Results displayed as an
average with error bars corresponding to standard deviation obtained for n = 3
independent experiments.
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ligand 1�2Br as well as 2�AuNPs and 3�AuNPs were neither cyto-
toxic nor genotoxic to the cell lines studied (3T3/NIH, HepG2 and
CaCo-2) at the concentrations tested, when compared with similar
structures using the same cell lines [23]. Additionally, 3�AuNPs and
4�AuNPs incorporating both 1�2Br and HS-C11-(EG)6-OH encapsu-
late piroxicam and piroxicam sodium salt, and release it in a
sustained manner, suggesting that it diffuses from the complex
instead of being released with an initial burst. This means that
these vehicles could be used for long-term delivery of the drug.
Moreover, the incorporation of piroxicam was evaluated and
showed extremely low percentages of incorporation in both non-
pyridinium coated nanoparticles 5�AuNPs and 6�AuNPs, indicating
that the bis-pyridinium functionalization present in 2�AuNPs,
3�AuNPs and 4�AuNPs is by far the main factor determining the
incorporation of the drug. Additionally, 3�AuNPs and 4�AuNPs
showed the ability to incorporate piroxicam and piroxicam sodium
salt respectively, with no significant differences in the amount of
drug encapsulated. Moreover, the in vitro release of 3�AuNPs and
4�AuNPs at two different pH values (7.4 and 5.5) proves a faster
release profile at pH 7.4, indicating their suitability as promising
materials for delivery in physiological conditions. Finally, 3�AuNPs
resulted stable at different pH solutions under the described condi-
tions and they were not affected after the incorporation of the
drug. The next step in this research would be incorporation of
other anionic drugs of higher therapeutic interest and testing the
in vivo efficacy through alternative to oral administration in order
to convert the AuNPs from a delivery vehicle into a theranostics
tool.
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1) Protocols: a) preparation of the samples for the HRTEM, b) cytotoxicity and 

genotoxicity studies, c) incorporation of drugs into AuNPs and d) release study 

a) Preparation of the samples for the HRTEM:  

For the preparation of the samples suitable for HRTEM study, 5 μL of solution of 

3·AuNPs in water or 1·AuNPs, 2·AuNPs, 4·AuNPs and 2'·AuNPs in CHCl3 at the 

concentration of (1x10
-3 

μM, 6x10
-2

 µM, 5x10
-2 

µM, 4x10
-4 

µM and 6x10
-3

 µM), 

respectively were deposited onto a carbon-coated copper grid, which had been 

previously kept under UV light for 5 min to provide static charge and therefore to 

enhance the nanoparticle adsorption on it. Then, the solvent was allowed to evaporate 

and the sample was ready to be observed by HRTEM. All the samples were kept in the 

dark and visualized just after preparation or the following day. 

b) Cytotoxicity and genotoxicity studies 

Three different cell lines were used (the mouse fibroblast cell line 3T3/ NIH, the human 

liver carcinoma cell line HepG2 and the human epithelial colorectal adenocarcinoma 

cell line CaCo-2. The cells were cultivated in DMEM supplemented with 10 % Fetal 

Bovine Serum (FBS), 2 mM Glutamine and 0.5 % penicillin/ streptomycin (a stock of 

10000 IU/ 10 mg respectively). The cells were incubated (Thermo Forma) at 37 °C in a 

humid atmosphere of 5 % CO2 in culture T75 (Nunc) falcons. Cells were seeded in a 

density of approximately 1x10
5
 cells mL

-1
 on the plate with 96 wells. The cells were 

exposed to 5 concentrations for 1·2Br, 2·AuNPs and 3·AuNPs (500.0, 158.1, 50.0, 

15.8 and 5.0 µg mL
-1

) in DMSO in the case of 1·2Br and 2·AuNPs, and water for 

3·AuNPs. The cells were incubated for 48 h under 5 % CO2 at 37 °C and the viability  

was assessed by the MTT assay. Date was statistically analysed by SPSS v15 using U of 

Mann Whitney statistic.  
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The genotoxicity was assessed by the Comet Assay according to the ASTM-E2186 

guidelines. In the assay, the percentage of DNA in the tail was determined in respect to 

the intensity of the total DNA, in 50 cells. The determination was done using the 

software Comet Assay IV. Tail intensity was measured by treatment of 50 cells and was 

expressed as the percentage of fluorescence intensity with respect to the total 

fluorescence in the tail.  

c) Incorporation of drugs into different nanoparticles a) water soluble and b) 

organic soluble 

The aqueous AuNPs 3·AuNPs or 5·AuNPs were used to incorporate the organic-

soluble drugs ibuprofen and piroxicam and the organic soluble AuNPs 2·AuNPs, 

4·AuNPs or 6·AuNPs to incorporate water soluble drugs ibuprofen sodium salt and 

piroxicam sodium salt. 

a) Transfer of ibuprofen or piroxicam from an organic phase to an aqueous phase 

containing water-soluble AuNPs 3·AuNPs or 5·AuNPs. In both cases, 1.9 mM 

solutions of drugs (ibuprofen or piroxicam) were prepared in CHCl3 (10 mL) (solution 

a); 3 mL of these solutions were added to 3 mL of distilled water, and they were mixed 

in a separatory funnel (3 x 1 mL); the organic phase was recovered (solution b). Also 3 

mL of solution b was added to 3 mL of 3·AuNPs or 5·AuNPs and they were mixed in a 

separatory funnel; the organic phase was recovered (solution c). The organic phases of 

the three solutions were studied by UV-vis absorption spectroscopy. The concentration 

of the drug in the organic phases was determined according to the Beer Lambert law.  

 

b) The sodium salts of ibuprofen and piroxicam used in this study were obtained by 

adding ibuprofen (250 mg, 1.2 mmol) or piroxicam (250 mg, 0.8 mmol) to 3 mL of an 
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aqueous solution of 97 % NaOH (48 mg, 1.2 mmol) for ibuprofen drug or (30.2 mg, 0.8 

mmol) for piroxicam. The mixture was stirred until complete dissolution, then the water 

was removed in a rotary evaporator and the solid was dried at room temperature. 

Transfer of ibuprofen sodium salt or piroxicam sodium salt from an aqueous phase to an 

organic phase containing organic soluble AuNPs 2·AuNPs, 4·AuNPs or 6·AuNPs. In 

all cases aqueous solutions of drugs (ibuprofen sodium salt or piroxicam sodium salt) 

1.9 mM were prepared (solution a), 3 mL of these solutions were added to 3 mL of 

chloroform, and they were mixed in a separatory funnel; the aqueous phase was 

recovered (solution b). Also 3 mL of the solution b was added to 3 mL of 2·AuNPs, 

4·AuNPs or 6·AuNPs and they were mixed in a separatory funnel; the aqueous phase 

was recovered (solution c). The aqueous phases of the three solutions were studied by 

UV-vis absorption spectroscopy. The concentration of the drug in the aqueous phases 

was determined according to the Beer Lambert law.  

d) In vitro release study 

The release studies were performed in a Microette transdermal diffusion system with 

vertically assembled Franz type diffusion cells with dialysis membranes (Cellu Sep T3 

dialysis membranes, MWCO 12000- 14000 Da, MFPI, USA). Franz diffusion cell 

equipment: Crown Glass and Microette plus-Hanson Research. Dialysis area: 2.54 cm
2
. 

Volume of receptor compartment: 12 mL. The system was held at 32 ± 0.5 °C (for pH 

5.5) to mimic skin conditions, and 37 ± 0.5 °C (for pH 7.4) to mimic in vivo 

physiological conditions. The NaOH 71 mM solution was taken as a receptor solution to 

ensure the drugs solubility, thus complying with the SINK conditions. Drugs 

determination in samples was done by HPLC in a Waters LC Module I. The column 
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used was a Waters Spherisorb 5 μm ODS-2 (4.6 mm x 150 mm). All the compounds 

synthetized in this work were dried overnight at 25 °C in a desiccator.  

The release studies of piroxicam as free drug or as its sodium salt from water soluble 

3·AuNPs or organic soluble 4·AuNPs, respectively, were performed in a Microette 

transdermal diffusion system with vertically assembled Franz-type diffusion cells with 

dialysis membranes (Cellu·Sep T3 dialysis membrane, MWCO 12000 – 14000 Da, 

MFPI, USA).  Sorensen buffer 71 mM for pH 5.5 and pH 7.4 were used as donor 

solutions. 300 µL of samples were placed on top of the dialysis membrane, and 250 µL 

of the respective buffer were added. The receptor compartment was filled with NaOH 

71mM. The system was held at 32 ± 0.5 ºC (for pH 5.5) to mimic skin conditions, and at 

37 ± 0.5 ºC (for pH 7.4) to mimic in vivo physiological conditions. The cells were 

sealed and 300 µL samples were withdrawn at appropriate time intervals for two weeks 

and were replaced with the same volume of fresh receptor medium. The in vitro 

accumulated amounts of drugs (piroxicam and piroxicam sodium salt) were detected by 

HPLC in a Waters LC Module I. The column used was a Waters Spherisorb® 5 µm 

ODS-2 (4.6 mm x 150 mm). The mobile phase was acetonitrile – acetic acid 4 % pH 2.4 

(65:35 v/v). The flow rate was 1.0 mL/ min, and the detection wavelength was 361 nm. 

The data was collected using Millennium32 version 4.0.0 software from Waters 

Corporation. All data was calculated as the average ± standard deviation of three 

replicates. A nonlinear least-squares regression was performed using the WinNonLin
®

 

software (WinNonlin
® 

Professional edition version 3.3, Pharsight Corporation, USA), 

and the model parameters calculated. In addition, amodelistic parameter values for area 

under the curve (AUC), efficiency and medium dissolution time (MDT) were estimated. 

Both modelistic and amodelistic parameters were statistically compared by using 

StatGraphics software version 5.1.  
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2) Synthesis and characterization of the compounds 1·2Br, 2, 3·2Br and 4·2Br 

 

 

Figure S1. Structures of the bis-pyridinium salts 3·2Br and 4·2Br. 
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Scheme S1. Synthesis of the bis-pyridinium salts 1·2Br, 3·2Br, 4·2Br and the 

tetrahydropyridine 2. 
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Figure S2. Numbering of the hydrogen atoms in the structures of 1·2Br, 3·2Br and 

4·2Br. 

 

1,3-Bis(4-decyloxy-1-piridiniomethyl)benzene dibromide (3·2Br): The synthesis of the 

precursor of 3·2Br was following a modification of a protocol previously reported,[1] where 

metallic sodium (1.86 g, 80 mmol) was added in small portions to 1-decanol (12.66 g, 

80 mmol) at 110 °C during 2 h. Then 4-chloropyridine hydrochloride (4.95 g, 33 mmol) 

was added and the mixture was stirred at 110 °C for 72 h. After cooling down to room 

temperature, water (50 mL) was added dropwise and the solution was neutralized with 

HCl 6N solution. The aqueous phase was extracted with CH2Cl2 (4 x 25 mL), and the 

organic phase was dried with anhydrous Na2SO4, filtered and the solvent was 

evaporated in vacuum. The residue was purified using a silica gel column 
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chromatography using diethyl ether/ CH2Cl2 (7:3) as eluent, followed by CH2Cl2/ 

MeOH (9:1), obtaining 4-decyloxypyridine (1.0 g, 13 %). 

A solution of 4-decyloxypyridine (450 mg, 1.91 mmol) in dry MeCN (30 mL) was 

added dropwise during 1 h to a solution of 1,3-bis(bromomethyl)benzene (256 mg, 

0.957 mmol) in dry MeCN (10 mL)and heated at 80 °C for 24 h. After cooling down to 

room temperature, the suspension was filtered off, and the white solid was washed with 

MeCN (5 mL) and dried to afford 3·2Br (585 mg, 83 %): mp >300 °C. 
1
H-NMR (300 

MHz, CDCl3, 25 °C): δ 9.69 (d, J = 6.0 Hz, 4H, H-2', 6'), 8.32 (s, 1H, Ar-H2), 7.66 (d, J 

= 7.8 Hz, 2H, Ar-H4, 6), 7.35 (d, J = 6.0 Hz, 4H, H-3', 5'), 7.01 (dd, J = 7.5 Hz, 1H, Ar-

H5), 5.93 (s, 4H, N-CH2), 4.22 (t, J = 5.45 Hz, 4H (O-CH2), 1.26 (s, 32H, 2(CH2)8), 

0.87 (t, J = 5.4 Hz, 6H, CH3). 
13

C-NMR (100 MHz, CDCl3, 25°C): δ 170.4, (Py- C 4'), 

146.8 (Py- C 2', 6'), 134.5 (Ar- C 1, 3), 131.3 (Ar- C2), 130.3 (Ar- C5), 130.1 (Ar-C 4, 

6), 113.9 (Py- C 3', 5'), 71.3 (O-CH2), 60.9 (N-CH2), 31.8-22.6 ((CH2)8), 13.9 (CH3). 

MALDI-ToF–MS m/z: 727.4 (85 %) [M-2Br+DHB]
+
, 655.3 (100 %) [M-Br]

+
, 573.4 

(20 %) [M-2Br]
+
, 420.1 (5 %) [M-(C16H28BrNO]

+
. HMRS (ESI) m/z: (C38H58N2O2Br2-

2Br)
2+ 

calculated 287.2235 found 287.2244, (C38H58N2O2Br2-Br)
+ 

 calculated 653.3667 

found 653.3676. Elemental analysis (C38H58Br2N2O2·1H2O): N (calculated 3.72 found 

3.69) C (calculated 60.64 found 60.60) H (calculated 8.03 found 8.00) and IR spectrum 

(KBr, cm
-1

): 2917, 1642 and 1467. 
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1,3-Bis(4-methyl-1-pyridiniomethyl)benzene dibromide (4·2Br): A solution of 4-

methylpyridine (0.63 g, 6.76 mmol) in dry MeCN (13 mL) was added dropwise during  

1 h to a solution of 1,3-bis(bromomethyl)benzene (0.89 g, 3.37 mmol) in dry MeCN (5 

mL), and the mixture was heated under reflux for 1 h. After cooling down to room 

temperature, the suspension was filtered off, and the white solid was washed with 

MeCN (5 mL) and dried to afford 4·2Br (1.45 g, 97 %): mp> 300 °C: 
1
H-NMR (300 

MHz, (CD3)2SO, 25 °C): δ 9.09 (d, J = 6.6 Hz, 4H, H-2', 6'), 8.01 (d, J = 6.6 Hz, 4H, H-

3', 5'), 7.61 (m, 4H, Ar-H-2, 4, 5, 6), 5.83 (s, 4H, N-CH2), 2.58 (s, 6H, CH3). 
13

C-NMR 

(100 MHz, (CD3)2SO, 25°C): δ 159.5 (Py-C 4'), 143.9 (Py-C2', 6), 135.5 (Ar-C 4, 6), 

129.4 (Py- C 3', 5'), 128.3 (Ar- C 2, 4, 5, 6), 61.7 (N-CH2), 21.2 (CH3). MALDI-ToF-

MS m/z: 605.6 (45 %) [M+DHB], 369.1 (30 %) [M-Br]
+
, 350.1 (95 %) [M-C6H7N]

+
, 

289.1 (100 %) [M-2Br]
+
, 276.0 (60 %) [M-(Br(C6H7N))]

+
. HMRS (ESI) m/z: 

(C20H22N2Br-2Br)
2+ 

calculated 145.0884 found 145.0886. Elemental analysis 

(C20H22Br2N2): N (calculated 6.22 found 6.38) C (calculated 53.36 found 53.06) H 

(calculated 4.93 found 4.96) and IR spectrum (KBr, cm
-1

): 3017, 1632 and 1469. 
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Figure S3. 
1
H-NMR spectrum of 1·2Br recorded in CDCl3 at 300 MHz. 

 

Figure S4. 
13

C-NMR spectrum of 1·2Br recorded in CDCl3 at 100 MHz. 
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Figure S5. MALDI-ToF-MS (m/z) spectrum of 1·2Br with matrix DHB. 

 

 

Figure S6. HMRS-ESI spectrum (m/z) spectrum of 1·2Br. 
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Figure S7. IR spectrum of 1·2Br in KBr. 

 

Figure S8.
 1
H-NMR spectrum of 2 recorded in CDCl3 at 300 MHz. 
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Figure S9. MALDI-ToF-MS (m/z) spectrum of 2 with matrix DHB. 

 

 

Figure S10. HMRS-ESI spectrum (m/z) spectrum of 2. 
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Figure S11. IR spectrum of 2 in NaCl. 

 

 

Figure S12. 
1
H-NMR spectrum of 3·2Br recorded in CDCl3 at 300 MHz. 
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Figure S13. 
13

C-NMR spectrum of 3·2Br recorded in CDCl3 at 100 MHz. 

 

 

Figure S14. MALDI-ToF-MS (m/z) spectrum of 3·2Br with matrix DHB. 
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Figure S15. HMRS-ESI spectrum (m/z) spectrum of 3·2Br. 

 

Figure S16. IR spectrum of 3·2Br in KBr. 
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Figure S17. 
1
H-NMR spectrum of 4·2Br recorded in (CD3)2SO at 300 MHz. 

 

Figure S18. 
13

C-NMR spectrum of 4·2Br recorded in (CD3)2SO at 100 MHz. 
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Figure S19. MALDI-ToF-MS (m/z) spectrum of 4·2Br with matrix DHB. 

 

Figure S20. HMRS-ESI spectrum (m/z) spectrum of 4·2Br. 
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Figure S21. IR spectrum of 4·2Br in KBr. 

 

3) Stability study of 2·AuNPs  

The stability in solution of 2·AuNPs was examined both at room temperature and under 

reflux in three different solvents (CHCl3, THF and toluene), and the UV-vis absorption 

spectra of these solutions were recorded daily for one month. No obvious change in the 

shape of the maximum in the plasmon resonance peak was observed, which indicates 

that the prepared 2·AuNPs are stable for at least one month in air at room temperature. 

In addition, the stability of the nanoparticles in the same three solvents at increasing 

temperatures was also studied by UV-vis absorption spectroscopy. The solutions were 

heated starting at room temperature and increasing the temperature at a rate of 10 °C/ 

day until the reflux temperature was reached. Samples were checked after 2, 6, and 24 h 

for each temperature. We found out that 2·AuNPs remained stable after being heated at 

reflux temperature for 72 h. As no additional antiaggregation agent was added to the 
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system, the stability of the nanoparticles should be attributed to the bis-pyridinium salt 

1·2Br, opening the possibility of considering the nanoparticles suitable for storage.  

 

Table S1. Stability study of 2·AuNPs using three different solvents, under reflux and 

room temperature (r.t). 

 

Solvent Temperature Time Obs peak 

(UV-vis) 

CHCl3 r.t 1 month 510 nm 

CHCl3 reflux 3h 510 nm 

THF r.t 1 month 508 nm 

THF reflux 72 h 509 nm 

Toluene r.t 1 month 510 nm 

Toluene reflux 6 h 510 nm 

 

 

 

4) Attempted of synthesis of AuNPs with bis-pyridinium salts 1·2Br, 3·2Br, 4·2Br 

and the tetrahydropyridine 2 

 

 

 

 



Chapter 2.1  

 

61 

 

Table S2. Experiments for the synthesis of AuNPs with the compounds 1·2Br, 2, 3·2Br 

and 4·2Br  

Entry S
a 

RA
b 

Au:S
a
:RA

b 
RC

c 

T (°C)/solvent 
AuNPs Aspect 

1 1·2Br Citrate 1:8:12 r.t/ CHCl3; H2O 1·AuNPs red solution 

2 1·2Br NaBH4 1:2:5 r.t/ CHCl3; H2O 2·AuNPs red solution 

3 1·2Br
d
 NaBH4 1:0.5:15 r.t/ CHCl3; H2O 3·AuNPs red solution 

3 1·2Br
d
 NaBH4 1:0.5:15 r.t/ CHCl3; H2O 4·AuNPs red solution 

4 2
 - 1:2:0 r.t/ CHCl3 - dark precipitate 

5 2
e
 - 

1:12:0 

 
r.t/ CHCl3; H2O 2'·AuNPs red solution 

6 3·2Br NaBH4 1:2:5 r.t./ CHCl3; H2O 
f
 

white  

precipitate 

7 4·2Br NaBH4 1:2:5 
100/ H2O 

r.t/ H2O 

f
 

white  

precipitate 

8 4·2Br NaBH4 1:2:13 r.t./ DMF; THF 
f
 

white 

 precipitate 

9 4·2Br H2O2 1:2:5 
100/ H2O 

r.t/ H2O 

f
 

colorless  

solution 

10 4·2Br Citrate 1:7:10 
100/ H2O 

r.t/ H2O 

f
 

colorless 

 solution 

a 
S: Stabilizer. 

b 
RA: Reducing Agent. 

c 
RC: Reaction conditions. 

d 
In presence of HS-C11-(EG)6-

OH respect to Au
0
. The number of moles of 1·2Br plus HS-C11-(EG)6-OH is equivalent to the 

total amount of 1·2Br used in previous experiments.
 e
 In presence of an excess of KBr respect to 

Au
0
. 

f 
AuNPs no detected.  
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5) Characterization of 1·AuNPs-4·AuNPs and 2'·AuNPs 

 

 

 

Figure S22. 
1
H-NMR spectrum of 1·AuNPs recorded in CDCl3 at 400 MHz. 

 

 

Figure S23. 
1
H-NMR spectrum of 2·AuNPs recorded in CDCl3 at 300 MHz. 
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Figure S24. 
1
H-NMR spectrum of 2'·AuNPs recorded in CDCl3 at 300 MHz. 

Table S3. Positive-Ion Mode MALDI-ToF-MS for the AuNPs 1·AuNPs-4·AuNPs and 

2'·AuNPs using DHB as matrix. 

ions
a
 (m/z, %) 

AuNPs [M
b
-1H]

+
 [M

b 
- 2Br -

C23H41NO]
+
 

[M
b
 - 

C24H43-

NO -2Br 

+ 2Na ]
+
 

[M
b
 - 

C25H44NO2

Br + 

C6H7NaO8+

Au]
+
 

[M
b
 - 

C54H90Br2N2O2+  

C6H9Na2O9+Au]
+
 

[M
b
-Br + 

C6H5Na2O7)]
+
 

[M
c
-H]

+
 [M

c
-

C23H44NO]
+ 

 

[M
d
+Na

+
]

+
 

1·AuNPs 957.6 

(45%) 

  685.4 

(100%) 

466.5 

(90%) 

1113.8 

(30%) 

   

2·AuNPs  452.4 

(70%) 

483.5 

(75 %) 

   803.8 

(100%) 

454.5 

(73%) 

 

 

3·AuNPs 957.6 

(90%) 

       491.3 

(100%) 

4·AuNPs 957.6 

(100 %) 

     803.8 

(45 %) 

454.3 

(33%) 

491.3 

(75%) 

2'·AuNPs  452.2 

(30%) 

483.4 

(80 %) 

   803.8 

(100 %) 

454.3 

(35%) 

 

 

a 
m/z: mass/charge ratio, (%): relative abundance. 

b 
1·2Br. 

c
 Tetrahydropyridine 2. 

d 
HS-C11-

(EG)6-OH. 
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Figure S25. MALDI-ToF-MS (m/z) spectrum of 1·AuNPs with matrix DHB. 

 

Figure S26. MALDI-ToF -MS (m/z) spectrum of 2·AuNPs with matrix DHB. 
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Figure S27. MALDI-ToF-MS (m/z) spectrum of 3·AuNPs with matrix DHB. 

 

Figure S28. MALDI-ToF-MS (m/z) spectrum of 4·AuNPs with matrix DHB. 
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Figure S29. MALDI-ToF-MS (m/z) spectrum of 2'·AuNPs with matrix DHB. 
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Figure S30. XPS spectra of: a) 2·AuNPs, b) 3·AuNPs and c) 4·AuNPs, showing the 

Au 4f7/2 and 4f5/2 with binding energies of 84.4 and 88.2, respectively.  
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Figure S31. Thermogravimetric curve obtained for the 2·AuNPs. 

 

Table S4. Thermogravimetric results and calculations of amount of ligand per NP and 

per area of NP surface based on ratio of ligand to gold present in the AuNPs and their 

gold core size obtained by TEM. 

Ligands of 

2·AuNPs 

  Ligand mass 

(mg) 

Content of 

ligand (%) 

Ligand:Au 

(mmol) 

Average 

diameter 

(nm) 

Moles        

Au/NP 

Ligand/

AuNP 

Ligand/

nm
2 

2 2.0035 43.8 0.34 5.8 1x10
-20

 2060 19 

1·2Br 1.8632 56.2 0.26 5.8 1x10
-20

 1560 14 
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6) Cytotoxicity and genotoxicity study of ligand 1·2Br and gold nanoparticles 

2·AuNPs and 3·AuNPs 

Table S5. Results obtained for Cell viability and genotoxicity results for 1·2Br, 

2·AuNPs and 3·AuNPs in cell line 3T3/ NIH, n/a not available. 

Product 

 

Concentration 

(µg/ mL) 

Viability (%) ± SD Tail moment (%) ± SD 

 

 

 

1·2Br 

Control medium 100.00 ±100.0 3.01 ± 4.6 

Control vehicle n/a ± n/a n/a ± n/a 

1000.0 7.9 ± 0.4 5.1 ± 6.3 

316.2 16.2 ± 5.0 5.4 ± 6.1 

100.0 49.5 ± 11.1 5.8 ± 6.8 

31.6 79.3 ± 12.1 4.2 ± 5.3 

10.0 91.9 ± 8.6 2.6 ± 3.3 

3.2 97.7 ± 4.0 3.4 ± 4.8 

1.0 99.7 ± 10.8 2.9 ± 4.2 

0.3 99.8 ± 6.3 4.2 ± 4.6 

0.1 96.9 ± 2.1 3.2 ± 4.2 

Positive control 3.12 ± 0.32 51.23 ± 7.12 

 

 

 

2·AuNPs 

Control medium 100.0 ± 0.0 1.2 ± 1.4 

Control vehicle 93.5 ± 3.4 5.9 ± 19.5 

500.0 90.9 ± 1.0 3.0 ± 3.4 

158.1 90.0 ± 7.2 5.2 ± 6.2 

50.0 83.8 ± 3.3 2.8 ± 3.9 

15.8 86.8 ± 2.9 4.6 ± 4.8 

5.0 90.2 ± 4.6 5.2 ± 6.7 

Positive control 1.1 ± 0.3 27.9 ± 16.1 

 

 

 

3·AuNPs 

 

Control medium 100.0 ± 0.0 1.2 ± 1.4 

Control vehicle 100.6 ± 0.2 2.3 ± 3.2 

500.0 97.0 ± 3.5 4.5 ± 5.1 

158.1 89.3 ± 10.5 3.3 ± 3.4 

50.0 92.4 ± 3.2 2.9 ± 3.6 

15.8 90.4 ± 4.8 2.7 ± 3.6 

5.0 89.6 ± 5.2 3.3 ± 3.9 

Positive control 1.1 ± 0.3 27.9 ± 16.1 
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Table S6. Results obtained for Cell viability and genotoxicity results for 1·2Br, 

2·AuNPs and 3·AuNPs in cell line HepG2, with 500 µg/ mL as maximum tested 

concentration; n/d not determined (viability < 70 %). 

 

Product 

 

Concentration 

(µg/ mL) 

Viability (%) ±  SD Tail moment (%) ± SD 

 

 

 

 

1·2Br 

Control medium 100.0 ± 0.0 0.3 ± 0.5 

Control vehicle 77.4 ± 7.4 0.9 ± 1.5 

500.0 11.2 ± 3.7 n/d 

158.1 10.1 ± 2.3 n/d 

50.0 28.9 ± 2.0 n/d 

15.8 75.9 ± 3.2 1.3 ± 1.6 

5.0 83.8 ± 15.7 1.4 ± 2.0 

Positive control 4.0± 2.2 35.5 ± 9.5 

 

 

 

2·AuNPs 

Control medium 100.0 ± 0.0 1.2 ± 1.3 

Control vehicle 110.0 ± 1.6 1.2 ± 1.6 

500.0 73.0 ± 7.7 6.1 ± 7.4 

158.1 91.8 ± 5.5 6.1 ± 6.8 

50.0 97.9 ± 12.9 2.8 ± 3.9 

15.8 45.2 ± 7.9 4.5 ± 5.9 

5.0 88.1 ± 6.9 1.7 ± 3.6 

Positive control 7.8 ± 1.7 35.5 ± 9.6 

 

 

 

3·AuNPs 

Control medium 100.0 ± 0.0 0.8 ± 0.9 

Control vehicle 89.1 ± 0.3 3.7 ± 4.5 

500.0 61.8 ± 20.9 1.1 ± 1.6 

158.1 76.0 ± 9.5 2.2 ± 2.5 

50.0 81.7 ± 0.2 1.1 ± 1.4 

15.8 102.5 ± 17.4 1.6 ± 2.2 

5.0 88.9 ± 6.6 2.3 ± 2.8 

Positive control 3.8 ± 0.6 37.2 ± 13.8 
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Table S7. Results obtained for Cell viability and genotoxicity results for 1·2Br, 

2·AuNPs and 3·AuNPs in cell line CaCo-2, with 500 µg/ mL as maximum tested 

concentration n/a not available and n/d not determined. 

 

Product 

 

Concentration 

(µg/ mL) 

Viability (%) ± SD Tail moment (%) ± SD 

 

 

 

 

1·2Br 

Control medium 100.0± 0.0 1.5 ± 2.0 

Control vehicle 98.4± 12.9 2.4 ± 2.9 

500.0 92.8 ± 37.7 1.7 ± 2.3 

158.1 77.5 ± 14.7 1.9 ± 2.1 

50.0 85.6 ± 4.9 0.9 ± 1.3 

15.8 81.9 ± 4.1 1.6 ± 1.7 

5.0 84.1 ± 0.0 1.5 ± 1.9 

Positive control 1.9 ± 1.2 27.1 ± 8.9 

 

 

 

2·AuNPs 

Control medium 100.0 ± 0.0 1.5 ± 1.9 

Control vehicle 55.9 ± 3.1 n/a ± n/a 

500.0 112.2 ± 19.2 5.1 ± 4.5 

158.1 122.1 ± 15.5 3.3 ± 4.3 

50.0 126.5 ± 18.9 2.5 ± 2.8 

15.8 130.6 ± 3.8 2.6 ± 2.7 

5.0 119.4 ± 4.8 3.4 ± 3.2 

Positive control 1.1 ± 0.3 27.1 ± 8.9 

 

 

 

3·AuNPs 

Control medium 100.0± 0.0 1.5 ± 2.0 

Control vehicle 96.8 ± 8.3 2.4 ± 2.9 

500.0 100.6 ± 12.2 1.8 ± 2.2 

158.1 n/d
 
± n/d n/d

 
± n/d 

50.0 78.6 ± 28.7 2.5± 1.9 

15.8 87.8 ± 15.9 2.8 ± 3.3 

5.0 103.2 ± 8.8 3.6 ± 4.1 

Positive control 12.4 ± 2.7 27.1 ± 9.1 
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7) Interaction study between 1·2Br and anionic drugs (ibuprofen and piroxicam) 

The complexation ability of the bis-pyridinium amphiphile 1·2Br to ibuprofen and 

piroxicam was examined in solution, using 
1
H NMR spectroscopy. These anionic drugs 

are nonsteroidal anti-inflammatory drugs (see Supplementary Material Section 6 Figure 

S30), whose control of adsorption and release is of interest in medicinal applications,[2] 

and they are frequently used as models for controlled delivery. Therefore, a protocol 

based on a biphasic transfer system was used to estimate the capability of the AuNPs for 

transferring their anionic forms (see later).[2–4] Also, titration experiments were 

performed using increasing concentrations of a specific drug in CDCl3 that were added 

to a fixed concentration (0.5 mM) solution of bis-pyridinium 1·2Br in CDCl3. The ratio 

of 1·2Br: Drug used was (1:2, 1:5, 1:10), but only at the (1:10) ratio using piroxicam as 

drug, significant variation in the chemical shifts of 1·2Br of the protons associated with 

the ligand-drug interaction was observed, as shown in the Supplementary Material 

(Table S8). The 
1
H NMR spectrum of each solution was recorded to observe the 

variations in the chemical shift (Δδ) corresponding to the hydrogen atoms more 

involved in the hydrogen bonds established with the drug. Therefore, the binding 

studies indicate a considerable interaction between the pyridinium 1·2Br and the 

anionic drug piroxicam. 
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Figure S32.  Drugs used in the incorporation into gold nanoparticles. 

 

Table S8. Variation of the chemical shifts δ (ppm) of the protons 2, 2', 3', 5' and 6', by 

addition of different drugs (ibuprofen and piroxicam) in proportion 1 (1·2Br): 10 (drug) 

in CDCl3, at a fixed concentration of 1·2Br (0.5 mM). 

 

Ligand/Drug 

Ratio 1:10 

H2', H6' H3', H5' H2 

1·2Br 9.80 7.37 8.40 

1·2Br/Ibuprofen 9.79 7.37 8.39 

1·2Br/Piroxicam 9.69 7.35 8.30 

 

 
 

 

 

 

 



Chapter 2.1  

 

74 

 

8) Synthesis and characterization of 5·AuNPs and 6·AuNPs 

Synthesis of 5·AuNPs and 6·AuNPs with the thiol HS-C11-(EG)6-OH as ligand.  

A solution of HAuCl4 (3.6 mg, 0.009 mmol) in water (1.0 mL) was mixed with a 

solution of tetraoctylammonium bromide (TOAB) (2.30 mg, 0.0071 mmol) in CHCl3 

(1.0 mL) during 15 minutes. Then, thiol HS-C11-(EG)6-OH (1.2 mg, 0.0036 mmol) was 

dissolved in CHCl3 (1.0 mL). After 1 h an aqueous solution of NaBH4 (5.3 mg, 0.14 

mmol) in water (1.0 mL) was slowly added. The stirring continued for 24 h in the dark 

at room temperature. AuNPs were obtained in both phases. The water-soluble AuNPs 

were named 5·AuNPs and the organic-soluble AuNPs were named 6·AuNPs. The 

phases were separated using an extraction funnel and the solvent of aqueous phase 

(5·AuNPs) and organic phase (6·AuNPs) was removed in a rotary evaporator, and the 

residue washed using centrifugation in EtOH (3 x 1 mL).  

 

High-resolution transmission electron microscopy (HRTEM): For the preparation of 

the samples suitable for HRTEM study, 5 μL of solution of 3·AuNPs in water or 

1·AuNPs, 2·AuNPs, 4·AuNPs and 2'·AuNPs in CHCl3 at the concentration of (1x10
-3 

μM, 6x10
-2

 µM, 5x10
-2 

µM, 4x10
-4 

µM and 6x10
-3

 µM), respectively were deposited 

onto a carbon-coated copper grid, which had been previously kept under UV light for 5 

min to provide static charge and therefore to enhance the nanoparticle adsorption on it. 

Then, the solvent was allowed to evaporate and the sample was ready to be observed by 

HRTEM. All the samples were kept in the dark and visualized just after preparation or 

the following day. 
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Figure S33. Schematic representation of 5·AuNPs and 6·AuNPs with the thiol HS-C11-

(EG)6-OH as ligand. 

 

Figure S34. HRTEM micrographs of a) 5·AuNPs, c) 6·AuNPs, with 150 000x 

magnification; b) and d) their corresponding histograms. 
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Table S9. Average size measured (Z-average) by high-resolution transmission electron 

microscopy (HRTEM), dynamic light scattering (DLS) and polydispersity index (Pdi) 

for 5·AuNPs-6·AuNPs. 

 

Sample Z-average (nm)/ 

HRTEM ± SD 

Z-average (nm)/DLS Pdi 

5·AuNPs 

6·AuNPs 

5.0 ± 0.8 

5.6 ± 1.2 

10.3 

11.0 

0.10 

0.13 

 

9) Protocol used to determine the concentration of the 3·AuNPs and 4·AuNPs 

 

The mean value for the diameter of 3·AuNPs and 4·AuNPs obtained by HRTEM 

allows us to determine the concentration of synthesized nanoparticles.[5] Equation (1) is 

used to determine the number of atoms of gold per nanoparticle, N: 

   
    

  
 

                                                                                                    (1) 

where ρ is the  density of gold (19.3 g cm
-3

), D is the average diameter of the AuNPs, 

M is the atomic mass of gold (196.97 g mol
-1

). Once N is known, equation (2) is used to 

calculate the molar concentration of the nanoparticles in solution (C): 

 

   
  
    

 

(2) 
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where NT is the number of gold atoms added as HAuCl4 (assuming 100 % reduction of 

Au), V is the volume of solution and NA is the number of Avogadro (6x10
23

 mol
-1

). The 

AuNPs solution was centrifuged to concentrate it, and using the equations 1 and 2, it was 

possible to calculate the final concentration of 3·AuNPs and 4·AuNPs. 

 

 
Figure S35. UV-vis absorption spectrum in water a) or CH2Cl2 b), of the a) 3·AuNPs 

after extraction of piroxicam and b) 4·AuNPs after extraction of piroxicam sodium salt, 

presenting the peak corresponding to piroxicam at 342 nm from 3·AuNPs and 324 from 

4·AuNPs, and the SPR of the AuNPs. 

 

Table S10. Stability study of water soluble 3·AuNPs after incorporation of piroxicam at 

room temperature, examined by UV-vis absorption spectroscopy. 

 

Time  SPR band of 

3·AuNPs 

Peak of the 

piroxicam 

1 month 524 343 

2 month 523 342 

3 month 525 342 
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Figure S36. Schematic representation of: a) Franz cell set-up for evaluation of the 

piroxicam diffusion in static dialysis experiments, b) the Fickian diffusion mechanism 

of the drug being released from the AuNPs-drug system from the donor chamber to 

receptor container and c) the characteristic graphic of the kinetic model that best 

describes the release of the drug from AuNPs for both pH values tested, resulting in the 

Plateau followed by a first order model. 
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Table S11. Kinetic models used to fit the date for the release of piroxicam from 

3·AuNPs and 4·AuNPs 

Kinetic model Equation 

Zero order Qt/Qꝏ= K0*t 

First order Qt/Qꝏ= 1-e
–K1*t

 

Korsmeyer-Peppas Qt/Qꝏ= K*t
n
 

Higuchi Qt/Q= KH * t½ 

Weibull Qt/Qꝏ=1-e
–(t/td)ß

 

Plateau followed by a first order  

Y= IF( X<X0, Y0 + (Plateau-

Y0)*(1-exp(-K*(X-X0)))); 

plateau until X=X0  

 

Qt is the amount of drug released at time t 

Q∞ is the total amount of drug released 

Qt/Q∞ is the fraction of drug released at time t 

K is the release rate constant 

P is the Plateau (Q at t∞) and S is the Span (the difference between Q0 and P) 

n is the diffusion release exponent that could be used to characterize the different 

release mechanism (n≤0.43 (Fickian diffusion), 0.43<n<0.85 (anomalous transport), and 

≥0.85 (case II transport; i.e. zero order release) 

td is the time in which the 63.2% of the drug is released and β is the shape parameter 

Y0 is the average Y value up to time X0 

X0 is the time at which the association begins 

Plateau is the Y value at infinite times  
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Figure S37. Liberation profile at pH 7.4 and 5.5 of piroxicam-3·AuNPs following the 

different kinetic models: a) Zero order, b) First order, c) Korsmeyer-Peppas, d) Higuchi, 

e) Weibull  and f) Plateau followed by a first order . Results displayed as an average 

with error bars corresponding to standard deviation obtained for n=3 independent 

experiments.  
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10) Statistical analysis of the In vitro release study  

  

 Table S12. Modelistic and Amodelistic parameters for the release of piroxicam from 

the piroxicam-3·AuNPs and piroxicam sodium salt from the piroxicam sodium salt-

4·AuNPs. 

  Modelistic Parameters Amodelistic Parameters 

AuNPs pH X0  

(h) 

Plateau 

(µM) 

TOP 

(µM) 

KD
a
  

(h
-1

) 

R
2
 MDT

b  

(h) 

AUC
c  

(µM h
-1
) 

Efficiency  

(%) 

3·AuNPs 5.5 0.2 -0.0106 0.0074 0.0095 0.9990 150.11 0.735 43.6 

7.4 0.2 0.00001 0.0068 0.0129 0.9993 84.21 0.989 85.4 

4·AuNPs 5.5 0.2 -0.0065 0.0070 0.0034 0.9948 173.86 0.656 37.1 

7.4 0.2 0.0008 0.0064 0.0100 0.9975 82.17 0.889 76.7 

 
a 
Dissolution constant; 

b 
Mean Dissolution Time and 

c 
Area Under Curve. 
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Table S13. The results of the release study were analysed statistically using Student´s t-

test for both AuNPs (3·AuNPs and 4·AuNPs) at two pH values of the used receptor 

medium.  

 

 

 AuNPs 

 KD
a 

MDT
b 

AUC
c 

Efficiency 

N
d 

3 3 3 3 

 

 

 

3·AuNPs 

P
e 

0.023 < 0.0001 0.0010 < 0.0001 

Mean ± SEM
f 

(pH 5.5) 

0.0095 ± 

0.0013 

150.11 ± 2.0 0.735 ± 0.050 43.6  ± 3.15 

Mean ± SEM
f 

(pH 7.4) 

0.0129 ± 

0.0010 

84.21 ± 3.6 0.989 ± 0.007 85.4  ± 2.71 

Significant 

difference 

Yes Yes Yes Yes 

 

 

 

4·AuNPs 

P
e 

0.4204 < 0.0001 0.0004 < 0.0001 

Mean ± SEM
f 

(pH 5.5) 

0.0034 ± 

0.0079 

173.86 ± 2.6 0.656 ± 0.033 37.1  ± 2.98 

Mean ± SEM
f 

(pH 7.4) 

0.0100 ± 

0.0100 

82.17 ± 1.5 0.889 ± 0.018 76.7  ± 1.53 

Significant 

difference 

No Yes Yes Yes 

 

 

3·AuNPs 

 

 

4·AuNPs 

P
e 

0.2574 0.0002 0.0844 0.0603 

Mean ± SEM
f 

(pH 5.5) 

0.0095 ± 

0.0013 

150.11 ± 2.0 0.735 ± 0.050 43.6  ± 3.15 

Mean ± SEM
f 

(pH 5.5) 

0.0034 ± 

0.0079 

173.86 ± 2.6 0.656 ± 0.033 37.1  ± 2.98 

Significant 

difference 

No Yes No No 

 

 

3·AuNPs 

 

 

4·AuNPs 

P
e 

0.6435 0.4260 0.0009 0.0084 

Mean ± SEM
f 

(pH 7.4) 

0.0129 ± 

0.0010 

84.21 ± 3.6 0.989 ± 0.007 85.4  ± 2.71 

Mean ± SEM
f 

(pH 7.4.) 

0.0100 ± 

0.0100 

82.17 ± 1.5 0.889 ± 0.018 76.7  ± 1.53 

Significant 

difference 

No No Yes Yes 

a 
Dissociation constant. 

b 
Mean Dissolution Time. 

c 
Area Under Curve.

 d 
Number of 

replicates. 
e 
Probability and 

f 
Standard error of the mean (SEM). 
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11) Stability study of 3·AuNPs before and after incorporation of piroxicam 

The stability in solution of 3·AuNPs before and after the incorporation of piroxicam 

was examined for a period of a week. The 3·AuNPs and piroxicam-3·AuNPs were 

dissolved in three buffer solutions at either pH 5.5, 7.4 and 9, at room temperature and 

at 37°C. The UV-vis absorption spectra of these solutions containing 3·AuNPs were 

recorded after 2, 6, 12, 24, 48, 72, 96, 120, 144 and 168 h (Table S14 and S15). No 

obvious change in the shape of the maximum in the plasmon resonance peak (SPR) was 

observed, which indicates that 3·AuNPs are stable at different pH under the described 

conditions and they were not affected by the incorporation of the drug.   

 

Table S14. Stability study of 3·AuNPs in three buffers solutions, at room temperature 

(r.t.) and under a maximum temperature of 37°C.  

 

  SPR band (nm) 

Buffer 

pH 

Temperature 0 h 24 h 48 h 72 h 96 h 120 h 144 h 168 h 

5.5 

r.t. 521 520 522 522 520 520 522 520 

37 °C 521 520 523 522 523 523 520 523 

7.4 

r.t. 522 522 522 523 523 524 523 522 

37 °C 522 521 520 520 520 521 522 522 

9 

r.t. 522 522 522 523 520 520 520 520 

37 °C 522 520 522 520 520 521 522 520 
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Table S15. Stability study of piroxicam-3·AuNPs in three buffers solutions, at room 

temperature (r.t.) and under a maximum temperature of 37°C.  

 

  SPR band (nm) 

Buffer 

pH 

Temperature 0 h 24 h 48 h 72 h 96 h 120 h 144 h 168 h 

5.5 

r.t. 520 522 522 523 520 522 522 520 

37 °C 520 521 522 522 522 522 522 522 

7.4 

r.t. 521 522 522 522 522 523 520 522 

37 °C 521 520 521 521 520 521 522 520 

9 

r.t. 520 520 520 522 520 520 520 520 

37 °C 520 521 520 520 522 522 520 522 
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Abstract: 

Zn-containing porphyrins are intensely investigated for their ability to form reactive 

oxygen species and thereby being potent photosensitizers for use in photodynamic 

therapy (PDT). Some of the drawbacks of the PDT approach, such as unspecific 

distribution, could be addressed by means of photosensitizer drug delivery systems. In 

this work, we synthesize and characterize new water-soluble gold nanoparticles (GNP) 

stabilized by a mixture of a polyethyleneglycol-containing thiol (to improve water 

solubility) and a new amphiphilic gemini-type pyridinium salt, which also acts as 

promotor of the incorporation of the anionic photosensitizer Na-ZnTCPP into the GNP. 

The obtained GNP have sizes between 7-10 nm, as observed by Transmission Electron 

Microscopy. The incorporation of the photosensitizer caused an increase in the 

hydrodynamic size, detected by Dynamic Light Scattering, as well as a shift in the 

Surface Plasmon Resonance peak on the GNP UV-visible absorption spectra. The 

presence of the photosensitizer in the GNP was corroborated using Fluorescence 

Spectroscopy. The amount of Na-ZnTCPP was found to be 327 molecules per GNP. 

The porphyrin-containing Na-ZnTCPP-1·GNP showed good enhanced ability to 

produce singlet oxygen, compared to free Na-ZnTCPP. Their cytotoxicity and 

phototoxicity were investigated in vitro using two different human breast cell lines, one 

of tumoral origin (SKBR-3) and another of normal epithelium origin (MCF-10A). 

SKBR-3 cells showed higher sensitivity to Na-ZnTCCP and Na-ZnTCPP-1·GNP in 

dark conditions. After irradiation, no significant differences were observed between 

both cell lines except for 1µM Na-ZnTCCP-1·GNP where SKBR-3 cells were also 

more sensitive. 
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Keywords: Gemini pyridinium amphiphiles, water-soluble gold nanoparticles, anionic 

porphyrin encapsulation, in vitro phototoxicity, photodynamic therapy, MCF-10A and 

SKBR-3 cell lines 

 

Introduction 

PDT is an approach of cancer treatment based on the use of specific drugs, called 

photosensitizers, which can induce cell death after irradiation, due to the formation of 

reactive oxygen species [1–3]. PDT has several advantages in the treatment of cancer, 

since it is less invasive, minimizes the secondary effects and allows more localized 

areas of the body to be treated. The major drawbacks of PDT are the non-specific 

distribution of the photosensitizer into the body, and the water-solubility of the 

photosensitizer, which can be low and thus requires a formulation to improve the 

administration. In particular, porphyrins are one of the most studied photosensitizers in 

the last years, to be applied in PDT [2,4–7] but also in sensors as hosts for molecular 

recognition [8,9]. One of the main characteristics of the porphyrin’s structure is the 

possibility to incorporate a metal into its core, in particular bivalent cations such as 

Zn
2+

, Mg
2+

, Co
2+

 or Fe
2+

. These metalloporphyrins are intensely investigated for their 

ability to form Reactive Oxygen Species (ROS) and thereby their interest as potent 

photosensitizers for use in PDT [6,10]. Furthermore, metalloporphyrins (especially Zn-

containing porphyrin) have shown to be more efficient as photosensitizer in PDT than 

the metal-free porphyrin [11]. However, they frequently present low water solubility, 

which results in low distribution and consequently low efficiency. One way to 

overcome this drawback is by conjugating the molecule with a system that is used as 

vehicle. 

In the last years, nanostructured systems have raised huge interest in the biomedical 

field because of their biocompatibility and the potential application as delivery agents 
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for therapy [1,12,13]. One example is the use of such vehicles to target cells in cancer 

therapy [14]. One of the most studied systems in drug delivery is GNP [15,16], and the 

use of nanoparticles incorporating photosensitizers to improve their specificity in PDT 

has been reported [5,6,17,18]. 

For the synthesis of organic and water soluble GNP, different types of ligands have 

been studied as stabilizers, like water-soluble polymers [19],
 

amino acid based 

amphiphiles [20] or peptides [21].
 
The use of pyridinium salts as stabilizer agents of 

GNP has also been reported [22]. On the other hand, gemini surfactants display 

excellent properties in the preparation and stabilization of monodisperse GNP (organic 

and water soluble GNP) [13,23,24]. However, to the best of our knowledge, the 

synthesis and stabilization of GNP coated with pyridinium-based gemini amphiphiles 

and the incorporation of metalloporphyrins into such systems has not yet been reported. 

In this context, this study describes the methodology for the synthesis of pyridinium-

coated GNP, based on a monophasic method, where the gemini-pyridinium amphiphile 

1·2Br acts as a promoter, a stabilizer agent as well as a host for the subsequent 

incorporation of the anionic photosensitizer Na-ZnTCPP into the Na-ZnTCPP, 

1·GNP (Figure 1). The new water-soluble GNP were characterized using UV-visible 

Absorption Spectroscopy, Transmission Electron Microscopy (TEM), Dynamic Light 

Scattering (DLS) and Fluorescence Spectroscopy. Furthermore, the production of 

singlet oxygen after irradiation was measured for the porphyrin Na-ZnTCPP, 1·GNP 

(a control which does not contain photosensitizer) and Na-ZnTCPP-1·GNP, and the 

cytotoxicity as well as the phototoxicity of the 1·GNP and Na-ZnTCPP-1·GNP were 

also analysed in two different Human Breast cell lines, one of tumoral origin (SKBR-3) 

and one of normal epithelium origin (MCF-10A). 
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Materials and methods 

Materials: Ethanol (EtOH), methanol (MeOH), sodium borohydride (NaBH4), gold (III) 

chloride trihydrate (HAuCl4·3H2O) and 9,10-anthracenediyl-bis(methylene)dimalonic 

acid (ABMA) were purchased from Sigma-Aldrich (Germany). α-thio-ω-carboxy-

polyethylene glycol (HS-C11-(EG)6-COOH) was purchased from Prochimia (France). 

 

Figure 1. Schematic representation of Na-ZnTCPP-1·GNP. 

 

Synthesis of compounds 1·2Br and Na-ZnTCPP 

The synthesis and characterization of bis-pyridinium salt 1·2Br follows a previously 

reported procedure for imidazolium analogues [23], in the case of the porphyrin Na-

ZnTCPP they are explained in detail in the Supplementary Material (Section 1). 

  

1·2Br HS-C11-(EG)6-COOHNa-ZnTCPP
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Synthesis of water-soluble gold nanoparticles 1·GNP and Na-ZnTCPP-1·GNP 

A solution of α-thio-ω-carboxy-polyethylene glycol (1.3 mg, 0.0024 mmol) in water (1 

mL) and a solution of bis-pyridinium salt 1·2Br (5 mg, 0.0052 mmol) in EtOH (2 mL) 

were added to a stirred solution of HAuCl4·3H2O (6.7 mg, 0.017 mmol) in water (1 

mL). NaBH4 (3.3 mg, 0.087 mmol) in water (1mL) was added dropwise to the mixture 

at room temperature. The stirring continued for 24 h in the dark at room temperature. 

After this time the solvent was removed in a rotary evaporator, and the red residue was 

purified by multiple cycles of washing with EtOH (3 x 1 mL) and water (3 x 1 mL) and 

centrifugation (17136 xg, 17 min at 15 °C). The new water-soluble GNP were named 

1·GNP. For the incorporation of the porphyrin, a solution of Na-ZnTCPP (2 mg, 

0.0021 mmol) in water (2 mL) was added to a stirred solution of 10 ml of 1·GNP (3 x 

10
-3 

µM) in water. The stirring continued for 24 h in the dark at room temperature. The 

solvent was removed in a rotary evaporator, followed by multiple cycles of washing 

with water (5 x 1 mL) and centrifugation (17136 xg, 17 min at 15 °C), in order to 

eliminate the unbound porphyrin Na-ZnTCPP. These gold nanoparticles, named Na-

ZnTCPP-1·GNP) were obtained at the concentration of 2.9 x 10
-3 

μM. 

The GNP were characterized using the following techniques: UV-visible absorption 

spectra were recorded on a UV-1800 Shimadzu UV Spectrophotometer, using quartz 

cuvettes with a 1 cm path length. Fluorescence excitation and emission spectra were 

recorded on a Hitachi F-4500 Fluorescence Spectrometer, using quartz cuvettes with a 1 

cm path length. TEM was performed at the Centres Científics i Tecnològics de la 

Universitat de Barcelona (CCiT-UB). The samples were prepared by drop casting a 2 x 

10
-3 

µM aqueous solution of 1·GNP or Na-ZnTCPP-1·GNP over a carbon-coated 

copper grid, and were observed using a Tecnai SPIRIT Microscope (FEI Co.) at 120 

kV. The images were captured by a Megaview III camera and digitalized with the iTEM 
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program. The size of the GNP core was measured with ImageJ. DLS and the Zeta 

potential measurements were recorded using a Malvern Zetasizer Nano-ZS from 

Departament de Farmàcia, Tecnologia Farmacèutica i Fisicoquímica at the Universitat 

de Barcelona.  

Singlet Oxygen production of Na-ZnTCPP and Na-ZnTCPP-1·GNP 

In a quartz cuvette, 3 μL of a solution of ABMA (0.2 mg, 0.51 mM) in MeOH (1 mL) 

was added to either Na-ZnTCPP (4.34 µL, 3 µM) or Na-ZnTCPP-1·GNP (485 µL, 3 

μM of incorporated porphyrin) in water. The final volume (1.5 mL) in the cuvettes was 

completed with water and the solutions were thoroughly stirred. A light source in the 

range between 400 and 500 nm was used to irradiate the mixture during 4 h, using a 

laser power of 0.16 mw/cm
2
. The laser was located 3 cm away from each cuvette. 

Fluorescence emission spectra were recorded every hour, in the range of 390-600 nm, 

and singlet oxygen production was determined by the decrease of the fluorescence 

intensity of ABMA at 431 nm. 

Cell culture 

All experiments were performed with two human mammary epithelial cell lines, one 

with non-tumorigenic origin (MCF-10A) and another tumorigenic (SKBR-3). Both cell 

lines were purchased from American Type Culture Collection (ATCC, Manassas, VA, 

USA). MCF-10A cells were cultured in DMEM/F12 (Gibco, Paisley, United Kingdom) 

supplemented with 5% horse serum (Gibco), 20 ng/ml epidermal growth factor (Gibco), 

0.5 mg/ml hydrocortisone (Sigma-Aldrich), 100 ng/ml cholera toxin (Sigma-Aldrich) 

and 10 μg/ml insulin (Gibco). SKBR-3 cells were cultured in McCoy’s 5A modified 

medium (Gibco) supplemented with 10% fetal bovine serum (Gibco). Both cell lines 

were maintained at 37°C and 5% CO2 (standard conditions). 
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For each experiment, cells were seeded in 24-well dishes, with or without coverslips, at 

a density of 50,000 cells/well. Treatments were performed 24 h after seeding. 

Photodynamic treatments 

Cells were incubated in serum-free medium with different concentrations of Na-

ZnTCPP (1 and 3 µM), 1·GNP (70 and 200 µg/ml) or Na-ZnTCPP-1·GNP (1 and 3 

µM, corresponding to 70 and 200 µg/ml of 1·GNP respectively) for 24 h. Afterwards, 

cells were washed thrice with Phosphate-Buffered Saline (PBS) and maintained in 

culture medium during irradiation and post-treatment. Irradiation was performed for 10 

min using a PhotoActivation Universal Light device (PAUL, GenIUL, Barcelona, 

Spain), in the range of 620-630 nm (red light) and with a mean intensity of 55 mW/cm
2
. 

To evaluate the toxicity of Na-ZnTCPP and Na-ZnTCPP-1·GNP in absence of 

irradiation, cells were also incubated in the presence of both compounds as described 

above and were kept in dark conditions (Dark toxicity, DT). 

In vitro cytotoxicity assay 

Cell viability was evaluated 24 h after treatments by the 3-(4,5-dimethylthiazol-2-yl)-

2,5diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich). The absorbance was 

recorded at 540 nm using a Victor 3 Multilabel Plate Reader (PerkinElmer, Waltham, 

MA, USA). For each treatment, viability was calculated as the absorbance of treated 

cells normalized to control conditions. Three independent experiments were performed 

in each case.  

All graphics and statistical analyses were performed using GraphPad Prism version 6.01 

for Windows, (GraphPad Software, La Jolla, California, USA). Results were analysed 

through a two-way ANOVA with a minimal significance level set at P ≤ 0.05. 
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Actin microfilaments and nuclear staining 

At 24 h after photodynamic treatments, cells were fixed with 4% paraformaldehyde in 

PBS for 15 min, permeabilized with 0,1% Triton X-100 (Sigma-Aldrich) in PBS and 

incubated with Alexa-Fluor®594-conjugated Phalloidin (Invitrogen) for 45 min. Next, 

cells were washed thrice and nuclei were counterstained with 5 µg/ml Hoechst 33258 

(H-33258, Life Technologies, Carlsbad, CA) for 3 min. Preparations were mounted in 

ProLong Gold (Life Technologies) and observed under a Confocal Laser Scanning 

Microscope (CLSM, Olympus XT7) from the Servei de Microscòpia at the Universitat 

Autònoma de Barcelona.  

Subcellular localisation assay 

After 24 h incubation in presence of 3 µM Na-ZnTCPP-1·GNP, SKBR-3 and MCF-10A 

cell cultures were washed thrice with PBS and incubated for 30 min with 50 nM 

Lysotracker® Red DND-99 (Life Technologies). Next, cells were washed three times 

with PBS, maintained in culture medium and observed under the CLSM. 

Results and discussion 

Synthesis and characterization of 1·2Br and Na-ZnTCPP 

The bis-pyridinium salt 1·2Br was selected to be used as stabilizer agent of GNP and 

also acts as host in the subsequent incorporation of the photosensitizer Na-ZnTCPP. 

According to previous reports by our group [12,13,23], GNP stabilized with gemini 

imidazolium based amphiphiles showed good ability to incorporate anionic molecules. 

The gemini pyridinium analogue 1·2Br is expected to expand the range of non-covalent 

interaction with anionic species. Consequently, the anionic porphyrin Na-ZnTCPP was 

selected in this work to be incorporated on the synthesized pyridinium-based GNP. Na-

ZnTCPP was synthesized according to modification of previously reported methods 

[25,26]. The metalation step was monitored by UV-visible Absorption Spectroscopy: 
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the four Q bands from the free base porphyrin are replaced by two Q bands of the 

corresponding Zn(II) derivative, indicating the metalation process is complete in 24 h. 

Na-ZnTCPP was obtained with a 94% yield (synthesis and characterization are 

explained in detail in Supplementary Material Section 1, Scheme S1 and Figures S1-

S4). 

Synthesis of water-soluble gold nanoparticles 1·GNP and Na-ZnTCPP-1·GNP 

In order to obtain nanoparticles with a high potential use in biomedical applications, the 

synthesized GNP should be water soluble. For this reason, we used a mixture of the 

gemini pyridinium-based amphiphilic ligand 1·2Br and the thiolated polyethyleneglycol 

derivative α-thio-ω-carboxy-polyethylene glycol for the formation of all the new GNP. 

Briefly, the GNP were synthesized by preparing small amounts of α-thio-ω-carboxy-

polyethylene glycol in EtOH, to favour the solubility in water of synthesized GNP, and 

1·2Br as stabilizer agent and anionic binder; then adding an aqueous solution of 

HAuCl4 and then the reducing agent NaBH4. The obtained GNP were purified by 

sequential washing and centrifugation, and were named 1·GNP. These new water-

soluble 1·GNP were later used as a model colloid for the biological control 

experiments.  

In this work, we selected the anionic porphyrin Na-ZnTCPP as photosensitizer to be 

incorporate into the gemini-pyridinium coated GNP. This porphyrin has already shown 

high potential for use in PDT [27,28] due to its water solubility, and its negative charges 

allows its noncovalent incorporation into cationic GNP, thus providing an alternative 

delivery strategy with the potential to avoid photosensitizer leakage and processing 

issues, which has been reported for different drugs [29,30]. The anionic porphyrin Na-

ZnTCPP was incorporated on 1·GNP, and the Na-ZnTCPP containing GNP were 
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named Na-ZnTCPP-1·GNP. The schematic representation of 1·GNP and Na-

ZnTCPP-1·GNP can be seen in Figure 1. 

Characterization of Na-ZnTCPP, 1·GNP and Na-ZnTCPP-1·GNP 

The formation of 1·GNP and the incorporation of the porphyrin Na-ZnTCPP into the 

Na-ZnTCPP-1·GNP were confirmed by UV-visible Absorption Spectroscopy (Figure 

2 a)). The UV-visible absorption spectra were recorded in water. The free porphyrin 

Na-ZnTCPP showed the typical Soret band at 423 nm and two Q bands at 557 and 593 

nm. In the case of 1·GNP, the typical Surface Plasmon Resonance (SPR) band of the 

GNP was observed near 520 nm, while the Na-ZnTCPP-1·GNP show a peak at 530 

nm, and also a peak at ca. 430 nm that corresponds to the porphyrin Na-ZnTCPP Soret 

band. In addition, the two typical Zinc porphyrin Q bands can be identified in the Na-

ZnTCPP-1·GNP spectrum, at 566 and 610 nm. It is noteworthy the observation of 

shifts in the peaks when comparing: a) the Soret band wavelength of the free porphyrin 

Na-ZnTCPP (423 nm) with the porphyrin incorporated into Na-ZnTCPP-1·GNP (430 

nm), b) the typical SPR band of 1·GNP (520 nm) and of Na-ZnTCPP-1·GNP (530 

nm) and c) the Q bands of the free porphyrin (557 and 593) and the porphyrin 

incorporated in the Na-ZnTCPP-1·GNP (566 and 610 nm). These shifts in the 

characteristic peaks are probably due to the influence of the electrostatic interaction 

established between the positive charges of the pyridinium salt 1·2Br and the negative 

charges of the porphyrin Na-ZnTCPP present in the Na-ZnTCPP-1·GNP, where the 

alkyl chains may create a pocket where the porphyrin is introduced in the proximity of 

the polar head, but also the porphyrin may be localized outside the pocket but 

interacting with the positive charge of the 1·2Br. 

1·GNP and Na-ZnTCPP-1·GNP were characterized using TEM to study their 

morphology and their size distribution for 1·GNP and Na-ZnTCPP-1·GNP as seen in 
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Figure 2 (see Supplementary Material Section 2 Figure S5). The analysed GNP display 

a spherical shape and show sizes between 7-10 nm. In both cases, the particles are well 

separated and in very few cases show short distances between them, indicating they are 

well dispersed in water and that the incorporation of Na-ZnTCPP did not cause 

aggregation. 

 

Figure 2. a) UV-visible absorption spectra of the free porphyrin Na-ZnTCPP, 1·GNP 

and Na-ZnTCPP-1·GNP, recorded in water at 25 °C and b) Transmission electronic 

microscopy (TEM) image of Na-ZnTCPP-1·GNP. 

 

1·GNP and Na-ZnTCPP-1·GNP were also analysed using DLS. Both GNP proved 

stable in solution, since no aggregation occurred, and have a low polydispersity index, 

with values of 0.13 and 0.21, respectively. The average size measured was of 10.2 nm 

for 1·GNP and 15.3 nm for Na-ZnTCPP-1·GNP. DLS measured the hydrodynamic 

diameter that includes not only the core but also the alkyl chains of the 1·2Br, the thiol 

α-thio-ω-carboxy-polyethylene glycol and the molecules of the incorporated porphyrin 

Na-ZnTCPP. The sizes obtained by DLS for 1·GNP and Na-ZnTCPP-1·GNP are 

different, which may be due to the incorporation of the porphyrin in the organic layer 
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around the gold core that leads to an increase in the diameter of the nanoparticles Na-

ZnTCPP-1·GNP in relation with 1·GNP. 

Fluorescence spectroscopy was also used to identify the incorporation of the porphyrin 

into the synthesized Na-ZnTCPP-1·GNP. Fluorescence emission spectra were 

recorded in water for the free porphyrin Na-ZnTCPP and Na-ZnTCPP-1·GNP (see 

Supplementary Material Section 2 Figure S6 b)), and both spectra exhibit two peaks at 

ca. λ 606 nm and λ 660 nm following excitation at λ 421 nm, which is consistent with 

reports for Zn-porphyrin derivatives [31]. These results confirm the incorporation of 

Na-ZnTCPP into the Na-ZnTCPP-1·GNP, and also demonstrate that the fluorescence 

emission of the photosensitizer is not affected significantly when the porphyrin is linked 

to the GNP. 

Additionally, the zeta potential values of 1·GNP and Na-ZnTCPP-1·GNP, in order to 

detect differences in the surface’s charge were measured, before and after the porphyrin 

incorporation. 1·GNP presented a positive zeta potential of +2.48 mV, indicating that 

the amphiphilic coating agent locates its pyridinium moieties close to the gold core and 

its hydrophobic chains on the outer shell of the nanoparticle. On the other hand, the zeta 

potential of Na-ZnTCPP-1·GNP is -18.78 mV, as a consequence of the presence of the 

negative charges from the incorporated porphyrin, and also the carboxylate groups from 

the thiolated polyethyleneglycol coating agent. 

Quantification of Na-ZnTCPP incorporated into Na-ZnTCPP-1·GNP 

The quantification of the amount of porphyrin Na-ZnTCPP in Na-ZnTCPP-1·GNP 

was performed using UV-vis absorption spectroscopy and taking into account the 

diameter size of Na-ZnTCPP-1·GNP, as previously determined by TEM. The 

wavelength selected to determine the amount of Na-ZNTCPP incorporated into Na-

ZnTCPP-1·GNP was that corresponding to the Soret band (430 nm) because it was the 
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most intense peak corresponding to the porphyrin. The Soret band of Na-ZnTCPP (ca. λ 

420 nm) experiments a red shift (ca. λ 430 nm) when its incorporated into Na-

ZnTCPP-1·GNP, but its absorbance intensity is not modified (see Supplementary 

Material Figure S6 a)). Instead, the fluorescence emission of Na-ZnTCPP is partially 

quenched, due to its interaction with the gold surface in Na-ZnTCPP-1·GNP (see 

Supplementary Material Figure S6b)). 

First, a calibration curve of Na-ZnTCPP was obtained using a range of concentrations 

between 0.5 µM and 10 µM (see Supplementary Material Section 3 Figure S7), in order 

to calculate its extinction coefficient (ε), that was found to be (ε423) = 355600 M
-1

 cm
-1

. 

The Na-ZnTCPP-1·GNP UV-Visible 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 porphyrin into Na-

ZnTCPP-1·GNP sloping background at 470 nm was calculated (see Supplementary 

Material Section 3 Figure S8). Accordingly, we calculated that the molarity of the Na-

ZnTCPP present on the Na-ZnTCPP-1·GNP colloidal suspension corresponds to 0.94 

µM. Consequently, in order to obtain the number of porphyrin molecules per Na-

ZnTCPP-1·GNP, the concentration of the Na-ZnTCPP-1·GNP colloidal suspension 

was calculated using the diameter obtained by TEM and its UV absorbance value at 450 

nm, obtaining a value of 2.9 x 10
-3

µM. Taking into account the suspension volume (3 

mL) and the Avogadro's number, we obtain the number of porphyrin molecules 

immobilized on the Na-ZnTCPP-1·GNP surface, which corresponds to 327 molecules 

of Na-ZnTCPP incorporated per GNP (see Supplementary Material Section 3 Table 

S1). 
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Singlet oxygen production of Na-ZnTCPP and Na-ZnTCPP-1·GNP 

Singlet oxygen (
1
O2) production was examined using water soluble ABMA as a probe. 

Upon reaction with 
1
O2, ABMA forms a non-fluorescent 9,10-endoperoxide product 

[32], resulting in the decay of the fluorescence of ABMA, which can be easily 

monitored using fluorescence spectroscopy. The photosensitizer Na-ZnTCPP, both free 

in aqueous solution or incorporated into Na-ZnTCPP-1·GNP in water, was irradiated 

for 4 h with continuous stirring in the presence of a solution of ABMA in MeOH, using 

a blue light source which excites the Soret band of the porphyrin (near 420 nm). The 

fluorescence emission spectra were recorded every hour, in the range of 390-600 nm, 

and the singlet oxygen production was determined by the decrease of the fluorescence 

intensity of ABMA (see Supplementary Material Section 4 Figure S9). A similar 

protocol was followed to quantify the 
1
O2 production by 1·GNP as control. The 

percentage decay of ABMA fluorescence emission band at λ 431 nm following 

irradiation of Na-ZnTCPP, Na-ZnTCPP-1·GNP and 1·GNP is shown in 

Supplementary Material Section 4 Figure S10. It can be clearly observed the 

fluorescence decay in the case of Na-ZnTCPP and Na-ZnTCPP-1·GNP, 

demonstrating the formation of singlet oxygen. However, when ABMA solution was 

irradiated under the same conditions in the presence of 1·GNP, without any porphyrin, 

a negligible decay in the ABMA fluorescence was observed, confirming that the singlet 

oxygen was produced by the photosensitizer Na-ZnTCPP, alone or incorporated in the 

GNP, upon irradiation. After 4 hours, the percentage of emission decay for ABMA in 

the presence of Na-ZnTCPP and Na-ZnTCPP-1·GNP was 30% and 49%, 

respectively, indicating that the porphyrin incorporated into Na-ZnTCPP-1·GNP is 

more efficient to produce the 
1
O2 than the free porphyrin in solution. To further compare 

the ability to produce singlet oxygen by Na-ZnTCPP both free in solution and 
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incorporated in the Na-ZnTCPP-1·GNP, the maximum rate of ABMA photobleaching 

was normalized with the concentration of the photosensitizer Na-ZnTCPP (3 µM) (see 

Supplementary Material Section 4 Equation S1). The calculated maximum rates of 

ABMA photobleaching upon irradiation were 0.03% IF/min·µM obtained for the free 

porphyrin Na-ZnTCPP, and 0.08% IF/min·µM obtained for the porphyrin-containing 

Na-ZnTCPP-1·GNP, where IF is the Intensity of Fluorescence (see Supplementary 

Material Section 4 Figure S11). These results demonstrate that the porphyrin Na-

ZnTCPP resulted more effective when immobilized on GNP rather than free in 

solution, with an increased singlet oxygen production, a feature previously reported for 

similar systems [2,33], which may be ascribed to the enhanced production of ROS from 

photosensitizer as a result of the highly localized plasmonic field of the GNP.[34] This 

fact is even more remarkable considering that the photobleaching of the porphyrin 

incorporated into GNP was measured in aqueous solution, where oxygen is much less 

soluble and usually leads to a less significant effect for this type of measurement 

because of the shorter lifetime of singlet oxygen in water [35]. 

Although there are examples in the literature reporting similar strategies to probe the 

singlet oxygen production, a direct comparison is difficult, because different conditions 

are used: for example, different photosensitizers (phtalocyanines [33], porphyrin [2,36] 

and metalloporphyrins [37]), light sources, irradiation times, different vehicles and 

different anthracene derivatives, such as ABMA, DMA (9,10-dimethyl-anthracene) and 

ADPA (9-[(2,2′-dipicolylamino)methyl]anthracene)[32,36,38], used to detect reactive 

oxygen species in particular singlet oxygen. 

Photodynamic effect of Na-ZnTCPP on cell cultures 

Cell viability 24 h after treatments with Na-ZnTCPP was evaluated by MTT assay (see 

Supplementary Material Section 5 Figure S12). In dark conditions, incubation with 1 
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µM Na-ZnTCPP did not significantly modify the viability of MCF-10A cells, whereas 

treatments with a higher concentration (3 µM Na-ZnTCPP) induced a decrease in cell 

survival. In contrast, SKBR-3 cells showed a decrease in cell viability at both 

concentrations. When irradiated (10 min), both cell lines, treated either with 1 and 3 µM 

Na-ZnTCPP, showed a significant decrease in cell survival, but without significant 

differences between both cell lines, in accordance to preliminary data [39].  

Actin microfilaments and nuclear morphology were observed by Alexa-Fluor®594-

conjugated Phalloidin and H-33258 staining. In absence of irradiation, both cell lines 

treated either with 1 or 3 µM Na-ZnTCPP did not present actin microfilaments or 

nuclear alterations (Figure 3 a) and c)). In contrast, after 10 min of irradiation, and at 

both concentrations of Na-ZnTCPP, MCF-10A cells showed a high disorganization of 

actin microfilaments and no stress fibres were observed, although nuclei remained 

unaltered (Figure 3 b)). SKBR-3 cells after irradiation showed a similar disorganization 

of the actin cytoskeleton but some apoptotic or necrotic nuclei were observed (Figure 3 

d)). 

 

Figure 3. Cells incubated with 3µM Na-ZnTCPP for 24 h, kept in darkness (DT) and 

processed 24 h after with Alexa-Fluor®594-conjugated Phalloidin (red) and 
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counterstained with Hoechst-33258 (blue) a) and c). Cells incubated with 3µM Na-

ZnTCPP for 24 h, irradiated 10 min and processed 24 h after photodynamic treatments 

with Alexa-Fluor®594-conjugated Phalloidin (red) and counterstained with Hoechst-

33258 (blue) b) and d). Scale bar, 10 µm. 

Photodynamic effect of Na-ZnTCPP-1·GNP on cell cultures 

Prior to the phototoxicity study of Na-ZnTCPP-1·GNP, the uptake and cytotoxicity of 

1·GNP in MCF-10A and SKBR-3 cells was evaluated. 1·GNP uptake after 24 h 

incubation was observed under bright field microscope (see Supplementary Material 

Section 5 Figure S13 a) and b)). In MCF-10A cells, the majority of nanoparticles were 

distributed around the nuclei forming aggregates of variable size. In contrast, SKBR-3 

cells were able to internalize 1·GNP but in a lesser quantity, and many remained 

attached to the plasma membrane. The effect of 1·GNP on cell viability showed that 24 

h after irradiation, the presence of 1·GNP did not reduce significantly the viability of 

MCF-10A cells, but significantly reduced SKBR-3 cells survival at both studied 

concentrations (70 or 200 µg/ml), (see Supplementary Material Section 5 Figure S13 

c)). Finally, the presence of 1·GNP inside the cells did not alter actin cytoskeleton or 

nuclear morphology (see Supplementary Material Section 5 Figure S13 d)-g), and under 

bright field microscope we confirmed that 1·GNP remained inside the cells, with a 

similar pattern to that previously described. 

The cytotoxicity of Na-ZnTCPP-1·GNP 24 h after treatments was evaluated by MTT 

assay (see Supplementary Material Section 5 Figure S14). In dark conditions MCF-10A 

cells viability was not affected at both Na-ZnTCPP-1·GNP concentration. However, 

SKBR-3 cells showed a concentration-dependent decrease of cell survival. After 

irradiation, both cell lines showed a decrease in cell viability although MCF-10A treated 

with 1µM Na-ZnTCPP-1·GNP presented higher resistance to photodynamic treatments 
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than MCF-10A cells treated with 3µM Na-ZnTCPP-1·GNP or SKBR-3 cells subjected 

to treatments with both concentrations of Na-ZnTCPP-1·GNP. 

As observed for 1·GNP, MCF-10A showed a higher uptake of Na-ZnTCPP-1·GNP 

than SKBR-3 cells (Figure 4 a) and c)). It has been reported that MCF-10A cells can 

internalize both positively and negatively charged particles, whereas in SKBR-3 cells 

the uptake of negative charged particles is low [40,41]. The differences in cell uptake 

can be explained because Na-ZnTCPP-1·GNP are negatively charged. After 

irradiation, most of MCF-10A cells treated with 1µM Na-ZnTCPP-1·GNP remained 

unaltered, but some detached and contracted cells were observed (Figure 4 b)). On the 

contrary, most of the SKBR-3 cells subjected to the same treatments were floating in the 

medium and showed blebs in their plasma membrane (Figure 4 d)). 
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Figure 4. Cells incubated with 1µM Na-ZnTCPP-1·GNP for 24 h and observed under 

DIC microscope a) and c). Cells incubated with 1µM Na-ZnTCPP-1·GNP for 24 h, 

irradiated 10 min with red light and observed after 24 h under DIC microscope b) and 

d). Cells incubated with different concentrations of Na-ZnTCPP-1·GNP for 24 h, 

irradiated 10 min with red light and processed after 24 h for Hoechst-33258 staining e)-

h). Scale bar, 10 µm. 

 

Nuclear staining with H-33258 confirms these results: MCF-10A cells treated 1µM Na-

ZnTCPP-1·GNP showed most of the nuclei unaltered, but with some apoptotic or 

necrotic nuclei (Figure 4 e)). In contrast, the same cells treated with 3µM Na-ZnTCPP-

1·GNP showed a predominant necrotic morphology (Figure 4 f)). SKBR-3 cells treated 

with both concentrations of Na-ZnTCPP-1·GNP showed an important decrease in cell 

density and the cells that remained attached showed necrotic or apoptotic morphology 

(Figure 4 g) and h)). 

Subcellular localisation of Na-ZnTCPP-1·GNP was evaluated by cell staining with 

Lysotracker® Red DND-99, a fluorescent dye for labelling acidic organelles, like 

lysosomes, in live cells. In both cell lines, Na-ZnTCPP-1·GNP mostly colocalise with 

lysosomes after 24 h of incubation (see Supplementary Material Figure S15). It is 

known that many photosensitizers accumulate in lysosomes and after photodynamic 

treatments they are able to induce apoptosis by the releasing of some proteases like 

cathepsins [42] or by relocation to other subcellular compartments, where they can 

activate different cell death pathways [43, 44]. In this sense, further studies should be 

performed in order to evaluate how cell death is triggered by Na-ZnTCPP-1·GNP 

photodynamic treatments. 
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Examination of the stability of the complex of Na-ZnTCPP and 1·2Br formed on a 

gold surface in different pH solutions reveals that the amount of Na-ZnTCPP released 

from the complex is negligible (see Supplementary Material Section 6 Figure S16). 

Conclusion 

In this work, we successfully prepared new water–soluble 1·GNP based on bis-

pyridinium amphiphiles 1·2Br following a monophasic method using as stabilizer 

agents α-thio-ω-carboxy-polyethylene glycol, to make the nanoparticles water soluble, 

and the pyridinium salt 1·2Br, which also acted as host to incorporate Na-ZnTCPP in 

the Na-ZnTCPP-1·GNP. The obtained porphyrin-loaded GNP are spherical and 

monodisperse, and the incorporation of the photosensitizer did not cause aggregation, 

thus suggesting they can be used as essentially single particle delivery system. The 

incorporation of the Na-ZnTCPP into the Na-ZnTCPP-1·GNP notably increased the 

capacity of the photosensitizer to generate singlet oxygen, which may be due to an 

enhancement effect of the GNP gold core on the porphyrin activity. SKBR-3 tumoral 

cells showed more sensitivity to Na-ZnTCPP-1·GNP, in dark conditions or after 

irradiation, than MCF-10A non-tumoral cells. Subcellular localisation of Na-ZnTCPP-

1·GNP indicates that in both cell lines, Na-ZnTCPP-1·GNP mostly colocalise with 

lysosomes after 24 h of incubation. Additionally, examination the stability of the 

complex of Na-ZnTCPP and 1·2Br formed on a gold surface in different pH solutions 

reveals that the amount of Na-ZnTCPP released from the complex is negligible.  

These findings suggest that the synthesized Na-ZnTCPP-1·GNP are a promising 

nanosystem for PDT. Future work includes the incorporation of antibodies through 

immobilization using the α-thio-ω-carboxy-polyethylene glycol present on the Na-

ZnTCPP-1·GNP, to actively target cancer cells. 

Appendix A. Supplementary data  
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Supplementary data related to this article can be found at 

http://dx.doi.org/10.1016/j.colsurfb.xxxx.xx.xxx. 
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1) Synthesis and characterization of the porphyrin Na-ZnTCPP  

 

Materials: Dimethylformamide (DMF), ethanol (EtOH) and dimethylsulfoxide-d6 

(CD3)2SO were purchased from Sigma-Aldrich (Germany). 4,4′,4′′,4′′′-(Porphine-

5,10,15,20-tetrayl)tetrakis(benzoic acid) (H2TCPP) was purchased from Sigma-Aldrich 

(Germany). Zinc acetate and sodium hydroxide (NaOH) were purchased from Merck 

(Germany). 

 

Methods: Melting points were measured using a CTP-MP 300 hot-plate apparatus with 

ASTM 2C thermometer using crystal capillaries purchased from Afora. 
1
H-NMR 

spectra were recorded on a Varian Gemini 300 spectrometer (300 MHz) and on a Varian 

Mercury 400 spectrometers (400 MHz) from Centres Cientifics i Tecnològics de la 

Universitat de Barcelona (CCiT-UB). 
1
H-NMR spectra were determined using 

(CD3)2SO as solvent. The chemical shifts are expressed in parts per million (ppm) 

relative to the central peak of the solvent. Matrix Assisted Laser Desorption Ionization-

Time of Flight Mass Spectrometry (MALDI-ToF-MS) analysis were performed using a 

Voyager-DE-RP mass spectrometer (Applied Biosystem, Framingham, USA) from 

CCiT-UB. MS analysis was operated in the delayed extraction positive mode using 2,5-

Dihydroxybenzoic acid (DHB) as a matrix. UV-visible absorption spectra were obtained 

in water using UV-1800 Shimadzu UV spectrophotometer, using quartz cuvettes with a 

1 cm path length. Infrared spectroscopy was performed in a Perkin-Elmer Spectrum One 

FTIR Spectrometer provided with a Universal Attenuated Total Reflectance accessory 

(U-ATR) at the Institut de Ciència de Materials de Barcelona (ICMAB-CSIC). 

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. 
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Zinc(II)meso-tetrakis(4-carboxyphenyl)porphyrin sodium salt (Na-ZnTCPP) was 

synthetized according to the previous report.[1,2] As shown in Scheme S1, A solution 

of H2TCPP (45 mg, 0.05 mmol) in dry DMF (20 mL) was refluxed under argon during 

30 minutes. Then, zinc acetate (0.12 g, 0.54 mmol) was added to the solution and the 

mixture was stirred overnight at 153 °C under an argon atmosphere. After this time, the 

mixture was cooled down to room temperature and the solvent was evaporated using 

rotary evaporator. The residue was washed with ethanol (3 x 20 mL). The solid obtained 

was added to a solution of NaOH (14 mg, 0.34 mmol) in 15 mL of water, and the 

solution was kept on stirring overnight at room temperature. The solvent was 

evaporated using a rotary evaporator and the residue washed with ethanol (3 x 10 mL) 

and dried to give Na-ZnTCPP as a purple solid (46 mg, 94%): mp˃ 300 °C, 
1
H-NMR 

(400 MHz, (CD3)2SO, 25°C): 8.88 (s, 8H, β-pyrrole), 8.29 - 8.19 (m, 16H, Ar-H), 

MALDI-ToF-MS m/z: 940.6 (100%) [M]
+
, UV-vis (water) 423, 557 and 593 nm and 

IR-ATR spectrum (cm
-1

): 999, 1385, 1548 and 1592.  

 

 

 

 

 

 

 

Scheme S1. Synthesis of porphyrin Na-ZnTCPP 
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Figure S1. UV-vis absorption spectra of Na-ZnTCPP (0.4 µM) recorded in water. 

 

 

 

The Na-ZnTCPP spectrum shows the Soret band peak at 423 nm and the two Q bands 

at 557 and 593 nm. This result confirms the incorporation of the Zn into the core of the 

metal free porphyrin H2TCPP to obtain the metalloporphyrin Na-ZnTCPP. 
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Figure S2. 
1
H-NMR spectrum of Na-ZnTCPP recorded in (CD3)2SO at 400 MHz. 

 

 

 

The 
1
H-NMR spectrum at 400 MHz of porphyrin Na-ZnTCPP, acquired in (CD3)2SO 

at room temperature, exhibits very narrow signals. The corresponding signal of Hβ-

pyrrole appears at δ 8.86 ppm and the signals in the aromatic area are well defined. 

Moreover, the corresponding signal assigned to N-H hydrogens in the centre of the 

metal porphyrin is not observed in the case of Na-ZnTCPP. 
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Figure S3. MALDI-ToF-MS (m/z) spectrum of Na-ZnTCPP with matrix DHB. 

 

 

 

MALDI-ToF-MS was used to characterize the porphyrin Na-ZnTCPP. The spectrum 

was recorded using the matrix DHB, with no aggregates, fragments or structurally 

similar by-products from the synthesis were observed. The molecular peak is observed 

at 940.6 m/z. 

  



Chapter 3.1 

121 
 

 

Figure S4. IR-ATR spectrum of porphyrin Na-ZnTCPP. 

 

 

 

 

The FT-IR spectra of H2TCPP has been reported in the literature, showing a strong 

band at 1701 cm
-1

 due to the ν(C=O) stretch and a broad band in the region of 1270 cm
-1

 

due to the ν(C–O) stretch of the carboxylic acid groups [3], while in the case of the 

synthetized porphyrin Na-ZnTCPP a strong band at 1385 cm
-1

 is observed 

corresponding to the symmetric ν (COO
-
). Other peaks were observed at 1548 and 1592 

cm
-1 

corresponding to the stretching mode of the aromatic ring. On the other hand, the 

appearance of ν (Zn–N) stretch at 999 cm
-1

 indicates that the Na-ZnTCPP complex was 

successfully synthesized. 
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2) Characterization of 1·GNP and Na-ZnTCPP-1·GNP 

 

 

Figure S5. Transmission electronic microscopy (TEM) images of a) 1·GNP, b) Na-

ZnTCPP-1·GNP and c), d) their corresponding size distribution histograms. 

 

 

Figure S6. UV-vis absorption spectra of Na-ZnTCPP and Na-ZnTCPP-1·GNP both 

at 2 µM of porphyrin in water a), and Fluorescence emission spectra of Na-ZnTCPP 

following excitation at 421 nm and Na-ZnTCPP-1·GNP both at 2 μM of porphyrin 

recorded in water at 25 °C b). 
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3) Quantification of Na-ZnTCPP incorporated into Na-ZnTCPP-1·GNP 

 

 

 

 

Figure S7. a) UV-vis absorption spectra of Na-ZnTCPP at different concentrations 

(0.5-10 µM) in water, and b) the corresponding calibration curve. 
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Figure S8. UV-Vis absorption spectra of Na-ZnTCPP-1·GNP (red line) and 

calculations for the concentration of incorporated porphyrin into Na-ZnTCPP-1·GNP.  
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Subtracting the Abs at 430 nm (0.284) – Abs at 470 nm (0.114) = 0.170 nm 

If we applied the Lambert Beer law:  

Abs = Ԑ·cm·C (Ԑ423nm = 3.6 x10
5
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We obtain C= 0.94 µM 
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Table S1. Calculations for the quantification of the incorporated porphyrin Na-

ZnTCPP into the Na-ZnTCPP-1·GNP 

Porphyrin
 

Soret 

band 

(nm) 

Abs
a 

Soret 

band 

Abs
a 

470 nm 
Abs

b 
ε 

(M
-1

 cm
-1

) 

[Porphyrin] 

(M) 

Molecules 

(porphyrin) 

Na-ZnTCPP
c 430 0.284 0.114 0.170 3.6 x 10

5
 9.4 x 10

-7
 1.7 x 10

15
 

        

GNP
 

Abs SPR Abs450 nm d(nm)
d 
ε (M

-1
 cm

-
) 

[GNP] 

(M) 

Molecules 

(GNP) 
 

Na-ZnTCPP 

-1·GNP 
0.14350 0.12625 9 4.4 x 10

7
 2.9 x 10

-9
 5.2 x 10

12
  

 

a 
Abs: absorbance. 

b 
Abs: 

 
Normalization of the Soret Band peak absorbance of the porphyrin was applied 

because of the influence on the spectra of the Na-ZnTCPP-1·GNP SPR peak 

(subtraction between the absorbance of the Soret Band peak of Na-ZnTCPP at 423 nm 

and the absorbance of the porphyrin into Na-ZnTCPP-1·GNP sloping background at 

470 nm. 

c 
porphyrin incorporated into Na-ZnTCPP-1·GNP. 

 d 
d: Diameter obtained by TEM. 
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4) Porphyrin activity (singlet oxygen production) 

 

 

 

Figure S9. Fluorescence intensity decay of ABMA with time after irradiation in water 

at 25 °C: a) ABMA, b) ABMA with 1·GNP c) ABMA with free porphyrin Na-

ZnTCPP and d) with Na-ZnTCPP-1·GNP.  
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Figure S10. Percentage decay of ABMA measured at 431 nm upon irradiation (400-500 nm) of: 

AMBA (black line), 1·GNP (red line), Na-ZnTCPP (light blue line) and Na-ZnTCPP-1·GNP 

(dark blue line). 

 

% 𝒓𝒂𝒕𝒆 𝒐𝒇𝑨𝑩𝑴𝑨 𝒑𝒉𝒐𝒕𝒐𝒃𝒍𝒆𝒂𝒄𝒉𝒊𝒏𝒈 =
(% 𝑰𝑭𝟒𝟑𝟏𝒂𝒕𝒕 = 𝟎𝒎𝒊𝒏) − (% 𝑰𝑭𝟒𝟑𝟏𝒂𝒕𝒕 = 𝟔𝟎𝒎𝒊𝒏)

𝟔𝟎𝒎𝒊𝒏 ×  [𝒑𝒐𝒓𝒑𝒉𝒚𝒓𝒊𝒏](𝝁𝑴)
 

 

Equation S1. Equation followed to calculate the maximum rate of ABMA photobleaching. IF 

is the Intensity of Fluorescence. 

 

 

Figure S11. Percentage rate of the photobleaching of ABMA at 431 nm, after porphyrin 

concentration normalization. 
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5) Biological experiments  

 

Photodynamic effect of Na-ZnTCPP on cell cultures 

 

 

 

 

Figure S12. Viability of MCF-10A and SKBR-3 cells measured by MTT assay 24 h 

after treatments. Cells were incubated with different concentrations of Na-ZnTCPP and 

a) kept in dark conditions or b) irradiated 10 min in the range of 620-630 nm (red light). 

Different superscripts denote groups of significance. 

  

a) b)
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Cytotoxicity and internalization of 1·GNP 

 

Figure S13. a) MCF-10A and b) SKBR-3 cells incubated with 200 µg/ml 1·GNP for 24 

h and observed under DIC microscope. c). Viability of MCF-10A and SKBR-3cells 

measured by MTT assay 24 h after treatments. Cells were incubated with different 

concentrations of 1·GNP and irradiated 10 min with red light. Different superscripts 

denote groups of significance. d)-g). Cells incubated 24 h with 200 µg/ml 1·GNP, 

irradiated 10 min with red light, processed 24 h after for Alexa-Fluor®594-conjugated 

Phalloidin (red) and Hoechst-33258 (blue), and observed under 594 nm excitation d) 

and f) or bright field e) and g). Scale bar, 10 µm. 

) )

)

) )
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Cytotoxicity of Na-ZnTCPP-1·GNP 

 

 

 

 

 

Figure S14. Viability of MCF-10A and SKBR-3 cells measured by MTT assay 24 h 

after treatments. Cells were incubated with different concentrations of Na-ZnTCPP-

1·GNP and a) kept in dark conditions or b) irradiated 10 min with red light. Different 

superscripts denote groups of significance. 
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Figure S15. Living cells incubated with 3µM Na-ZnTCPP-1·GNP for 24 h, stained 

with Lysotracker® Red DND-99 and observed under Confocal Scanning Laser 

Microscope. MCF-10A cells observed a) under 577 nm excitation, b) under bright field 

microscope and c) merged image. SKBR-3 cells observed d) under 577 nm excitation, 

e) under bright field microscope and f) merged image. Arrows point some 

representative nanoparticles that colocalise with lysosomes. Scale bar, 10 µm. 
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6) Release study of Na-ZnTCPP previously incorporated on gold surfaces 

functionalized with pyridinium salt 1·2Br 

 

A study was performed to assess if the porphyrin Na-ZnTCPP remains immobilized on 

Na-ZnTCPP·1GNP. Briefly, square gold surfaces (0.5 cm x 0.5 cm) were cleaned with 

piranha and washed thoroughly with milliQ water. Then, the surface was incubated with 

a solution of the host molecule 1·2Br (2 mM in chloroform) for 48 hours. Afterwards, 

the surfaces were rinsed with chloroform and dried with nitrogen, and incubated for 48 

hours with an aqueous solution of Na-ZnTCPP (160 uM). The surfaces were rinsed and 

dried with nitrogen. Then, the release of Na-ZnTCPP from the surfaces was performed 

in different receptor solutions: milliQ water, PBS 100 mM pH 7.4 and PBS 100 mM pH 

5.5. To determine the total amount of porphyrin immobilized on the surfaces, the 

concentration of porphyrin in the solution was determined prior and after the incubation 

with the surfaces. 

It was observed that when the receptor solutions were milliQ water and PBS 100 mM 

pH 5.5, no peak corresponding to Na-ZnTCPP could be identified, suggesting that the 

porphyrin is retained by the host molecule 1·2Br on the gold surface. In the case of PBS 

100 mM pH 7.4, a small percentage of the total immobilized porphyrin to be released 

(0.06 %) after 24 hours of incubation with the receptor medium. This was the maximum 

release ever observed. The percentage is so low, that we consider it negligible (Figure 

S16). 

The obtained results suggest that the interaction between the porphyrin and the host 

molecule is so strong that even when the 1·2Br is also establishing an interaction with 

the gold surface, it maintains its ability to bind strongly the porphyrin. 
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Figure S16. Release profile of the porphyrin Na-ZnTCPP from a gold surface 

functionalized with the compound 1·2Br. 
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Abstract 

The metalloporphyrins have attracted considerable interest in the last years due to their 

variety of potential applications in photochemistry, molecular recognition, sensors, and 

molecular machines or in photodynamic therapy. Different vehicles such as gold 

nanoparticles, silica nanoparticles, and polymeric microparticles containing 

metalloporphyrins to use in photodynamic therapy have been reported. Moreover the 

non-covalent immobilization of metalloporphyrin on polysilicon surfaces and 

microparticles using pyridinium and imidazolium salts as hosts has not been yet 

reported. In this context, we aimed synthetize and characterize two groups of compound 

based on pyridinium 1, 2, 5 and 6 and imidazolium salts 3, 4, 7 and 8 to be used as hosts 

in the non-covalent and covalent functionalization of two polysilicon substrates 

(surfaces and microparticles). After the functionalization of the substrates the water-

soluble porphyrin Na-ZnTCPP was incorporated. The polysilicon substrates were 

successfully functionalized and also characterized by contact angle to confirm the 

immobilization of the pyridinium salts, imidazolium salts and Na-ZnTCPP. The 

presence of the porphyrin Na-ZnTCPP was also detected by fluorescence microscopy 

and finally the amount of the incorporated photosensitizer was calculated in order to 

obtain the optimum systems potentially suitable for photodynamic therapy (PDT). 

Introduction 

In the last years the combination of micro- and nanotechnology has been considered as 

extremely relevant to biomedical science and applications.[1–3] Advancements in 

micro- and nano-fabrication methods have provided new means of fabricating micro- 

and nano-devices for drug and gene delivery,[4–6] tissue engineering,[7] 

biosensors[8,9] and diagnostic systems, like proteins[8], DNA microarrays[10] and 

microfluidic circuits for biochemical sample preparation.[11] 

Different materials have been employed as substrates for the formation of self-

assembled monolayers (SAMs), but gold[3,12]
 
and silicon[9,13] are the most widely 

used and studied, because of the ease of using thiol and silane chains, respectively, to be 

attached onto the corresponding surfaces to form well-organized SAMs and also 

because the substrates are biocompatible materials. Some of the most important 

challenges concerning SAMs usage are to select a methodology to obtain a well-

organized SAMs, to find a simple method to characterize and quantify the 
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monolayer,[14] and, more significantly, to be able to correlate chemical synthesis, 

characterization and function of the new material. Besides the
 
SAMs have been 

synthetized to produce biosensors, super hydrophilic/hydrophobic surfaces, charged 

surfaces or to endow substrates of several properties.[15,16] So it provides great 

potential in surface design of nanolayers for bioactive coating for biomedical devices 

such as drug delivery and sensor systems.[17–20] 

Moreover, the use of photosensitizer in particular metalloporphyrins have been 

increasingly studied in the last decades, due to their numerous applications in different 

areas such as photochemistry, molecular recognition, sensors, molecular machines or in 

PDT.[21–23] Different vehicles such as gold nanoparticles,[24] silica nanoparticles,[25] 

and polymeric microparticles[25] containing metalloporphyrins to use in PDT have 

been reported. Moreover the non-covalent immobilization of metalloporphyrins on 

polysilicon surfaces and microparticles using different compounds based on pyridinium 

and imidazolium salt as hosts has not been yet reported. 

In this context, we aimed to synthetize and characterize two groups of compound based 

on pyridinium 1, 2, 5 and 6 and imidazolium salts 3, 4, 7 and 8 to be used as hosts in the 

non-covalent and covalent functionalization of polysilicon substrates (surfaces and 

microparticles). After the functionalization of the substrates the water soluble porphyrin 

Na-ZnTCPP was incorporated and also its anionic nature favors the electrostatic 

interaction between their negatives charges and the positive charges of the pyridinium 

and imidazolium salts. The functionalization was always attempted first using 

polysilicon surfaces, mainly because they are easier to manipulate and characterize, and 

the synthetic methodology was then adapted to microparticle functionalization. The 

successful functionalization of the surfaces was following by contact angle to confirm 

the immobilization of the pyridinium salts, imidazolium salts and the porphyrin Na-

ZnTCPP in the polysilicon surfaces, while in the case of microparticles the 

fluorescence microscopy was used to detect the presence of the porphyrin and also the 

amount of the incorporated photosensitizer was calculated in order to obtain the 

optimum systems potentially suitable for PDT. 
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Material and Methods 

Solvents: Acetonitrile (MeCN), dichloromethane (DCM), methanol (MeOH), isopropyl 

ether, chloroform (CHCl3), ethanol (EtOH), toluene, chloroform-d (CDCL3) and 

deuterium oxide (D2O) were purchased from Sigma-Aldrich (Germany).  

Reagents: 4-methylpyridine, 1-octadecanol, 4-chloropyridine hydrochloride, hydrogen 

peroxide (30%), 1-methyl imidazole, ammonium hydroxide (20%), copper sulphate 

pentahydrate, sodium L-ascorbate and 11-azidoundecyltrimethoxy silane were 

purchased from Sigma-Aldrich (Germany). Sodium sulfate (Na2SO4), 6N hydrochloric 

acid (HCl) and sulfuric acid (98%) were purchased from Scharlau (Spain). Metallic 

sodium was purchased from Panreac (Spain). (6-{2-[2-(2-

Methoxyethoxy)ethoxy]ethoxy}hexyl)trimethoxysilane (MTMS) was purchased from 

Sikemia (France).  

Methods: Melting points were measured by CTP-MP 300 hot-plate apparatus with 

ASTM 2C thermometer using crystal capillaries purchased from Afora. 1
H-NMR 

spectra were recorded on a Varian Gemini 300 spectrometer (300 MHz) and on a Varian 

Mercury 400 spectrometer (400 MHz) from Centres Cientifics i Tecnològics de la 

Universitat de Barcelona (CCiT-UB). 13
C-NMR: Varian Mercury 400 (100 MHz) from 

CCiT-UB. NMR spectra were determined using CDCl3, or D2O as solvent with TMS 

(tetramethylsilane) as internal standard. The chemical shifts are expressed in parts per 

million (ppm) relative to the central peak of the solvent. Matrix Assisted Laser 

Desorption Ionization-Time of Flight Mass Spectrometry (MALDI-ToF-MS) analysis 

were performed using a Voyager-DE-RP mass spectrometer (Applied Biosystem, 

Framingham, USA) and High resolution mass spectra (HRMS) were obtained by 

Electrospray (ESI) on a LC/MSD-ToF mass spectrometer (Agilent Technologies, 2006) 

from CCiT-UB. MS analysis was operated in the delayed extraction mode using 2,5-

dihydroxybenzoic acid (DHB) as a matrix. Thin layer chromatography (TLC) was 

performed on a Merck silica gel plates coated with F254 fluorescent indicator. Column 

chromatography was carried out on silica gel 60 (Merck 9385, 230-400 mesh). UV-

visible absorption spectra were obtained using an UV-1800 Shimadzu UV 

spectrophotometer, using quartz cuvettes with a 1 cm path length. Absorption spectra 

were determined in water. The infrared (IR) spectra were collected on a Thermo Nicolet 

Avatar 320 FT-IR spectrometer at room temperature in the range of 4000–400 cm
−1

, in 

KBr pellets (1% of the sample). Contact angles were measured in air with high purity 
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deionized water by a 3 μL drop using a contact angle goniometer (THETALITE 100 

with the software OneAttension, Finland), in order to determine the hydrophobicity of 

the modified surfaces. Values of the contact angle on at least three samples were 

measured to give statistical significance. Particle counting was performed 

approximately 100 µl of particles suspension into a Neubauer Chamber and counting 

the particles with an optical microscopy. Fluorescence images were obtained with a 

Leica DMIRD microscope at the CCiT-UB equipped with an inverted fluorescence 

microscope. 

Synthesis and characterization of the different compounds  

The synthesis of compounds 1,3-Bis(4-methyl-1-pyridiniomethyl)benzene dibromide 

(1), 1,3-Bis(4-octadecyloxy-1-piridiniomethyl)benzene dibromide (2), 1,3-Bis(1-

imidazolylmethyl) benzenedibromide (3), 1,3-Bis[(3-octadecyloxy-1-

imidazolio)methyl]benzene dibromide (4), 1,3-Bis(4-octadecyl-1-imidazolylmethyl)-5-

propargyloxybenzene dibromide (8) and the porphyrin Na-ZnTCPP have been reported 

elsewhere[26-31]. 

 

1,3-Bis(4-methyl-1-piridiniomethyl)-5-propargyloxybenzene dibromide (5): The 

three precursors of 5 (dimethyl-5-propargyloxyisophtalate, 1,3-dihydroxymethyl-5-

propargyloxybenzene and 1,3-dibromomethyl-5-propargyloxybenzene) were 

synthetized following protocols previously reported.[32] 

A solution of 4-methylpyridine (0.63 g, 6.7 mmol) in dry MeCN (13 mL) was stirred for 

1 h at 75 °C under argon atmosphere. After this time a solution of 1.3-dibromomethyl-

5-propargyloxybenzene (1.16 g, 1.89 mM) in dry MeCN (5 mL) was added to the flask 

and stirred overnight. After cooling down to room temperature, the suspension was 

filtered off, and the white solid was washed with MeCN (5 mL) and dried to afford 5 

(1.62 g, 97%): mp=270 °C: 
1
H-NMR (400 MHz, D2O, 25 °C): δ 8.54 (d, J = 6.4 Hz, 

4H), 7.76 (d, J = 5.9 Hz, 4H), 6.97 (s, 3H), 5.59 (s, 4H), 6.67 (s, 2H), 2.54 (s, 7H). 
13

C-

NMR (100 MHz, D2O, 25 °C): δ 160.9 (Ar-C 1), 158.1 (Py-C 3), 143.1 (Py-C 1,5), 

135.9 (Ar-C 3, 5), 128.8 (Py-C 2, 4), 122.0 (Ar-C 4), 116.3 (Ar- C 2, 6), 78.0 (O-

CH2CCH), 77.0 (O-CH2CCH), 62.6 (N-CH2), 56.1 (O-CH2CCH), 21.1 (CH3). MALDI-

ToF-MS m/z: 488.1 (28%) [M-CH3]
+
, 423.1 (20%) [M-Br]

+
, 343.1 (100%) [M-2Br]

+
, 

329.9 (90%) [M-2Br (CH3)]
+
. HMRS (ESI) m/z: (C23H24N2O-2Br)

+
 calculated 344.1878 

found 343.1813. IR spectrum (KBr, cm
-1

): 2103, 1638 and 1466. 
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1,3-Bis(4-octadecyl-1-piridiniomethyl)-5-propargyloxybenzene dibromide (6): 

Metallic sodium (0.19 g, 8 mmol) was added to 1-octadecanol (2.19 g, 8 mmol) at 110 

°C for 2 h. Then 4-chloropyridine hydrochloride (0.49 g, 3.3mmol) was added and the 

mixture was stirred for 72 h at 110 °C. After cooling down to room temperature, water 

(15 mL) was added dropwise and the solution was neutralized with HCl 6N solution. 

The aqueous phase was extracted with DCM (4 x 15 mL), and the organic phase was 

dried with anhydrous Na2SO4, filtered and the solvent was evaporated in vacuum. The 

residue was purified using a silica gel column chromatography using diethyl ether/ 

DCM (7:3) as eluent, following by DCM/MeOH (9:1), obtaining 4-octadecyloxy-

pyridine (0.27 g, yield 25%). 

A solution of 4-octadecyloxy-pyridine (50 mg, 0.14 mmol) in dry MeCN (5 mL) was 

stirred for 1 h at 55 °C under argon atmosphere. After this time a solution of 1.3-

dibromomethyl-5-propargyloxybenzene (22.1 mg, 0.07 mmol) in dry MeCN (5 mL) 

was added to the flask and stirred for 48 h at 80 °C. After cooling down to room 

temperature and the solvent were evaporated in vacuum. The white solid was washed 

with MeCN (10 mL) and dried to afford 6 (67 mg, 96%): mp= 200 °C. 
1
H-NMR (400 

MHz, CDCl3, 25 °C): δ 9.68 (d, J = 8.0 Hz, 4H, H 2', '6), 7.88 (s, 1H, Ar-H2), 7.32 (d, J 

= 7.3 Hz, 2H, Ar-H 4, 6), 7.30 (d, J = 8.0 Hz, 4H, H 3', 5'), 7.21 (s, 1H, Ar-H5), 5.82 (s, 

4H, N-CH2), 4.31 (d, J = 7.0 Hz, 2H, -OCH2CCH), 4.16 (t, J = 6.0 Hz, 4H, O-CH2), 

2.50 (t, J = 6.0 Hz, 1H, -CCH) 1.79-1.72 (m, 4H, 2CH2), 1.33-1.26 (m, 4H, 2CH2), 1.16 

(s, 56H, 2(CH2)14), 0.81 (t, J = 6.5 Hz, 6H, 2CH3). 
13

C-NMR (100 MHz, CDCl3, 25°C): 

δ 170.5, (Py- C (4')), 158.1 (Ar- C 6), 147.0 (Py- C 2', 6'), 135.9 (Ar- C2, 4), 124.1 (Ar- 

C3), 116.9 (Ar-C 1,4), 114.0 (Py- C 3',5'), 77.8 (O-CH2CCH), 76.3 (O-CH2CCH), 71.4 

(O-CH2), 61.1 (N-CH2), 61.1 (O-CH2CCH), 31.89 (CH2), 29.6-29.2 (CH2)14, 28.3 

(CH2), 25.6 (CH2), 22.6 (CH2), 14.1 (CH3). MALDI-ToF–MS m/z: 930.7 (100%) [M-

Br]
+
. MRS (ESI) m/z: (C57H92N2O3Br2 -2Br-H)

2+ 
calculated 425.3710 found 426.3556. 

IR spectrum (KBr, cm
-1

): 2917, 1642 and 1466.
  

1,3-Bis(1-imidazolylmethylmethyl)-5-propargyloxybenzene dibromide (7): A 

solution of 1.3-dibromomethyl-5-propargyloxybenzene (1.38 g, 4.3 mmol) in dry 

MeCN (5 ml) was added to a solution of 1-methyl imidazole (0.71 g, 8.6 mmol) in dry 

MeCN (13 ml) and stirred for 24 h at 80 °C. After cooling down to room temperature, 

the suspension was filtered off, and the white solid was washed with MeCN (5 mL) and 

dried to afford 7 (1.73 g, 84%): mp=110 °C, 
1
H-NMR (400 MHz, D2O, 25 °C): δ ppm 
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3.73 (t, J = 1.0 Hz, 1H), 3.91 (s, 6H), 4.83 (s, 2H), 5.40 (s, 4H), 7.08-7.04 (m, 3H), 7.46 

(dd, J = 8.1 Hz, J = 8.0 Hz, 6H). C
13 

NMR (100 MHz, D2O, 25 °C): δ 35.9 (CH3), 52.1 

(N-CH2), 56.0 (O-CH2CCH), 77.0 (O-CH2CCH), 78.1 (O-CH2CCH), 115.7 (Ar-C 2, 6), 

121.4 (Ar-C 4) 122.0 (Im-C 3), 123.8 (Im-C2), 136.1 (Im-C1), 158.0 (Ar-C1). MALDI-

ToF-MS m/z: 401.0 (90%) [M- Br]
+
, 321.1 (100 %) [M-2Br]

+
, 241.1 (60%) [M-2Br 

(C4H6N2]
+
.  HMRS (ESI) m/z: (C19H22N4O-2Br)

+
 calculated 322.1800 found 321.1707. 

IR spectrum (KBr, cm
-1

): 3281, 2360 and 1467. 

Non-covalent functionalization of polysilicon surfaces with pyridinium 1 and 2 and 

imidazolium salts 3 and 4 

 

The polysilicon surfaces were submerged in a freshly prepared mixture of H2SO4 (98%) 

and H2O2 (30%) (Piranha solution), at a volume ratio of (1.4 mL, 0.6 mL, respectively) 

(7:3) for 1 h at room temperature, and then rinsed with water (5 x 3 mL). Freshly 

substrates were submerged in an alkaline mixture of NH4OH (20%), H2O2 (30%) and 

distilled H2O, at a volume ratio (0.3 mL, 0.3 mL, 1.4 mL, respectively) (1:1:5) for 30 

min to activate the surfaces and then rinsed abundantly with water (5 x 3 mL) and air 

dried. Then the hydroxylated surfaces were immersed in a solution of the compound 1 

(1.8 mg, 2 mM), or 3 (1.7 mg, 2 mM) in water (2 mL) or in a solution of the compound 

2 (3.8 mg, 2 mM) or 4 (3.6 mg, 2 mM) in DMSO, respectively and were stirred on an 

orbital shaker at 90 rpm for 6 h respectively. After the deposition time, the substrates 

were rinsed abundantly with water in the case of the surfaces immobilized with the 

compound 1 or 3 and DMSO for 2 or 4, (5 x 3 mL), respectively and air dried in all 

cases.  

The polysilicon surfaces used as control in the immobilization of pyridinium and 

imidazolium salts (1-4) were only immersed in a solution of each of these compounds in 

their corresponding solvent; water (2 mL) for the compound 1 or 3 and DMSO (2 mL) 

for 2 or 4. Additionally, a control of surfaces was analyzed, where the substrate was 

only immersed in the solvent used in each step of this functionalization.  

 

Covalent functionalization of polysilicon surfaces with pyridinium 5 and 6 and 

imidazolium salts 7 and 8  

 

The polysilicon surfaces were submerged in a freshly prepared mixture of H2SO4 (98%) 

and H2O2 (30%) (Piranha solution), at a volume ratio of (1.4 mL, 0.6 mL, respectively) 
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(7:3) for 1 h at room temperature, and then rinsed with water (5 x 3 mL). Freshly 

substrates were submerged in an alkaline mixture of NH4OH (20%), H2O2 (30%) and 

distilled H2O, at a volume ratio (0.3 mL, 0.3 mL, 1.4 mL, respectively) (1:1:5) for 30 

min to activate the surfaces. and then rinsed abundantly with water (5 x 3 mL) and air 

dried. Then the hydroxylated surfaces were immersed in a solution of 11-

azidoundecyltrimethoxysilane (1.3 mg, 2 mM) in toluene (2 mL). The substrates were 

stirred on an orbital shaker at 90 rpm for 24 h. After this time the surfaces were washed 

with toluene (5 x 3 mL) and EtOH (3 x 3 mL), and air dried. For the copper catalyzed 

Huisgen cycloaddition, the silane treated surfaces were functionalized in the mixture of 

copper sulphate (0.15 mg, 0.3 mM) in water (0.5 mL), sodium-L-ascorbate (0.40 mg, 

1.0 mM) in water (0.5 ml) and the compounds 5 (1 mg, 2 mM) in water (1 mL), 6 (2 

mg, 2 mM) in DMSO (1 mL), 7 (0.96 mg, 2 mM) in water (1 mL), or 8 (1.9 mg, 2 mM) 

in DMSO (1 mL), and were stirred on an orbital shaker at 90 rpm for 24 h. After the 

deposition time, the substrates were rinsed abundantly with water in the case of the 

surfaces immobilized with 5 and 7, DMSO in the case of the compound 6 and 8, (5 x 3 

mL) and air dried.  

The polysilicon surfaces used as control in the covalent immobilization of pyridinium 

and imidazolium salts 5-8 were only immersed in a solution of each of these compounds 

in their corresponding solvent; water (2 mL) for the compounds 5 and 7 and DMSO (2 

mL) for 6 and 8. Additionally, a control of surfaces was analyzed, where the substrate 

was only immersed in the solvent used in each step of this functionalization. 

 

Immobilization of the porphyrin Na-ZnTCPP into polysilicon surfaces 

 

The polysilicon surfaces functionalized with pyridinium salts 1, 2, 5 or 6 and 

imidazolium salts 3, 4, 7 or 8 were immersed in a solution of Na-ZnTCPP (3.7 mg, 2 

mM) in water (2 mL) and were stirred on an orbital shaker at 90 rpm for 24 h. After this 

time, the substrates were rinsed abundantly with water (5 x 3 mL), to eliminate the 

excess of Na-ZnTCPP and air dried, finally the surfaces were characterized using 

contact angle measurements, MALDI-ToF-MS and the presence of the porphyrin Na-

ZnTCPP was confirmed by fluorescence microscopy.  

The polysilicon surfaces used as control in the incorporation of Na-ZnTCPPP as 

photosensitizer were only immersed in an aqueous solution (2 mL) of this porphyrin. 
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Non-covalent functionalization of polysilicon microparticles with pyridinium 2 and 

imidazolium salts 4 

 

The functionalization was performed as follows: The mixture of H2SO4 (98%) and H2O2 

(30%) (Piranha solution), at a volume ratio of (0.7 mL, 0.3 mL, respectively) (7:3) was 

added to a microtube, containing approximately 10
6
 microparticles, and the 

microparticles were incubated for 1 h at room temperature and stirred on a vortex mixer 

at 400 rpm. The suspensions were then centrifuged for 15 minutes at 13500 rpm, 

washed (2 x 1mL) with water. Freshly an alkaline mixture of NH4OH (20%), H2O2 

(30%) and distilled H2O, at a volume ratio (0.1 mL, 0.1 mL, 0.7 mL, respectively) 

(1:1:5) were added to substrates for 30 min to activate the microparticles. After this time 

the suspensions were centrifuged for 15 min at 13500 rpm, washed (2 x 1mL) with 

water. Then a solution of the pyridinium salt 2 (1.9 mg, 2 mM) or imidazolium salt 4 

(1.8 mg, 2 mM) in DMSO were added to the substrates. All microtubes containing 

microparticles were stirred on a vortex mixer at 400 rpm for 6 h. After the 

functionalization time, the suspensions were centrifuged for 15 min at 13500 rpm, 

washed with their corresponding solvent used in the functionalization (5 x 1 mL) to 

eliminate the excess of the compound 2 or 4. Then, the supernatant was removed and a 

solution of MTMS (0.4 mg, 1 mM) in water (1 mL) was added to the microparticles and 

incubated for 2 h at 400 rpm. After this time, the suspensions were centrifuged for 15 

minutes at 13500 rpm, washed with distilled water (5 x 1 mL) to eliminate the excess of 

MTMS and then were air dried. 

The microtubes containing polysilicon microparticles used as control in the non-

covalent immobilization of pyridinium 2 and imidazolium salts 4 were only immersed 

in a solution of each of these compounds in DMSO (2 mL). Additionally, a control of 

microparticles was analyzed, where the substrate was only immersed in the solvent used 

in each step of this functionalization.  

 

Covalent functionalization of polysilicon microparticles with pyridinium 6 and 

imidazolium salts 8 

 

The mixture of H2SO4 (98%) and H2O2 (30%) (Piranha solution), at a volume ratio of 

(0.7 mL, 0.3 mL, respectively) (7:3) was added to a microtube, containing 

approximately 10
6
 microparticles, and the microparticles were incubated for 1 h at room 

temperature and stirred on a vortex mixer at 400 rpm. The suspensions were then 
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centrifuged for 15 minutes at 13500 rpm, washed (2 x 1 mL) with distilled water. 

Freshly an alkaline mixture of NH4OH (20%), H2O2 (30%) and distilled H2O, at a 

volume ratio (0.1 mL, 0.1 mL, 0.7 mL, respectively) (1:1:5) were added to substrates 

for 30 min to activate the microparticles. After this time the suspensions were 

centrifuged for 15 min at 13500 rpm, washed (2 x 1 mL) with distilled water and were 

air dried. Then a solution of 11-azidoundecyltrimethoxysilane (0.3 mg, 2 mM) in 

toluene (0.5 mL) was added to the substrates. All microtubes containing microparticles 

were stirred at 400 rpm for 24 h. After the functionalization time, the suspensions were 

centrifuged for 15 minutes at 13500 rpm, washed with toluene (5 x 1 mL) and EtOH (3 

x 1 mL), and then the substrates were air dried. Additionally, the mixture of copper 

sulphate (0.04 mg, 0.3 mM) in water (123 µL), sodium-L-ascorbate (0.09 mg, 1.0 mM) 

in water (114 µL) and the compounds 6 (0.5 mg, 2 mM) or 8 (0.5 mg, 2 mM) in DMSO 

(263 µL). All the microtubes containing microparticles were stirred on a vortex mixer at 

400 rpm for 24 h. Then, the microparticles functionalized were centrifuged for 15 min at 

13500 rpm, washed with the mixture H2O/DMSO (1:1) (5 x 1 mL), and then the 

substrates were air dried. Finally, a solution of MTMS (0.4 mg, 1 mM) in water (1 mL) 

was added to the microparticles and incubated for 2 h at 400 rpm. After this time, the 

suspensions were centrifuged for 15 min at 13500 rpm, washed with distilled water (5 x 

1 mL) to eliminate the excess of MTMS and then were air dried.  

The microtubes containing polysilicon microparticles used as control in the non-

covalent immobilization of pyridinium 6 and imidazolium salts 8 were only immersed 

in a solution of each of these compounds in DMSO (1 mL). Additionally, a control of 

microparticles was analyzed, where the substrate was only immersed in the solvent used 

in each step of this functionalization.  

 

Immobilization of the porphyrin Na-ZnTCPP into polysilicon microparticles 

A solution of porphyrin Na-ZnTCPP (1.9 mg, 2 mM) in water (1 mL) was added to the 

covalent and non-covalent functionalized microparticles with pyridinium salt 2 or 6, 

imidazolium salt 4 or 8 and MTMS. All microtubes were left for 48 h at room 

temperature on a vortex mixer at 400 rpm. After this time, the substrates were 

centrifuged for 15 min at 13500 rpm, washed with water (5 x 1 mL) to eliminate the 

excess of porphyrin Na-ZnTCPP. Then the functionalized microparticles were air dried 

and then suspended in 100 μL of ethanol to calculate the final concentration of µPs 

using a Neubauer Chamber. The characterization of the substrates was realized using 
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fluorescence microscopy to detect the presence of the porphyrin Na-ZnTCPP and the 

UV-visible absorption spectroscopy to determine the amount of incorporated porphyrin 

on polysilicon microparticles. 

The polysilicon microparticles used as control in the incorporation of Na-ZnTCPP as 

photosensitizer were only immersed in an aqueous solution (1 mL) of this porphyrin. 

Results and Discussion 

Synthesis and characterization of the different compounds 

In this work, we aimed to synthesize and characterize two different groups of 

compounds to functionalize covalent and non-covalent two polysilicon substrates 

(polysilicon surfaces and microparticles), with the subsequent immobilization of the 

photosensitizer Na-ZnTCPP as a high potential for use in PDT.  

The first group is based on the pyridinium salts 1 and 2 and imidazolium salts 3 and 4 

(see Supporting Information Figure S1), to be used as host in the non-covalent 

functionalization of the polysilicon materials (surfaces and microparticles), whereas in 

the case of the second group based on pyridinium salts 5 and 6 and imidazolium salts 7 

and 8 (see Supporting Information Figure S1) were used as host in the covalent 

functionalization of the polysilicon substrates. The covalent interaction between the 

different compounds of the second group with the polysilicon substrates are favored for 

the presence of the triple bond in theirs compounds 5-8.  

The synthesis of 5, 6 and 7 have not been yet reported (Scheme 1), while in the cases of 

the compounds 1, 2, 3, 4, 8 and the porphyrin Na-ZnTCPP were performed following 

protocols previously described.[26–31] On the other hand, the compounds 1-4 (first 

group) are connected by a 1,3-Bis(bromomethyl)benzene spacer; while in the cases of the 

compounds 5-8 (second group) are connected with a 1.3-dibromomethyl-5-

propargyloxybenzene spacer. Moreover, the pyridinium and imidazolium moieties bear 

chains of different length: 1, 3, 5 and 7 (1 carbon atom) and 2, 4, 6 and 8 (18 carbon 

atoms).  

The new compounds described in this work 5-7 are resulting in good yield as shown 

(Scheme 1). The compounds 5 and 7 were obtained in 94 and 84 % in yield, 

respectively by reaction of 4-methylpyridine or 1-methyl imidazole, respectively, with 

1.3-dibromomethyl-5-propargyloxybenzene in both cases (Scheme 1). The bis-

pyridinium salt 6 was obtained in two steps. First, treatment of 4-chloropyridine 
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hydrochloride with the aliphatic alcohol 1-octadecanol, afforded the corresponding 

alkoxypyridine, which was the limiting step, since it was difficult to purify as described 

elsewhere; the alkoxypyridine reacted with 1,3-dibromomethyl-5-propargyloxybenzene 

to afford 6 (96%) (Scheme 1). These newly synthesized compounds 5-7 were 

characterized by melting point, 
1
H-NMR, 

13
C-NMR and IR spectroscopies and MALDI-

ToF-MS. The results of the different techniques used for the characterization of the 

different compounds are shown in the Supporting Information Figures S2-S17. 

 

Scheme 1. Synthesis of pyridinium salts 5 and 6 and imidazolium salts 7 used in the 

covalent functionalization of the polysilicon substrates.  

 

Additionally, the porphyrin Na-ZnTCPP (see Supporting Information Figure S1) was 

selected in this work, to be used as photosensitizer agent, incorporated on polysilicon 

materials (surfaces and microparticles). This porphyrin has the advantage of being 

water-soluble favoring their use as photosensitizer and subsequent incorporation onto 

different systems, with a high potential for use in biomedical application in particular 

PDT[31,33] and also its anionic nature favors the electrostatic interaction between their 

negatives charges and the positive charges of the pyridinium 1, 2, 5 and 6 and 

imidazolium salts 3, 4, 7 and 8. On the other hand the non-covalent incorporation of this 
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photosensitizer into polysilicon materials provides an alternative delivery strategy with 

the potential for avoiding photosensitizer release and processing issues, which it has 

been reported for different drugs in different systems.[34–36] 

After the synthesis and characterization of the different compounds used in this work 1-

8 and Na-ZnTCPP, the polysilicon substrates were selected to be functionalized with 

these compounds, which are robust and biocompatible material.[8,37] The polysilicon 

surfaces (wafers) used have an area of approximately 1 cm
2
, cut from the 4 in wafer 

samples using a diamond scribe, and present a pattern of polysilicon microparticles with 

lateral dimensions 3.0 × 3.0 μm
2
 and 0.1 μm thickness on the thermal silicon oxide 

layer. The functionalization was always attempted first using wafers, mainly because 

they are easier to manipulate and characterize, and the synthetic methodology was then 

adapted to microparticle functionalization. The fabrication process of both polysilicon 

materials have been reported elsewhere.[8] 

 

Non-covalent and covalent functionalization of polysilicon surfaces with 

pyridinium and imidazolium salts 1-8, and subsequent incorporation of porphyrin 

Na-ZnTCPP 

 

Two different types of immobilization procedure (non-covalent and covalent) to link 

compounds based on pyridinium and imidazolium salts 1-8 to solid substrates in 

particular polysilicon surfaces and microparticles were optimized in this work.  

For the non-covalent immobilization of the compounds 1-4 and subsequent 

incorporation of the porphyrin Na-ZnTCPP in the polysilicon surfaces, three different 

steps were performed as shown in Scheme 2 a). The non-covalent immobilization of 

these compounds on the polysilicon surfaces followed the mechanism of interaction 

induced dipole (C-O), while in the case of the covalent immobilization of the surfaces 

with the compound 4-8 was necessary to realize 4 steps as shown in Scheme 2 b) and 

the covalent functionalization of the surfaces described in this work is based on the 

formation of covalent Si-O bands. On the other hand the silane reagent incorporates the 

desired alkyl chain with a functional group, in our case –N3 appropriate for posterior 

modification and linkage to the different compound 1-8 containing the alkene group to 

form a triazole i.e click chemistry.[38,39] After the immobilization of the polysilicon 

material with different compounds 1-8, the porphyrin Na-ZnTCPP was incorporated in 
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the surfaces to act as photosensitizer, where the positive charges present in the 

compounds 1-8 will interact with the negatively charged porphyrin derivative Na-

ZnTCPP through electrostatic interaction. Additionally, to study the presence of SAMs 

on the polysilicon surface, a negative control for each experiment was made. This 

negative control consisted of the same solvent as the one used to prepare the compounds 

solution, which in our case was water for 1, 3, 5 and 7, chloroform for 2 and 6, and 

MeCN for the compounds 4 and 8. 

 

Scheme 2. a) and b), non-covalent and covalent functionalization of the polysilicon 

surfaces, respectively, with pyridinium 1-4 and imidazolium salts 5-8. In both cases 

after the functionalization of the subtrates with the diffrents compounds the porphyrin 

Na-ZnTCPP was immobilized. 

Additionally, both functionalization’s non-covalent and covalent of polysilicon surfaces 

with 1-8 were characterized by contact angle, while the incorporation of Na-ZnTCPP 

was followed by contact angle and fluorescence microscopy. The contact angle values 

obtained for the controls, the surfaces functionalized non-covalent and covalent with the 

corresponding compounds, and with the subsequent immobilization of porphyrin Na-

ZnTCPP are shown in the Supporting Information Tables S1 and S2, respectively. The 

contact angle values obtained for the polysilicon surfaces after washing and activation 

was 13 ± 2. In all cases of the polysilicon surfaces functionalized with the different 



Chapter 3.2 

 

149 
 

compound 1-8 was observed an increase of the contact angle values in relation with the 

controls (see Supporting Information Tables S1 and S2). Moreover, the highest values 

of the contact angle were obtained for the polysilicon surfaces functionalized with the 

pyridinium salt 2 and 6 and the imidazolium salts 4 and 8 as shown in the Supporting 

Information Tables S1 and S2, with values of 83 º, 94 º, 77 º and 88 º, respectively. 

These results suggest that the polysilicon surfaces were successfully functionalized, and 

the fact that it became more hydrophobic indicates that the part of the molecule which is 

facing outwards the polysilicon surface is the aliphatic moiety, while the polar head is 

adsorbed onto the surface. Additionally, after the immobilization of polysilicon surfaces 

with the porphyrin Na-ZnTCPP, the contact angle values decrease as shown in the 

Tables S1 and S2, indicating the presence of the hydrophilic porphyrin Na-ZNTCPP. 

This result suggests that the polysilicon surfaces were successfully immobilized with 

this derivative porphyrin.  

Moreover, all surfaces were characterized by fluorescence microscopy to confirm the 

presence of the Na-ZnTCPP on the polysilicon surfaces as shown in Figure 1. The 

surfaces used as controls in both type the functionalization no showed an increase in the 

intensity of fluorescence as we can see in Figure 1 a)-l), while in the case of the 

surfaces functionalized with the compounds 1-8 and subsequent immobilization of the 

anionic porphyrin Na-ZnTCPP was observed a drastic increase in the fluorescence 

intensity (Figure 1 m)-t)) respect to the controls, which indicate the successful 

immobilization of the different pyridinium and imidazolium salts and the subsequent 

incorporation of the Na-ZnTCPP in this polysilicon substrate. In the case of the 

surfaces functionalized with the compounds with a high chain length 2, 4, 6 and 8 was 

observed a considerable increase of the fluorescence intensity (Figure 1 n), p), r) and t), 

respectively) and see Supporting Information Figure S18 b), d), f) and h), respectively), 

in relation with the less hydrophobic compounds 1, 3, 5 and 7 (Figure 1 m), o), q) and s) 

and see Supporting information Figure S18 a), c), e) and g), respectively). This 

difference may be due to the length of the aliphatic chains: increasing the chain length 

may somehow create a pocket where the porphyrin is introduced in the proximity of the 

polar head, thus favoring the electrostatic interaction established between the positive 

charges of the pyridinium or imidazolium salts and the negative charges of the 

porphyrin Na-ZnTCPP, resulting in a higher content of incorporated porphyrin which 

translates into higher fluorescence intensity. Additionally, the results obtained in both 
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types of functionalization (non-covalent and covalent) of polysilicon surfaces non 

showing significant differences in the fluorescence intensity of the immobilized 

porphyrin as shown in Figure 1, resulting both methods adequate to be used as protocols 

in the non-covalent and covalent immobilization of pyridinium and imidazolium salts 

on polysilicon substrates. 

 
 

Figure 1. Fluorescence optical microscope image of polysilicon surface with 3 x 3 µm
2
 

polysilicon particles functionalized. Controls of: a) non-functionalized polysilicon 

surfaces used in non-covalent functionalization, b) in covalent functionalization, c) 

surfaces only with silane , d) only with porphyrin Na-ZnTCPP, e) with the compound 

1, f) 2, g) 3, h) 4, i) 5, j) 6, k) 7, or l) 8, and m)-t) after functionalization with the 

compounds 1, 2, 3, 4, 5, 6, 7 or 8, respectively and with the subsequent immobilization 

of Na-ZnTCPP. Scale bars = 21 µm.  

To determine the release of the porphyrin Na-ZnTCPP incorporated in the 2 SAM and 

4 SAM over time, the surfaces were immersed in MilliQ water and the supernatant was 

analyzed by UV-visible absorption spectroscopy. The same technique was also used to 

b)a)

f)

e)b) c) d)

h)g)f)e)

j) k) l)i)

p)o)n)m)

s)r)q) t)
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calculate determine the total amount of immobilized porphyrin, by determining the 

amount of porphyrin in solution before and after incubation with the surfaces. Figure 2 

shows the release profile of the porphyrin from the surfaces functionalized with 2 or 4 

immobilized on the surface through non-covalent interaction. It can be observed that the 

maximum amount being released is approximately 0.025%, which is a very low 

percentage of the total incorporated porphyrin. This indicates that a stable interaction is 

established between the porphyrin and the 2 and 4 host on the surface. 

 

Figure 2. Release profile of Na-ZnTCPP from polysilicon surfaces functionalized non-

covalently with 2 (black line) and 4 (red line). The release is expressed as a % of the 

total amount of porphyrin immobilized on the surfaces. 

A similar study was performed in order to determine the release of the porphyrin from 

the surfaces functionalized with whether 6 or 8 but through covalent bonds. The same 

procedure was followed to determine the total amount of immobilized porphyrin and the 

percentage that was being released. Figure 3 shows the release profile of porphyrin from 

surfaces functionalized with 6 or 8. 
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Figure 3. Release profile of Na-ZnTCPP from polysilicon surfaces functionalized 

covalently with 6 (red line) or with 8 (black line). The release is expressed as a % of the 

total amount of porphyrin immobilized on the surface. 

The profiles appear to show that initially a peak is reached, but with the passing of time 

the amount of porphyrin in solution decreases again in both cases (Figure 3 red line and 

black line). This may suggest a certain dynamic, where the porphyrin that was released 

is again incorporated in the SAM. The maximum percentage of released porphyrin is 

around 0.080%, which surprisingly is slightly higher than the percentage observed for 

the surface where the host was immobilized through non-covalent bond. One possible 

explanation may be due to the packing of the molecules: in the case where 4 is 

immobilized non-covalently, the interaction is expected to occur between the polar head 

of the amphiphile and the surface, which means that the molecules are more closely 

packed together and possibly the SAM presents less flexibility. On the other hand, in 

the case of the surface where 8 was covalently attached to the surface, the molecule on 

contact with the surface is a silane with a spacer of 11 carbons, which may possibly 

render the SAM more flexible, allowing in the first hours a higher degree of freedom for 

the guest molecules to exit the host. Another explanation may be that the released 

molecules were incorporated between the host molecules, which might have brought the 

alkyl chains of the host molecule closer together, making difficult the access to the 

pocket. As the molecules diffuse freely into the solution; the alkyl chains of the host can 

open up and the amphiphile molecule adopts a conformation where the pocket is 
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accessible, thus promoting the porphyrin molecule in solution to enter the host pocket, 

and therefore the concentration in solution decreases. 

Non-covalent and covalent functionalization of polysilicon microparticles with 

pyridinium and imidazolium salts 2, 4, 6 or 8, and subsequent immobilization of 

porphyrin Na-ZnTCPP 

 

According to the obtained results in the functionalization of polysilicon surfaces non-

covalent and covalent, with different pyridinium and imidazolium salts and subsequent 

immobilization of the anionic porphyrin Na-ZnTCPP which allowed us to optimize the 

functionalization protocols we selected only the compounds 2, 4, 6 and 8, as hosts in the 

subsequent immobilization of the porphyrin Na-ZnTCPP on polysilicon microparticles. 

Moreover was necessary to use a silane derivative containing polyethyleneglycol 

groups, to improve the water suspension and biocompatibility of the functionalized 

substrate (Scheme 3).  

The fluorescence microscopy was used to determine the presence of the porphyrin on 

the polysilicon microparticles as shown in Figure 4. The obtained results confirm their 

successful immobilization, was assessed by fluorescence microscopy (Figure 4) and the 

concentration of immobilized porphyrin Na-ZnTCPP was calculated using the UV-

visible absorption spectroscopy. In the case of the control of non-functionalized 

microparticles (Figure 4 a)), and the microparticles functionalized only with Na-

ZnTCPP (Figure 4 b)) no fluorescence was detected, whereas in the functionalized 

microparticles with the pyridinium salts 2 or 4 and the imidazolium salts 6 or 8·with the 

subsequent incorporation of Na-ZnTCPP a red bright fluorescence was observed due to 

the presence of the porphyrin Na-ZnTCPP, as seen in Figure 4 c) and d), respectively. 

Under a fluorescence microscope, and considering 255 pixels as the maximum intensity 

of fluorescence, the functionalized microparticles with 2, 4, 6 or 8 and Na-ZnTCPP 

showed a high fluorescence intensity respect to the controls as we can see in their 3D 

image (see Supporting information Figure S19). The intensity of the fluorescence was 

similar in both types of functionalization indicating the successful non-covalent and 

covalent functionalization of the polysilicon microparticles with the different 

compounds 2, 4, 6 or 8 and the subsequent incorporation of Na-ZnTCPP (Figure 4 c)-

f), respectively).  
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Scheme 3. a) and b), non-covalent and covalent functionalization of the polysilicon 

microparticles, respectively, with pyridinium salts 2 or 4, and imidazolium salts 6 or 8. 

In both cases after the functionalization of the subtrates with the different compounds 

the porphyrin Na-ZnTCPP was immobilized.  

Moreover, the amount of porphyrin Na-ZnTCPP immobilized in the polysilicon 

microparticles was determined indirectly using UV-visible absorption spectroscopy, by 

calculating the difference between the initial amount of Na-ZnTCPP in solution and 

the amount present in the supernatant after incubation, using the calibration curves with 

a range of 0.50-10 µM of porphyrin Na-ZnTCPP (see Supporting Information Figure 

S20). The concentration of photosensitizer incorporated on the polysilicon 

microparticles are shown in Supporting Information Table S3. It was found that the 

samples of Na-ZnTCPP-µP contained values in the range of 2.2-2.6 µM of 

incorporated Na-ZnTCPP (see Supporting information Table S3). Finally, after the 

functionalization of the polysilicon microparticles the concentration of the 

microparticles per mL was calculated using a neubauer chamber corresponding to 

suspensions of 800000 µPs mL
-1

. 
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Figure 4. Fluorescence microscopy images of polysilicon microparticles: a) control 

(microparticles non-functionalized) b) after functionalization only with Na-

ZnTCPP,·c) and d) non-covalent functionalization of polysilicon microparticles with 

the compounds 2 or 4 and subsequent immobilization of Na-ZnTCPP, respectively, e) 

and f) covalent functionalization of polysilicon microparticles with 6 or 8 and 

subsequent immobilization of Na-ZnTCPP, respectively. 

Conclusions 

In this work, we have synthetized and characterized three different compounds 5, 6 and 

7 to be used as host of the porphyrin Na-ZnTCPP in the covalent functionalization of 

two polysilicon substrates.  

Moreover two polysilicon materials were successfully functionalized with pyridinium 1, 

2, 5 or 6 and imidazolium salts 3, 4, 7 or 8 following two different methods non-

covalent and covalent functionalization. These groups of compounds 1-8 were used as 

host of the subsequent incorporation of Na-ZnTCPP as photosensitizer to converts in 

particular the polysilicon microparticles as potential carrier to be used on PDT. The 

immobilization of the different hosts was following by contact angle, while the presence 

of the porphyrin Na-ZnTCPP was confirmed by fluorescence microscopy.  

a) b)

c) d)

e) f)
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The maximum amount of Na-ZnTCPP being released was approximately 0.025%, 

which is a very low percentage of the total incorporated porphyrin. This indicates that a 

stable interaction is established between the porphyrin and the 2 and 4 hosts on the 

surface. 

The concentration of the photosensitizer Na-ZnTCPP incorporated on the polysilicon 

microparticles was found that the samples of Na-ZnTCPP-µP contained values in the 

range of 2.2-2.6 µM of incorporated Na-ZnTCPP corresponding to suspensions of 

800000 µPs mL
-1

, previously calculated using a neubauer chamber. 
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Figure S1. Pyridinium and imidazolium salts 1-4 used in the non-covalent 

functionalization of the polysilicon materials and the compounds 5-8 used in the 

covalent functionalization of the polysilicon substrates and the anionic porphyrin Na-

ZnTCPP used as photosensitizer in both type of functionalization. 
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Figure S2. Numbering of the hydrogen atoms in the structures of the compounds 5-7. 

 

 

Figure S3. 
1
H-NMR spectrum of 5 recorded in D2O at 400 MHz  
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Figure S4. 
13

C-NMR spectrum of 5 recorded in D2O at 100 MHz. 

 

Figure S5. MALDI-ToF-MS (m/z) spectrum of 5 with DHB as matrix  
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Figure S6. HMRS-ESI spectrum (m/z) spectrum of 5 

 

 

Figure S7. IR spectrum of 5 in KBr. 
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Figure S8. 
1
H-NMR spectrum of 6 recorded in CDCN3 at 400 MHz 

 

Figure S9. 
13

C-NMR spectrum of 6 recorded in CDCl3 at 100 MHz. 
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Figure S10. MALDI-ToF-MS (m/z) spectrum of 6 with DHB as matrix 

 

Figure S11. HMRS-ESI spectrum (m/z) spectrum of 6 
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Figure S12. IR spectrum of 6 in KBr 

 

 

Figure S13. 
1
H-NMR spectrum of 7 recorded in D2O at 400 MHz   
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Figure S14. 
13

C-NMR spectrum of 7 recorded in D2O at 100 MHz 

 

 

Figure S15. MALDI-ToF-MS (m/z) spectrum of 7 with DHB as matrix.  
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Figure S16. HMRS-ESI spectrum (m/z) spectrum of 7 

 

 

Figure S17. IR spectrum of 7 in KBr 
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Table S1. Contact angles measurements of polysilicon surfaces non-covalent 

functionalized with the compounds 1-4, and subsequent immobilization of porphyrin 

Na-Zn TCPP. 

Surfaces
a
 + sample   ϴ

b
 (°) ± SD

c 

Control (H2O) 18 ± 1 

Control (CHCl3) 23 ± 1 

Na-ZnTCPP 20 ± 2 

1 38 ± 1 

2 83 ± 1 

3 32 ± 1 

4 77 ± 1 

1 + Na-ZnTCPP
c 

32 ± 1 

2 + Na-ZnTCPP
 

78 ± 1 

3 + Na-ZnTCPP
 28 ± 1 

4 + Na-ZnTCPP
 70 ± 2 

a 
Polysilicon surfaces. 

b 
Contact angles. 

c 
Standard deviation of the contact angles  

 

Table S2. Contact angles measurements of polysilicon surfaces covalent functionalized 

with the compounds 5-8, and subsequent immobilization of porphyrin Na-Zn TCPP 

Surfaces
a
 + sample      ϴ

b
 (°) ± SD

c 

Control (H2O) 18 ± 1 

Control (CHCl3) 23 ± 1 

Control (thiol-silane) 32 ± 1 

Na-ZnTCPP 20 ± 2 

Silane + 5 50 ± 1 

Silane + 6 94 ± 1 

Silane + 7 45 ± 1 

Silane + 8 88 ± 1 

silane + 5 + Na-ZnTCPP
 

42 ± 1 

silane + 6 + Na-ZnTCPP
 

88 ± 2 

silane + 7 + Na-ZnTCPP
c 

40 ± 1 

silane + 8 + Na-ZnTCPP
 

80 ± 2 
a 
Polysilicon surfaces. 

b 
Contact angles. 

c 
Standard deviation of the contact angles  
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Figure S18. 3D images corresponding to non-covalent and covalent functionalization of 

polysilicon surfaces with different compounds 1-8, and subsequent immobilization of 

the porphyrin Na-ZnTCPP: a)-d) non-covalent functionalization of the substrate using 

the compounds 1, 2, 3 or 4, respectively and e)-h) covalent functionalization of the 

polysilicon surfaces with 5, 6, 7 or 8, respectively. 

  

a) b) c) d)

f)e)
h)g)
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Figure S19. 3D images corresponding to non-covalent and covalent functionalization of 

polysilicon microparticles with different compounds, and subsequent immobilization of 

the porphyrin Na-ZnTCPP: a) and b) control (microparticles non-functionalized) and 

after functionalization only with Na-ZnTCPP, respectively, c) and d) non-covalent 

functionalization of the substrate using the compounds 2 and 4 as hosts, respectively 

and e) and f) covalent functionalization of the microparticles surfaces using 6 and 8 as 

hosts, respectively. 

  

a) b)

c) d)

e) f)
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Figure S20. a) UV-vis absorption spectra of Na-ZnTCPP at different concentrations 

(0.5-10 µM) in water and b) its corresponding calibration curve. 

 

Table S3. Concentration of the porphyrin Na-ZnTCPP incorporated on polysilicon 

microparticles 

Functionalization 

of µP
a 

Compound  [Na-ZnTCPP] 

µM
 

Non-covalent 2
 2.3 

Non-covalent 4
 2.5 

Covalent 6
 2.2 

Covalent 8
 2.6 

a
 µP: polysilicon microparticles 

0 2 4 6 8 10

 

 

2.0

1.5

1.0

0.5

0.0

y=0.3556x+0.12483

R
2
=0.99986

A
b

s
4
2
3
 n

m

[Na-ZnTCPP] µM

400 500 600 700

10 µM

0.5 µM

 

 

2.0

1.5

1.0

0.5

0.0

A
b

s
o

rb
a
n

c
e

Wavelength/ nm

a) b)



Chapter 3.3 

175 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Synthesis and in vitro Phototoxicity of 

Zn(II)meso-tetrakis(4-

carboxyphenyl)porphyrin-assembled via 

axial coordination with imidazole ligands 

 

submitted  

 

ARTICLE 



 

 
 

 



Organic & Biomolecular Chemistry   

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx Org. Biomol. Chem ., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 
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Metalloporphyrins are extensively investigated for their ability to form reactive oxygen species (ROS) and thereby their 

interest as potent photosensitizers for use in photodynamic therapy (PDT). However, their high hydrophobicity generally 

causes solubility issues and therefore problems can arise for in vivo delivery when applied to clinics, due to lack of 

distribution within the tumour tissue and low clearance from the body. With the immobilization of porphyrins on carriers, 

such as gold nanoparticles (GNP), some of these drawbacks can be overcome, although the mode of the assembly 

influences the properties of the resulting drug delivery systems. In this work, we describe the synthesis and 

characterization of a new porphyrin decorated water soluble GNP (Na-ZnTCPPImGNP), and we explore Zn-imidazole axial 

coordination as the mode of linking the porphyrin to the metallic core of the nanoparticles. This vehicle includes: a) a 

water- soluble Zn-porphyrin as an efficient photosensitizer, capable of axial coordination, b) a thiolated imidazole 

derivative as the stabilizer agent of gold and the linker to the Zn-porphyrin, and c) a thiolated polyethylenglycol co-coating 

agent, in order to increase the water solubility of the whole system.  This specific spatial disposition limits the number of 

porphyrins on the gold surface, reduces the formation of aggregates, and diminishes the possibility of metal exchange in 

the porphyrin, all of which contributing to an enhacement in the efficiency of synglet oxygen generation, beneficial for 

PDT. 

 

Introduction 

Porphyrins have been increasingly studied in the past years 

due to their numerous applications in different areas such as 

photochemistry, molecular recognition, sensors, molecular 

machines or in photodynamic therapy (PDT).
1–3

 The presence 

and the nature of a central metal ion influences the 

photophysical properties of metalloporphyrins and can lead– 

as is the case for PDT-to an increased production of reactive 

oxygen species (ROS) and singlet oxygen (SO) due to the 

heavy-metal effect.
4
 Furthermore, the majority of 

photosensitizer (PS) used in PDT are hydrophobic, requiring 

their dispersion in emulsions or the use of delivery systems to 

administer the drugs to the biological media when applied to 

clinics.
5
 Therefore, the use of nanostructured vehicles to 

transport and deliver such PS can help to overcome this 

limitation. Nanoparticles are envisaged as powerful platforms 

for molecular recognition
6
 and they have been used for cancer 

theranostics after porphyrin coating.
7
 Amongst others, gold 

nanoparticles (GNP) have been explored as drug delivery 

carriers for PDT,
8–10

 and they offer an added value because 

porphyrins are more effective when immobilized on GNP 

rather than free in solution, showing enhanced SO 

production.
10–12

 Many different parameters influence the SO 

efficacy of immobilized porphyrins, such as the particle size, 

the length of the linker, their surface density and their 

orientation with respect to the gold core.
13–16

 For instance, the 

fluorescence quantum yield decreases when the average 

number of coating porphyrins increases.
13,14

 The majority of 

the examples reported in the literature
7,13

 and by us
9,11,17,18

 

describe the self-assembly of thiolated porphyrins onto GNPs 

through synthetic approaches that do not enable a complete 

control of the surface density and localization of the coating 

agents, especially when mixed monolayers are used.  

Immobilization of metalloporphyrins in well-defined 

orientation on the GNP surface could bring control to the 

assembly and improve PDT properties of the nanomaterial. 

Axial base coordination to metalloporphyrins has been 

extensively used for the design of self-assembled 

materials,
18,19

 an interaction exploited at the base of some 

sensors.
20

 Here, we explore axial base coordination as the 

mode of linkage between metalloporphyrins and GNP 

surfaces. Thus, we designed a multicomponent self-assembled 

material the components of which offer different functions 

and advantages contributing to improved PDT properties. This 

new water soluble nanomaterial is formed by a) GNP as the 

carrier core and as a singlet oxygen generation enhancer, b) a 

water-soluble Zn-porphyrin as efficient photosensitizer, 
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capable of axial coordination, c) a thiolated imidazole 

derivative as the stabilizer agent of gold and the linker to one 

Zn-porphyrin, of sufficient length (11 carbon atoms spacer) to 

avoid gold-porphyrin direct interaction, and d) a thiolated 

polyethyleneglycol co-coating agent, to increase the water 

solubility of the whole system. We expected that this specific 

spatial disposition would limit the number of porphyrins on 

the gold surface,
13

 reduce the formation of aggregates
21,22

 and 

reduce the possibility of metal exchange of the porphyrin,
22

 

contributing to an enhancement in the efficiency of SO 

generation beneficial for PDT.  

Different techniques were used to characterize the novel 

Na-ZnTCPPImGNP including UV-visible absorption 

spectroscopy, dynamic light scattering (DLS), high-resolution 

transmission electron microscopy (HRTEM) and fluorescence 

spectroscopy. Several parameters regarding the GNP were 

investigated, such as the amount of the incorporated 

photosensitizer, the production of SO and the PDT activity of 

the nanosystems. The PDT activity was investigated in vitro 

using SK-BR-3 human breast adenocarcinoma cells by studying 

cytotoxicity, phototoxicity and intracellular uptake, in order to 

obtain the optimum water-soluble nanosystems potentially 

suitable for PDT. 

Experimental  

Materials 
Solvents: Dimethyl sulfoxide (DMSO), methanol (MeOH), 

dimethylformamide (DMF) and toluene were purchased from 

Sigma Aldrich. 

Reagents: Gold (III) chloride trihydrate (HAuCl4·3H2O), methyl 

imidazole (Im-C1), octadecylimidazole (Im-C18) and sodium 

borohydride (NaBH4) were obtained from Sigma-Aldrich 

(Germany). 9,10-anthracenediyl-bis(methylene)dimalonic acid 

(ABMA) was obtained from Sigma-Aldrich (UK). 1-(11-

mercaptoundecyl)imidazole (Im-C11-SH) and (11-

mercaptoundecyl)hexa(ethylene glycol) (HS-C11-(EG)6-OH) 

were purchased from Prochimia (France). Sodium chloride 

(NaCl), sodium phosphate monobasic (NaH2PO4) and fetal 

bovine serum (FBS) were purchased from Thermo Fisher 

Scientific (UK). Potassium chloride (KCl), calcium chloride 

dihydrate (CaCl2∙2H2O), magnesium chloride hexahydrate 

(MgCl2∙6H2O), 4-(2-hydroxyethyl)piperazine-4-ethanesulfonic 

acid (HEPES), bovine serum albumin (BSA), sodium phosphate 

dibasic (Na2HPO4), potassium phosphate monobasic (KH2PO4) 

and propidium iodide were purchase from Sigma-Aldrich (UK). 

Trypsin 0.25% with, ethylenediaminetetraacetic acid (EDTA), 

McCOY’s 5A phenol red-free medium containing L-glutamine 

were purchased from Invitrogen (UK). CellTiter-Blue cell 

viability assay was purchased from Promega (UK). 75 cm
2
. 

Nunc Easy tissue culture flasks with porous caps, Nunc 

Nunclon
TM

 Surface 6-well multidishes, Nunc Nunclon
TM

 Surface 

96-well white-bottom microplates and 18 mm diameter glass 

coverslips were purchased from Thermo Fisher (UK). SK-BR-3 

human breast adenocarcinoma cells were purchased from LGC 

Standards and kindly provided by Prof Dylan R. Edwards 

(Norwich Medical School, University of East Anglia, UK). 

Characterization methods 

UV-visible absorption spectra were obtained using a UV-1800 

Shimadzu UV spectrophotometer. The samples were placed in 

quartz cuvettes with a 1 cm path length. Absorption spectra 

were determined in toluene or water. Fluorescence excitation 

and emission spectra were recorded using a Hitachi F-4500 

fluorescence spectrometer from the University of East Anglia. 

The spectra were recorded using quartz cuvettes with a 1 cm 

path length. High-Resolution Transmission Electron 

Microscopy (HRTEM) images were obtained using a JEOL JEM 

2100 transmission electron microscope at 200 kV, from 

Centres Científics i Tecnològics de la Universitat de Barcelona. 

The images were captured by a Megaview III Soft Imaging 

System camera and the size of the gold nanoparticles was 

measured with ImageJ. The size of the nanoparticles was also 

determined by DLS using a Zetasizer Nano ZS series (Malvern 

Instruments). SK-BR-3 cells were imaged using a Zeiss Axiovert 

200M microscope. 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 were collected and processed using the AxioVision 

SE64 Rel. 4.8 software. 

Synthesis and characterization of Na-ZnTCPPImGNP 

A solution of HAuCl4 (3.6 mg, 0.009 mmol) in water (1.0 mL) 

was added to a stirred solution of thiol (HS-C11-(EG)6-OH) (4.2 

mg, 0.008 mmol) and thiol-imidazole (Im-C11-SH) (6.9 mg, 

0.027 mmol) in MeOH (2.0 mL). Then, an excess of NaBH4 (5.3 

mg, 0.14 mmol) in water (1.0 mL) was added dropwise to the 

mixture, while the solution changed to a dark red colour. The 

reaction was allowed to occur under stirring at room 

temperature overnight; after this time the residue, containing 

the ImGNP, was washed with water (3x5mL) by centrifugation 

(14,500 rpm, 15 min at 15 °C, Labnet PrismR centrifuge). A 

brown solution was obtained as ImGNP, which was 

characterized by UV-visible absorption spectroscopy and 

HRTEM. Then, a solution of ImGNP (1 mL, 7.1×10
-3

 µM) in 

water was added to an aqueous solution of Na-ZnTCPP (1.6 

×10
3
 µM) and the mixture was stirred at room temperature 

overnight, and then the residue was, containing the Na-

ZnTCPPImGNP, washed with water (3x5mL) by centrifugation 

(14,500 rpm, 15 min at 15 °C, Labnet PrismR centrifuge). The 

purified nanoparticles Na-ZnTCPPImGNP were characterized 

by UV-visible absorption and fluorescence spectroscopies, and 

HRTEM.  

Singlet Oxygen production of the Na-ZnTCPP and Na-

ZnTCPPImGNP 

Singlet oxygen production was measured using the singlet 

oxygen probe 9,10-anthracenediyl-bis(methylene)dimalonic 

acid (ABMA). ABMA is photobleached in the presence of 
1
O2 to 

give a non-fluorescent 9,10-endoperoxide product. The 

photobleaching can be monitored by fluorescence 

spectroscopy. A solution of ABMA (0.2 mg, 0.51 mM) in MeOH 
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(1 mL) was prepared. Then 3 μL of this solution was added to a 

quartz cuvette containing either Na-ZnTCPP (4.34 μL, 3 μM) or 

Na-ZnTCPPImGNP (484 μL, 3 μM of incorporated porphyrin) in 

water. The final volume (1.5 mL) in the cuvettes was 

completed with water and the solutions were thoroughly 

stirred. A light source in the range between 400-500 nm was 

used to irradiate the mixtures during 4 h, using a power of 0.16 

mw/cm
2
. The light source was located 3 cm away from the 

cuvette. Fluorescence emission spectra were recorded every 

hour, in the range of 390-600 nm, and the singlet oxygen 

production was determined by the decrease of the 

fluorescence intensity of ABMA at 431 nm. 

Biological experiments 

Imaging medium 

The imaging medium based on Hank’s balanced salt solution 

(HBSS) used for the biological experiments was prepared in 

water containing NaCl (120 mM), KCl (5 mM), CaCl2∙2H2O (2 

mM), MgCl2∙6H2O (1 mM), NaH2PO4 (1 mM), NaHCO3 (1 mM), 

HEPES (25 mM), D-glucose (11 mM) and BSA (1 mg/mL). The 

pH of the imaging medium was adjusted to 7.4 using an 

aqueous solution of NaOH (1 M). The imaging medium was 

filtered through a Millex GP syringe driven filter unit (0.22 µm) 

prior to use. 

 

Phosphate buffered saline (PBS) 

The PBS solution used for the biological experiments was 

prepared by dissolving 10 PBS tablets in water (1 L). The 

solution was sterilized by autoclaving at 110 °C for 10 min. The 

newly prepared PBS solution contained Na2HPO4 (8 mM), 

KH2PO4 (1 mM), NaCl (160 mM) and KCl (3 mM) with a pH 

value of 7.3. 

 

Propidium iodide solution in PBS 

A solution of propidium iodide (1 mg/mL) was prepared in PBS. 

The PBS buffer (10 mM) used was prepared using 

NaH2PO4∙2H2O and Na2HPO4 stock solutions (200 mM). The 

PBS solution contained NaCl (150 mM) and CaCl2∙2H2O (100 

μM). The pH of the PBS was adjusted to 7.4 using aqueous 

solutions of NaOH (1 M) and HCl (0.6 M). Prior to use, the 

propidium iodide solution was sterilized by filtration through a 

0.22 μm filter unit. 

 

Culture of SK-BR-3 cells 

SK-BR-3 cells were routinely cultured in phenol red-free 

McCOY’s 5A medium containing L-glutamine (L-Gln) and 

supplemented with FBS (10%). The cells were grown in 75 cm
2
 

Nunc Easy tissue culture flasks inside at 37 °C under a 5% CO2 

atmosphere. SK-BR-3 cells were subcultured (1:4) every 5 days, 

when they reached near confluence. The culture medium was 

discarded and the cells were washed with PBS (5 mL). The cells 

were dislodged from the flasks by addition of trypsin 0.25% 

(1x) EDTA (5 mL) and incubation for 5 min at 37 °C under a 5% 

CO2 atmosphere. Trypsin was deactivated by addition of 

McCOY’s 5A medium (5 mL) and removed by centrifugation at 

800 rcf for 5 min at 21 °C using an Eppendorf 810R Centrifuge. 

The supernatant was removed and the pellet containing the 

cells was resuspended in McCOY’s 5A medium (8 mL) and 

transferred to two 75 cm
2
 culture flasks. 

 

CelTiter-Blue® cell viability assay 

The SK-BR-3 cells were trypsinized and counted with a 

Neubauer haemocytometer. The cells were then seeded on a 

white-bottom Nunc Nunclon
TM

 ∆ Surface 96 well multidish 

(Thermo Fisher Scientific) at a density of 8×10
4
 cells per well in 

phenol red-free McCOY´s 5A medium containing FBS (10%) and 

L-Gln. The cells were incubated for 48 h at 37 °C under a 5% 

CO2 atmosphere. The medium was then removed and the cells 

were washed once with PBS (100 µL). The cells were incubated 

with ImGNP or Na-ZnTCPPImGNP at either 1.5 μM or 1.75 μM 

of incorporated porphyrin in FBS-free, phenol red-free 

McCOY´s 5A medium (50 μL) containing L-Gln for 3 h at 37 °C 

under a 5% CO2 atmosphere. Additionally, a solution of 

Staurosporine (1 mM in DMSO) dispersed in FBS-free, phenol 

red-free McCOY’s 5A medium containing L-Gln (50 μL; 20 μM) 

was used as a positive control for cytotoxicity. Following 

incubation, the medium was removed and the cells were 

washed three times with PBS (100 µL) to remove all non-

internalized nanoparticles. The cells were kept in phenol red-

free McCOY´s 5A medium (100 μL) containing FBS (10%) and L-

GLn. At this point, some of the cells were irradiated using a 

laser with a power of 2.54 mW/cm
2
 and an excitation 

wavelength between 400 and 500 nm The cells were irradiated 

for 10, 20 or 30 min per well. The light source was located 1 

cm above the 96 well plates. The wells not being irradiated 

were left covered with aluminum foil so that the light would 

not affect them. Once all the wells were irradiated, the cells 

were further incubated for 48 h at 37 °C under a 5% CO2 

atmosphere. CellTiter-Blue® reagent (20 µL) was added to each 

well and incubated for 4 h at 37 °C under a 5% CO2 

atmosphere. Fluorescence emission in the wells was then 

measured at 590 nm following excitation at 560 nm using a 

CLARIOstar® (BMG Labtech) microplate reader. Background 

fluorescence was corrected by subtracting the fluorescence 

emission of phenol red-free McCOY´s 5A medium alone 

incubated with CellTiter-Blue®. Cell viability was calculated as a 

percentage of non-treated, non-irradiated cells. The samples 

were analysed in triplicates. Control cells without Na-

ZnTCPPImGNP loaded were treated with FBS-free, phenol red-

free McCOY’s 5A medium during the 3 h incubation period. 

Furthermore, control cells were only irradiated for 30 min to 

assess the direct effect of the blue light source on the cells.  

 

Culture of SK-BR-3 cells onto coverslips 

For imaging, SK-BR-3 cells were cultured on sterile 18 mm 

diameter glass coverslips inside Nunc 6well multidishes at a 

density of 2×10
4
 cells/mL (3 mL/well) at 37 °C under a 5% CO2 

atmosphere 48 h prior to performing imaging experiments. 

 

Treatment of SK-BR-3 cells to study internalization and PDT 

effect of Na-ZnTCPPImGNP 

The growth medium on the SK-BR-3 cells on the coverslip was 

removed. The cells were then washed with PBS (1 mL) once. 

For samples treated with the Na-ZnTCPPImGNP, a solution of 
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the Na-ZnTCPPImGNP (1 mL) in FBS-free, phenol red-free 

McCOY’s 5A medium containing L-Gln at either 1.75 μM was 

added to the coverslip. For control cells, FBS-free, phenol red-

free McCOY’s 5A medium containing L-Gln (1 mL) was added 

to the coverslip. The cells were then incubated for 3 h at 37 °C 

under a 5% CO2 atmosphere. Following incubation, the cells 

were washed three times with PBS (1 mL) and kept in phenol 

red-free McCOY’s 5A medium containing FBS (10%) and L-Gln 

(2 mL). 

At this point, some of the cells were irradiated using a light 

source with a power of 2.54 mW/cm
2
 for 30 min per well in a 

range of wavelengths between 400 and 500 nm. The light 

source was located 1 cm above the plates. The wells not being 

irradiated were left covered with aluminum foil so the light 

would not affect them. Following irradiation, the cells were 

further incubated for ca. 72 h at 37 °C in a 5% CO2 atmosphere. 

 

Imaging of treated SK-BR-3 cells using a fluorescence 

microscope 

For imaging, the 18 mm coverslip containing the SK-BR-3 cells 

of interest was placed in a Ludin chamber (Life Imaging 

Service, Olten, Switzerland), which was securely tightened. 

Each coverslip was washed three times with imaging medium 

(ca. 1 mL) and finally resuspended in imaging medium (ca. 1 

mL). The Ludin chamber was fitted on a heating stage at 37 °C 

in a Zeiss Axiovert 200M fluorescence microscope. The images 

were acquired with a 63x Plan Apochromat (1.4 NA) oil-

immersion objective. The Na-ZnTCPPImGNP internalized by 

the cells were excited at 530-585 nm and the fluorescence 

emission was collected in the red channel through a 600 nm 

long-pass filter. To evaluate the PDT effect, propidium iodide 

(5 μL, 1 mg/mL in PBS) was mixed with imaging medium (1 

mL). The solution was directly added to the coverslip already 

placed in the Ludin chamber and incubated at 37 °C in the dark 

on the heating stage of the fluorescence microscope for ca. 5 

min. The propidium iodide staining the nucleus of dead cells 

was excited at 530-585 nm and the fluorescence emission was 

collected in the red channel through a 600 nm long-pass filter. 

Results and discussion 

The structures of the porphyrins used in this work are shown 

in Fig. 1a, and they were synthesized following protocols 

previously reported.
22–27

 Initially, Zinc tetraphenylporphyrin 

(ZnTPP) was used as a model molecule to investigate the 

coordination ability between its central Zn atom and different 

imidazole derivatives: methyl imidazole (Im-C1), 1-(11-

mercaptoundecyl)imidazole (Im-C11-SH) and 

octadecylimidazole (Im-C18) (Fig. 1b). The porphyrins Na-

H2TCPP and Na-ZnTCPP were used as photosensitizers and 

were coordinated to water soluble nanoparticles. 

 

In order to select the optimum components to be used in 

the subsequent preparation of Na-ZnTCPP-ImGNP exploiting 

axial coordination, the complexation in solution between 

porphyrins ZnTPP (in toluene) and Na-ZnTCPP (in water) and 

the different alkylimidazoles (Im-C1, Im-C11-SH or Im-C18) was 

evaluated. The complexation study was analysed using UV-

visible absorption spectroscopy and the results are shown in 

ESI Fig. S1-S3. 

Synthesis and characterization of Na-ZnTCPPImGNP 

Taking into account the coordination results, where the ability 

of the Im-C11-SH to coordinate with Na-ZnTCPP had been 

demonstrated, the possibility to incorporate Na-ZnTCPP into 

imidazole modified ImGNP was tested. Additionally, we 

selected an imidazole based ligand for axial coordination, 

because imidazole derivatives bind more strongly than 

pyridine derivatives to Zn-porphyrins.
28–30

 

 

 
Fig. 1. Structures of: a) Porphyrins ZnTPP, H2TCPP, Na-H2TCPP and Na-ZnTCPP, b) 

imidazole derivatives (Im-C1, Im-C11-SH and Im-C18) and c) schematic representation of 

Na-ZnTCPPImGNP 

Im-C11-SH was chosen to be integrated with the Na-

ZnTCPPImGNP (Fig. 1) due to its high affinity for the 

metalloporphyrin of interest and its lack of competitive 

chemistry.
19,31,32

 The thiol group present in the Im-C11-SH 

allows self-assembly to the gold surface of the GNP, facilitating 

their synthesis, stabilization and subsequent incorporation of 

the photosensitizer Na-ZnTCPP upon axial coordination. In this 

context, imidazole functionalized gold nanoparticles ImGNP 

were synthesized using a mixture of thiols HS-C11-(EG)6-OH and 

Im-C11-SH as the stabilizing agents; the thiol HS-C11-(EG)6-OH 

provides water solubility and Im-C11-SH acts as connector for 

the subsequent coordination of Zn-porphyrins. The UV-visible 

absorption spectra of the ImGNP showed a strong absorption 

band at approximately 526 nm, originated from the surface 

plasmon absorption resonance (SPR) of nanosized GNP (Fig. 2 

a) red line). These ImGNP were characterized by HRTEM to 

study their morphology and size distribution as seen in ESI Fig. 

S4 a); ImGNP display a cubeoctahedron shape and a low 

polydispersity with an average size of 7 nm. Then, the 

synthesis of Na-ZnTCPPImGNP was carried out by mixing 

ImGNP and Na-ZnTCPP in water. Na-ZnTCPPImGNP were 

characterized by UV-visible absorption spectroscopy (Fig. 2 a) 

blue line). The absorption spectrum of Na-ZnTCPPImGNP 

exhibited the typical SPR band of ca. 7 nm GNP at ca. 520 nm 

and the porphyrin Soret band at ca. 430 nm. The Soret band of 

a)

b)

c)

180



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

the Na-ZnTCPP coordinated to the gold nanoparticles is red 

shift compared to that of the free Na-ZnTCPP (λ=420 nm) due 

to the coordination between the Zn-porphyrin and the 

imidazole moieties of the GNP. In addition, the UV-visible 

absorption spectrum of the Na-ZnTCPPImGNP shows an 

indication of the presence of the two typical zinc porphyrin Q 

bands at 564 and 608 nm. Furthermore, Na-ZnTCPPImGNP 

display a spherical shape and a low polydispersity with an 

average size of 7 nm as shown in Fig. 2 b) and in ESI Fig. S4).  

 

 
Fig. 2. a) UV-visible absorption spectrum of the free porphyrin Na-ZnTCPP (black line), 

initial ImGNP (red line) and Na-ZnTCPPImGNP (blue line) and b) HRTEM image of Na-

ZnTCPPImGNP. 

 The size of ImGNP and Na-ZnTCPPImGNP was also 

measured using dynamic light scattering (DLS). Both types of 

nanoparticles proved stable in solution and have low 

polydispersity with an average hydrodynamic size between 

13.5-15.4 nm. The nanoparticle diameter obtained by DLS is 

higher than that obtained by HRTEM. In HRTEM, only the size 

of the gold core was measured since no contrast agent was 

used and the surrounding ligands are transparent to the 

electron beam. On the contrary, DLS measures the 

hydrodynamic size of the nanoparticles. Furthermore, the size 

measured by DLS gives the diameter that includes not only the 

core but also the alkyl chains of the ligands. Na-ZnTCPPImGNP 

showed the largest size (15.4 nm), this result may be due to 

the present of the porphyrin coordinated with the imidazole 

Im-C11-SH present on the surface of Na-ZnTCPPImGNP, which 

leads to an increase in the diameter of the nanoparticles. 

 

The fluorescence emission spectra of both Na-ZnTCPP and Na-

ZnTCPPImGNP were recorded in water (see ESI Fig. S5), and 

both exhibited two bands at λ = 604 and λ = 655 nm following 

excitation at 421 nm, as expected for Zn-porphyrin 

derivatives.
33

 In the case of the coated gold nanoparticles a 

decrease in the emission intensity with respect to the 

spectrum of the free porphyrin was observed. This result 

indicated the successful immobilization of the porphyrin Na-

ZnTCPP through axial coordination with the imidazole 

derivative, resulting in a quenching of the fluorescence.
34

  

To study the influence of the zinc metal on the 

coordination of the porphyrin to the imidazole that is 

functionalising GNP, we synthesized nanoparticles using the 

porphyrin that did not contain zinc, Na-H2TCPP, yielding Na-

H2TCPPImGNP (see in Section 2 in ESI). As shown in ESI Fig. S6 

a), the UV-visible absorption spectrum of the Na-

H2TCPPImGNP shows a small band at 420 nm, corresponding 

to the Na-H2TCPP porphyrin. When Na-ZnTCPP is coordinated 

to ImGNP, the absorption band at 430 nm due to the 

porphyrin derivative is more intense than that observed in the 

UV-Visible excitation spectrum of Na-H2TCPPImGNP (see ESI 

Fig. S6 b). Additionally, only in the UV-Visible extinction 

spectrum of the Na-ZnTCPPImGNP a shift in the absorption 

band at 420 nm, d Additionally, the band at 420 nm 

corresponding to the Soret band of the free porphyrin 

derivatives only shows a shift when the Na-ZnTCPP is 

incorporated on the Na-ZnTCPPImGNP, which arises as a 

consequence of the imidazole-zinc coordination.
34

 The 

incorporation of Na-H2TCPP onto ImGNP could be attributed 

to non-specific interactions such as those between the 

imidazole and the porphyrin. This experiment demonstrates 

that the presence of the metal within the core of the porphyrin 

contributes to a higher functionalization of the ImGNP with 

the photosensitizer. The imidazole derivative on the GNP 

coordinates with the Zn in the core of the porphyrin thus 

facilitating the incorporation of the porphyrin on the 

GNP.
19,31,35,36

 

The amount of porphyrin, Na-H2TCPP or Na-ZnTCPP, 

coordinated to imidazole per nanoparticle was estimated using 

UV-visible absorption spectroscopy (see ESI Fig. S6) and the 

calculations reported by Haiss et al.
37

 Using the extinction 

coefficient calculated for Na-H2TCPP and Na-ZnTCPP (see in 

ESI Fig. S7 and S8, respectively) and the concentration of GNP 

in the sample, a ratio of the coordinated porphyrin per 

nanoparticle can be estimated as shown in ESI Fig. S9. Table 1 

shows all the data obtained from the UV-visible absorption 

spectra shown in ESI Fig. S6, that was needed to estimate the 

ratio between the porphyrins and GNP. First, the absorbance 

at 420 nm (Na-H2TCPP) or 430 nm (Na-ZnTCPP) corresponding 

to the porphyrins’ Soret band peak needs to be normalized to 

remove the influence from the GNP absorption spectrum. To 

calculate the contribution of the porphyrin ligands to the 

absorbance at 420 nm, the intensity corresponding to the GNP 

at 460 nm (Na-H2TCPPImGNP) or 480 nm (Na-ZnTCPPImGNP) 

needs to be subtracted from the total intensity at 420 nm or 

430 nm, respectively. Secondly, the Avogadro number, volume 

per cuvette (3 mL) and the GNP diameter, which was 

previously obtained by HRTEM, can be used to calculate the 

number of porphyrin molecules per GNP (see ESI Fig. S9 and 

Table S1). 

The values shown in ESI Table S1 prompted us to calculate the 

number of porphyrin molecules immobilized on the Na-

H2TCPPImGNP and Na-ZnTCPPImGNP, corresponding to 186 

Na-H2TCPP molecules/ GNP and 106 Na-ZnTCPP molecules/ 

GNP. A difference on the ratio of both immobilized porphyrins 

was obtained, demonstrating that the presence of the zinc 

metal on the porphyrin increases substantially the porphyrin 

incorporation due to its well defined orientation, which 

favours their coordination with the GNP imidazole moieties. 

Singlet oxygen production by Na-ZnTCPP and Na-ZnTCPPImGNP 

The singlet oxygen production of Na-ZnTCPP and Na-

ZnTCPPImGNP was examined using anthracenediyl-
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bis(methylene)dimalonic acid (ABMA), a water-soluble 

anthracene derivative that reacts selectively with 
1
O2. Upon 

reaction with 
1
O2, ABMA is photobleached leading to the 

formation of a non-fluorescent 9,10-endoperoxide product.
37

 

The reaction between ABMA and 
1
O2 can thus be monitored 

using fluorescence spectroscopy. The photosensitizer Na-

ZnTCPP and the Na-ZnTCPPImGNP were irradiated, in the 

presence of ABMA, with a blue light source, which excites the 

Soret band of the porphyrin (ca. 420 nm), for 4 h with 

continuous stirring. Fluorescence emission spectra were 

recorded every hour and the singlet oxygen production was 

determined by the decrease in the fluorescence intensity of 

ABMA at 431 nm (see ESI Fig. S10). Fig. 3 a) shows the 

percentage of photobleaching decay of ABMA at 431 nm 

following irradiation of the free Na-ZnTCPP (red line) and Na-

ZnTCPPImGNP (blue line). As controls, the singlet oxygen 

production of ImGNP and ABMA was also monitored under the 

same conditions (see ESI Fig. S10). The production of singlet 

oxygen by the ImGNP and by the ABMA probe was much lower 

than for the porphyrin containing nanoparticles (Fig. 3a), pink 

and black line, respectively). These results confirm that the 

presence of the porphyrin photosensitizer is required to 

produce 
1
O2 upon irradiation. After a 4 hour irradiation period, 

the percentage of ABMA decay for Na-ZnTCPP was ca. 22% 

(Fig. 3, red line), while for the Na-ZnTCPPImGNP was ca. 56% 

(Fig. 3, blue line). The 
1
O2 production of the free porphyrin Na-

ZnTCPP is lower than that of the corresponding functionalized 

Na-ZnTCPPImGNP, a feature observed previously for similar 

systems
10–12

 which may be attributed to the high localized 

plasmonic field generated in the gold surface that enhances 

ROS production.
10

 

To further compare the ability of both the free porphyrin 

Na-ZnTCPP and the functionalized Na-ZnTCPPImGNP to 

produce singlet oxygen, the maximum rate of ABMA 

photobleaching was normalized using Equation 1 where the 

concentration of photosensitizer is 3 µM and IF431 is the 

fluorescence emission intensity at 431 nm. 

 

 

 

The calculated maximum rates of ABMA photobleaching 

following irradiation are reported in Fig. 3 b). The value 

obtained for the free porphyrin Na-ZnTCPP was 0.03% 

IF/(min·µM), while the Na-ZnTCPPImGNP showed a higher 

value of 0.11% IF/(min·µM) photobleaching. These results 

further confirm that the porphyrins are more effective for the 

production of singlet oxygen when coordinated to ImGNP The 

higher production of singlet oxygen for Na-ZnTCPPImGNP than 

for the free porphyrin is remarkable considering that the 

photobleaching of the Na-ZnTCPPImGNP has been measured 

in an aqueous solution, where oxygen is less soluble and thus 

its lifetime is chorter.
39

 
 

 
Fig. 3. a) Percentage decay of ABMA measured at 431 nm following irradiation 

(400-500 nm) of: AMBA (■ black line), Na-ZnTCPP (● red line), ImGNP (▲ pink 

line) and Na-ZnTCPPImGNP (◄ blue line). b) Maximum rate of ABMA 

photobleaching at 431 nm following a 1 h irradiation period, after normalization 

of the porphyrin concentration. 

In vitro experiments using SK-BR-3 breast cancer cells 

The cytotoxic and phototoxic effect of Na-ZnTCPPImGNP when 

the nanoparticles were used to treat SK-BR-3 human breast 

adenocarcinoma cells were evaluated. The CellTiter-Blue® cell 

viability assay has been used and recommended to test the 

cytotoxicity of gold nanoparticles.
40,41

 SK-BR-3 cells were 

treated with Na-ZnTCPPImGNP at two different 

concentrations of incorporated porphyrin (1.5 μM and 1.75 

μM), for 3 h. Following incubation, the cells were washed and 

irradiated at three different irradiation times, 10, 20 and 30 

min, using a light source in a range of wavelength between 400 

and 500 nm with a laser power of 2.54 mW/cm
2
. 

Cell viability was measured 48 h after PDT treatment, and 

the results are shown in Fig. 4. When the control cells with no 

nanoparticles loaded were irradiated during 30 min, the 

viability remained high (ca. 99%), indicating non-toxicity due to 

the irradiation with the light source. Following incubation with 

Na-ZnTCPPImGNP at either 1.5 μM (Fig. 4 a)) or 1.75 μM (Fig. 

4 b)) of incorporated photosensitizer, low dark toxicity was 

observed as the viability of the non-irradiated cells remained 

at ca. 100% and 90%, respectively. Following irradiation, the 

viability of the SK-BR-3 cells treated with Na-ZnTCPPImGNP 

decreased. This decrease was concomitant with the increase in 

the concentration of the photosensitizer as well as with the 

increase in the irradiation time that the cells were subjected 

to. Cell death was higher (> 60%) at any of irradiation times, 

when the cells were incubated with 1.75 μM Na-

ZnTCPPImGNP. Superior results were obtained when the cells 

were incubated with 1.75 μM (incorporated porphyrin) Na-

ZnTCPPImGNP and subjected to a 30 min irradiation period, 

reaching cell death values of over 80%. These results confirm 

that the Na-ZnTCPPImGNP synthesized in this study are good 

candidates for PDT as they induce cell death only following 

activation with a blue light source. 
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Fig. 4. CellTiter-Blue® cell viability assay results of SK-BR-3 cells incubated with Na-

ZnTCPPImGNP at either a) 1.5 µM or b) 1.75 µM of incorporated porphyrin Na-ZnTCPP. 

Cells were either irradiated with a blue light source (green columns) or non-irradiated 

(blue columns). The irradiated cells were irradiated for 10 (i), 20 (ii) or 30 (iii) min. 

Control cells without Na-ZnTCPPImGNP loaded were treated with FBS-free, phenol red-

free McCOY’s 5A medium during the 3 h incubation period and  only irradiated for 30 

min (iii). The sample +ve St refers to Staurosporine, a positive control for cytotoxicity. 

Error bars represent the standard deviation with a 95% confidence interval, n=3. 

Reports in the literature present different models of 

studies on PDT applied with photosensitizers coupled to 

nanoparticles.
11,42,43

 The main results are studies conducted in 

different cancer cell-lines, irradiation time, doses of light and 

concentration of the photosensitizer.
44–46

 Most of these 

studies suggest that there is a percentage of cell death equal 

or higher to 90% after having received PDT. Similar results 

were obtained in this work using SK-BR-3 cells treated with Na-

ZnTCPPImGNP and using lower doses of light. 

Cellular uptake and phototoxicity of Na-ZnTCPPImGNP in SK-BR-3 

breast cancer cells using fluorescence microscopy 

Internalization and phototoxicity of Na-ZnTCPImGNP at a 

concentration of 1.75 µM of incorporated porphyrin were 

studied in SK-BR-3 breast cancer cells using fluorescence 

microscopy. The samples were excited at 530-585 nm and the 

fluorescence emission due to the internalized Na-ZnTCPImGNP 

was collected in the red channel through a 600 nm long-pass 

filter. Cell incubated with the Na-ZnTCPPImGNP (1.75 μM) 

exhibited a strong intracellular fluorescence due to the Na-

ZnTCPP, indicating the uptake of the nanoparticles by the SK-

BR-3 cells as shown in Fig. 5 a)-c). On the other hand, control 

cells only treated with FBS-free, phenol red-free McCOY’s 5A 

medium showed no fluorescence as shown in  Fig. 5 d)-f). The 

images in Fig. 5 clearly demonstrate the cellular uptake of the 

Na-ZnTCPPImGNP by the SK-BR-3 breast cancer cell line.  

To study the phototoxicity of the nanoparticles, SK-BR-3 

cells were treated with Na-ZnTCPPImGNP (1.75 μM of Na-

ZnTCPP), irradiated with a blue light source (400-500 nm) for 

30 min to induce singlet oxygen production, and incubated for 

ca. 72 h prior to imaging. Changes in the cell morphology of 

the treated cells were observed (Fig. 6 a)-c)), which were not 

seen in control cells irradiated for 30 min but not loaded with 

nanoparticles (Fig. 6 d)-f)). Furthermore, the distribution of the 

nanoparticles within the cells seems to be different for the 

irradiated cells (Fig. 6 b)) as compared to non-irradiated cells 

that had been treated with Na-ZnTCPPImGNP for 3 h and 

incubated for 72 h prior to imaging (see ESI Fig. S11). The 

nanoparticles seem to move towards the nucleus of the dead 

cells following PDT. 

To confirm the cell death of those SK-BR-3 cells incubated 

with Na-ZnTCPPImGNP and irradiated with a 400-500 nm light 

source for 30 min, the death cell marker propidium iodide (PI) 

was added to the samples and the cells imaged using the 

fluorescence microscope. Propidium iodide is cell-

impermeable thus it can only intercalate with the DNA in the 

nucleus of those cells where the membrane has been 

disintegrated.
47 

Therefore, propidium iodide can stain dead 

cells.
48 

As shown in Fig. 6 g)-i), high fluorescence emission from 

the nucleus of the cells incubated with the Na-ZnTCPPImGNP 

and irradiated to induce production of singlet oxygen was 

observed in the red channel. Control cells, without Na-

ZnTCPPImGNP loaded and irradiated with a 400-500 nm light 

source for 30 min, did not exhibit fluorescence emission in the 

red channel (Fig. 6 j)-l)). Furthermore, the intensity of the red 

fluorescence after addition of PI (Fig. 6 h)) is significantly 

higher than prior to addition (Fig. 6 b)), indicating positive PI 

staining. Additionally, as previously mentioned, changes in the 

cell morphology suggest that the SK-BR3 cells loaded with Na-

ZnTCPPImGNP experienced PDT-induced cell death, a result in 

agreement with the cell viability assay (Fig. 4).  

 

 
Fig. 5. Brightfield and fluorescence images of SK-BR-3 cells a)-c) cells loaded with Na-

ZnTCPPImGNP and d)-f) control cells without nanoparticles loaded. Images correspond 

to: a) and d) brightfield images, b) and e) fluorescence images due to the fluorescence 

of the porphyrin on the nanoparticles, and c) and f) composite images of brightfield 

and fluorescence. The samples were excited at 530-585 nm and the fluorescence 

emission was collected in the red channel through a 600 nm long-pass filter. Scale bars 

= 20 µm.  
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Fig. 6. Brightfield and fluorescence images of SK-BR-3 cells either incubated with 1.75 

μM Na-ZnTCPPImGNP (a)-c) and g)-i)) or not incubated with nanoparticles (d)-e) and j) 

–l)) for 3 h. The cells were irradiated with a blue laser for 30 min and incubated for 72 h 

prior to imaging. Additionally, following 72 h incubation period, PI was added to the 

cells to stain the nucleus of dead cells (g)-l)). Images correspond to brightfield images 

a), d), g) and j), fluorescence images due to the fluorescence of the porphyrin on the 

nanoparticles b), e), h) and k), fluorescence images due to the fluorescence of the 

porphyrin in the Na-ZnTCPPImGNP together with the fluorescence from PI h) and k) 

and composite images of brightfield and fluorescence c), f), i) and l),. Scale bars = 20 

µm.  

Conclusion 

Gold nanoparticles incorporating a tetracarboxyphenyl 

porphyrin linked through coordination to an imidazole 

connector have been successfully prepared, characterized and 

their PDT properties evaluated. UV-visible spectroscopy and 

HRTEM allowed to calculate the number of molecules of 

porphyrin incorporated per GNP resulting in 106 molecules of 

Na-ZnTCPP per nanoparticle. Additionally, HRTEM has been 

used to characterize the morphology of GNP as well as their 

size. This analysis showed GNP with cubeoctahedron shape, 

low polydispersity and with an average size of 7 nm. 

Na-ZnTCPPImGNP were able to produce singlet oxygen in a 

higher amount than the free porphyrin Na-ZnTCPP in solution. 

The maximum rate of singlet oxygen production for the free 

porphyrin Na-ZNTCPP was of 0.03%, while it increased to 

0.11% when Na-ZnTCPP was incorporated in the Na-

ZnTCPPImGNP. 

Finally, Na-ZnTCPPImGNP were tested in vitro to evaluate 

their PDT efficacy in SK-BR-3 human breast adenocarcinoma 

cells. The Na-ZnTCPPImGNP were internalized by the SK-BR-3 

cells following an incubation period of only 3 h. Additionally, 

following irradiation with a blue light source of a wavelength 

between 400-500 nm, cell death was induced by the Na-

ZnTCPPImGNP. Cell death was dependent on both 

concentration of the porphyrin and irradiation time, and 

higher phototoxicity was observed when cells were incubated 

with 1.75 µM Na-ZnTCPPImGNP and irradiated for 30 min, 

which led to over 80% cell death. Cell death was clearly 

visualized using fluorescence microscopy by the drastic 

changes in cell morphology as well as the positive staining of 

the cells with the cell death marker propidium iodide. 
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1) Titration between porphyrins and alkylimidazoles 

 

Complexation between porphyrins and alkylimidazoles  

The Zinc tetraphenylporphyrin (ZnTPP) was initially chosen as a model to investigate its 

coordination with different imidazole derivatives. Three different imidazole derivatives were used 

to study the effect that the chain length in the imidazole derivatives has on the coordination with 

Zn. The imidazoles used include methyl imidazole (Im-C1), 1-(11-mercaptoundecyl)imidazole 

(Im-C11-SH) and octadecylimidazole (Im-C18), as shown in Fig. 1. Complexation experiments 

were carried out in toluene, knowing it would favour the coordination between the zinc and the 

imidazole.
1
 

 

Increasing amounts of equivalents of the three different imidazole derivatives Im-C1, Im-C11-SH 

and Im-C18, were added to solutions of ZnTPP (2 µM) in toluene and the complexation was 

analyzed using UV-visible absorption spectroscopy. Upon coordination, a clear decrease in the 

intensity and a red shift of the wavelength (from λ=423 to λ=430 nm) corresponding to the Soret 

band of ZnTPP was observed, as shown in Fig. S1 and S2. Im-C1 exhibited the highest affinity to 

ZnTPP since the Soret band shows a complete red shift after addition of only 1 equivalent of Im-

C1 (Fig. S1 a) and Fig. S2 a)). Whereas for Im-C11-SH at least 4 equivalents were needed (Fig. S1 

b) and Fig. S2 b)). The imidazole derivative containing the longest alkyl chain, Im-C18, showed 

lower coordination affinity to ZnTPP than the other imidazoles, since at least 30 equivalents of 

Im-C18 were necessary (Fig. S1 c) and Fig. S2 c)).  

 

Spectrophotometric titration experiments were performed to study the coordination between the 

porphyrin ZnTPP and imidazole derivatives (methyl imidazole (Im-C1), 1-(11-

mercaptoundecyl)imidazole (Im-C11-SH) and octadecylimidazole (Im-C18) . Increasing amounts of 

equivalents of the three different imidazole derivatives Im-C1 (0.1-3.2 equivalents), Im-C11-SH (1-

18 equivalents) and Im-C18 (1-50 equivalents) were added to solutions of ZnTPP (2 µM) in 

toluene and the complexation was analyzed using UV-visible absorption spectroscopy. 

Additionally, the titration study between the water-soluble porphyrin Na-ZnTCPP (2 µM) and 

alkylimidazoles (Im-C1 (1-25 equivalents) and Im-C11-SH (1-25 equivalents) in water (2.5 mL) 

were performed. 
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Fig. S1. Variations of the absorbance intensities and red shift of the Soret band region of the 

porphyrin ZnTPP following addition of increased amounts of the imidazole derivatives: a) Im-C1, 

b) Im-C11-SH and c) Im-C18. This study was monitored by UV-visible absorption spectroscopy in 

toluene. 
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Fig. S2. Decrease of the absorbance intensity at 423 nm (black line) and increase at 430 nm (red 

line) of the ZnTPP following addition of varying equivalents of a) Im-C1 (0.1-3.2 eq), b) Im-C11-

SH (1-16 eq) and c) Im-C18 (1-50 eq). 
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As shown in Fig. S3 a), a strong correlation exists between the chain length of the imidazole and 

the shift of the Soret band, indicating that shorter alkyl chains lead to higher coordination between 

the ZnTPP and the imidazole moiety. 

 

Fig. S3. The decay in absorbance intensity of the Soret band band at λ=423 nm of: a) ZnTPP after 

coordination with imidazole derivatives Im-C1 (black line), Im-C11-SH (red line) and Im-C18 (blue 

line) and b) Na-ZnTCPP after coordination with imidazole derivatives Im-C1 (black line) and Im-

C11-SH (red line).  

 

The water soluble porphyrin Na-ZnTCPP was also examined with Im-C1 and Im-C11-SH in an 

aqueous solution. Increasing quantities of both imidazole derivatives were added to a water 

solution of Na-ZnTCPP (2 µM) and the UV-visible absorption spectra recorded (Fig. S3 b)). The 

changes observed in the presence of both imidazole derivatives were similar: the absorbance 

intensity at λ=423 nm decreased only slightly and a red shift on the Soret band was not observed. 

The weaker interaction observed between the imidazole derivatives and Na-ZnTCPP is caused in 

part by the solvent effect, but also suggests a mixed interaction between species, since ionic bonds 

can be clearly established. 
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2) Synthesis and characterization of gold nanoparticles 

 

 

Fig. S4. HRTEM images (a) and b)) and corresponding size distribution histograms (c) and d)) of 

ImGNP (a) and c)) and Na-ZnTCPPImGNP (b) and d)). Scale bars = 20 nm. 

 

Fig. S5. Fluorescence emission spectra of free porphyrin Na-ZnTCPP (black line) (2 µM) and 

Na-ZnTCPPImGNP (red line) (2 μM) following excitation at 421 nm. Spectra recorded in water 

at 25 °C. 
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Synthesis of Na-H2TCPPImGNP 

A solution of ImGNP (1 mL, 7.1×10
-3

 µM) was added to an aqueous solution of Na-H2TCPP 

(1.59 mM) and the mixture was stirred at room temperature overnight. Then the residue was 

washed by centrifugation (14,500 rpm, 15 min at 15 °C, Labnet PrismR centrifuge). The purified 

solution was named Na-H2TCPPImGNP. The presence of Na-H2ZnTCPP was confirmed by 

UV-visible absorption.  

 

Fig. S6. UV-visible absorption spectra used to calculate the amount of Na-H2TCPP and Na-

ZnTCPP coordinated to the imidazole on the gold nanoparticles: a) Na-H2TCPPImGNP and b) 

Na-ZnTCPPImGNP. To calculate the contribution of the porphyrin to the total absorption 

intensity (black arrows), the absorption intensity at 460 and 480 nm due to Na-H2TCPPImGNP 

and Na-ZnTCPPImGNP, respectively, was subtracted from the total absorption intensity at 420 

and 430 nm, respectively. 
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Fig. S7. a) UV-vis absorption spectra of Na-H2TCPP at different concentrations (0.5-10 µM) in 

water and b) its corresponding calibration curve. From the calibration curve, a value of Ԑ420nm = 3.6 

x 104 M-1 cm-1 can be estimated. 

 

Fig. S8. a) UV-visible absorption spectra of Na-ZnTCPP at different concentrations (0.5-10 µM) 

in water and b) its corresponding calibration curve. From the calibration curve, a value of Ԑ423nm = 

3.6 x 105 M-1 cm-1 can be estimated. 
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Fig. S9. Calculations of the concentration of Na-H2TCPP and Na-ZnTCPP on Na-

H2TCPPImGNP and Na-ZnTCPPImGNP, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Na-H2TCPP concentration in Na-H2TCPPImGNP: 

Subtracting the Abs at 420 nm (0.462) – Abs at 460 nm (0.378) = 0.084 nm 

If we applied the Beer-Lambert law:  

Abs = Ԑ·cm·C (Ԑ420nm = 3.6 x10
4
 M

-1
cm

-1
) 

We obtain C= 2.3 µM 

 

Na-ZnTCPP concentration in Na-ZnTCPPImGNP: 

Subtracting the Abs at 430 nm (1.158) – Abs at 480 nm (0.452) = 0.706 nm 

If we applied the Beer-Lambert law:  

Abs = Ԑ·cm·C (Ԑ423nm = 3.6 x10
5
 M

-1
cm

-1
) 

We obtain C= 2.0 µM 
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Table S1. Calculation of number of molecules of porphyrin/GNP, with data used for the 

calculation 

Porphyrin
 

Soret 
band 
(nm) 

Abs 
Soret 
band 

Abs
a 

(nm) 
Abs

b ε 
(M

-1
 cm

-1
) 

[Porphyrin] 
(M) 

 
Molecules 
(porphyrin) 

Na-H2TCPP 420 0.462 0.378 0.084 3.6 x 10
4
 2.3 x 10

-6
 4.1 x 10

15
 

Na-ZnTCPP 423 1.158 0.452 0.706 3.6 x 10
5
 2.0 x 10

-6
 3.6 x 10

15
 

        

GNP
 

Abs SPR 
Abs450 

nm 
d

c
 

(nm)
 
ε (M

-1
 

cm
-
) 

[GNP] 
(M) 

Molecules 
(GNP) 

 

Na-H2TCPPImGNP 

 
0.562 0.380 8 3.1 x 10

7
 1.2 x 10

-8
 2.2 x 10

13
 

 

Na-ZnTCPPImGNP 0.588 0.590 8 3.1 x 10
7
 1.9 x 10

-8
 3.4 x 10

13
  

 
a 

Normalization of the Soret band peak absorbance of the porphyrin was applied because of the 

influence on the spectra of the GNP SPR peak. 

b 
Absorbance at 460 nm and 480 nm due to the GNP has to be subtracted from the total 

absorption intensity maximum for Na-H2TCPPImGNP and Na-ZnTCPPImGNP, respectively. 

c 
Diameter of Na-H2TCPPImGNP and Na-ZnTCPPImGNP obtained by HRTEM. 
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3) Porphyrin activity (singlet oxygen production) 

 

Fig. S10. Fluorescence emission decay following irradiation of ABMA combined with: a) ABMA 

alone, b) free porphyrin Na-ZnTCPP, c) Na-ZnTCPPImGNP and d) ImGNP in water at 25 °C. 

The samples were irradiated for 4 h with a blue light source (400-500 nm). 
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4) Biological experiments 

 

Fig. S11. Brightfield and fluorescence images of non-irradiated SK-BR-3 cells: a) - c) loaded with 

1.75 μM Na-ZnTCPPImGNP and d) – f) control without nanoparticles loaded. The cells were 

treated with Na-ZnTCPPImGNP or corresponding media for 3 h and then incubated for 72 h 

prior to imaging. Images correspond to: a) and d) brightfield images; b) and e) fluorescence 

images due to the fluorescence of the porphyrin on the Na-ZnTCPPImGNP; and c) and f) 

composite images of brightfield and fluorescence. The samples were excited at 530-585 nm and the 

fluorescence emission was collected in the red channel through a 600 nm long-pass filter. Scale bars = 

20 µm.  
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Nanostructured materials for photodynamic
therapy: synthesis, characterization and in vitro
activity†

Maŕıa E. Alea-Reyes,ab Mafalda Rodrigues,ab Albert Serrà,bc Margarita Mora,d

Maria L. Sagristá,d Asensio González,a Sara Durán,e Marta Duch,e José Antonio Plaza,e

Elisa Vallés,bc David A. Russellf and Llüısa Pérez-Garćıa‡*ab

Three nanostructured vehicles are proposed as potential carriers for photosensitizers to be used in

photodynamic therapy: spherical nanoparticles, hexahedral microparticles and cylindrical magnetic

nanorods. A comparative study of their photodynamic properties was performed, and the influence of

their size and the amount of loaded porphyrin was considered to discuss their effects in the observed

photodynamic activity. All the vehicles have a gold surface, allowing functionalization with a disulfide-

containing porphyrin as the photosensitizer, as well as with a PEG-containing thiol to improve their

biocompatibility and water solubility. The activity of the porphyrin loaded in each vehicle was assessed

through in vitro photocytotoxicity studies using HeLa cells. A synergic effect for the porphyrin toxicity

was observed in all of the vehicles. The zinc-containing porphyrin showed better production of singlet

oxygen, and proved more photocytotoxic both in solution and loaded in any of the vehicles. The

magnetism of the nanorods allows targeting with a magnetic field, but causes their aggregation,

hampering the porphyrin's activity. Microparticles showed lower cell internalization but their bigger size

allowed a high porphyrin loading, which translated into high photocytotoxicity. The highest cell

internalization and photocytotoxicity was observed for the porphyrin-loaded nanoparticles, suggesting

that a smaller size is favored in cell uptake.

Introduction

Photodynamic therapy (PDT) is a treatment used in cancer
therapy and requires a photosensitizer (PS) molecule, nontoxic
in the dark, that when irradiated with visible or near-infrared

light produces molecular singlet oxygen that triggers cellular
death.1–4 Most PSs investigated for PDT applications are chlor-
ins,5,6 bacteriochlorins,7 phthalocyanines8,9 and, especially,
porphyrins.10–12

PDT presents several advantages: it is less invasive, has fewer
secondary effects, and allows more localized treatment.
However, some of the major drawbacks of some PSs when used
in PDT are the non-specic distribution of the drug in the body
as well as the slow excretion of the photosensitizer, leading to
severe side effects caused by the patient's exposure to sunlight.
Furthermore, some of the currently used PSs are hydrophobic
molecules, requiring their dispersion in emulsions or the use of
delivery systems to administer the drugs to the biological
media. Therefore, the use of nanostructured vehicles to trans-
port and deliver such PSs to the desired target can help to
overcome this limitation.13 Some examples already described in
literature include iron oxide nanoparticles,14,15 silica nano-
particles,16,17 polymeric nanoparticles,18,19 scintillating nano-
particles,20 magnetic nanoparticles,14,18,21 gold nanowires,22

upconverting nanoparticles6,23 and gold nanoparticles
(GNP)6,24–27 as drug delivery systems.

Among these alternatives, research using GNP is very wide-
spread due to their inertness, relatively low toxicity, and facile
synthesis and functionalization,24,28–30 thus allowing their
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tailoring to target cancer cells, increasing the selectivity of the
photosensitizer-vehicle system, and decreasing undesired side
effects. Such systems composed of antibody-photosensitizer-
GNP have showed promising results.31,32

Although functionalization of GNP is easy, the conjugation
of more than one molecule implies a more complicated proce-
dure. One alternative is the use of Janus type particles,33 with
different materials that may allow orthogonal chemical func-
tionalization, facilitating the process of immobilizing different
functional molecules on the same vehicle. Different alternatives
can be used for targeting, as for example using magnetic
particles to direct the vehicles to the cancerous tissue through
applying amagnetic eld, thusmoving the particles towards the
correct site of action.34 This approach has been described for
magnetic active targeting of cancer cells using magnetic nano-
particles associated with mesoporous silica nanoparticles35 or
micro/nanospheres.36 Superparamagnetic iron oxide nano-
particles have also been used to cross the blood–brain barrier in
order to treat glioma.37 One of the key aspects of a vehicle is its
size and shape. It was already described that hexahedral silicon
oxide microparticles can be easily internalized in HeLa cells.38

Furthermore, silica semi-spheres with diameters of 1.6 and 3.2
mm can be internalized in endothelial cells.39 Gold nano-
particles with different sizes and aspect ratios have been
described to have a better uptake by HeLa cells when the aspect
ratio is lower,40,41 but other nanoparticles with different aspect
ratios showed a different trend, with a better uptake found for
high aspect ratio,42,43 as well as higher internalization rate in the
cells. This is explained by the fact that the internalization
mechanism appears to depend on the aspect ratio: spherical
particles are internalized by clathrin-mediated pathway prefer-
ably, while particles with larger aspect ratios tend to internalize
by caveolae-mediated pathway.44 Therefore, literature suggests
that not only the size and shape, but also the composition of the
used nanomaterial has inuence on the uptake of vehicles into
cells, but a clear tendency is not yet well established.

The aim of this work is to study three different types of
vehicles as carriers for two disulde-bearing amidoporphyrins.
We select three kinds of carriers for PDT, all presenting a gold
surface to favour an easy functionalization with the PS. Each
one of these carriers presents a specic characteristic that could
be interesting to enhance the efficiency of the PS on PDT:

(1) GNP, widely studied as drug delivery carriers,28,45 have
a diameter of few nanometers and should be easily internalized
into the cells,

(2) Cobalt–nickel nanorods (NR) with a gold shell and
a magnetic core, that have recently been reported to be
biocompatible46 and useful as drug delivery vehicles,47 are easily
manipulable and can be targeted by means of a magnetic eld,
and

(3) Hexahedral Janus microparticles (mP) with two different
materials (gold and polysilicon) to allow orthogonal function-
alization, and that recently have been reported to be biocom-
patible and internalized by SK-BR-3 and MCF-10A cell lines.48,49

The gold surface present in all the vehicles allows the
immobilization of the disulde-bearing amidoporphyrins.
Therefore we describe the synthesis and characterization of two

new amidoderivatives of an aminophenylporphyrin and its Zn
analogue using lipoic acid (LA) as linker, their conjugation to
the three above-mentioned gold-based vehicles, the physico-
chemical characterization of the porphyrin-loaded vehicles
through different techniques, and their PDT activity, in terms of
the singlet oxygen production, as well as their photocytotoxicity
and cellular uptake using HeLa cells, in order to select the
optimal delivery vehicle for use in PDT.

Experimental
Materials

Solvents. Propionic acid, dimethylformamide (DMF),
dichloromethane (DCM), methanol (MeOH), chloroform
(CHCl3) and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich (Germany).

Reagents. Hydroxybenzotriazole monohydrate (HOBT), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
9,10-anthracenediyl-bis(methylene)dimalonic acid (ABMA),
(11-mercaptoundecyl)hexa(ethylene glycol) (MHEG), glacial
acetic acid, ammonium hydroxide (20%), benzaldehyde, lipoic
acid (LA), nitric acid (HNO3), potassium bromide (KBr), pyrrole,
sodium bicarbonate, sodium sulfate, tin(II) chloride dihydrate
(SnCl2$2H2O), trichloroacetic acid, zinc acetate dihydrate
(Zn(OAc)2$2H2O) and sodium borohydride (NaBH4), were
purchased from Sigma Aldrich (Germany), (6-{2-[2-(2-methox-
yethoxy)ethoxy]ethoxy}hexyl)trimethoxysilane (MTMS) was
purchased from Sikemia (France), sodium hydroxide (97%,
pellets) and dicyclohexylcarbodiimide (DCC) were purchased
from Merck (Germany), hydrochloric acid 6N and sulfuric acid
(97%) were purchased from Scharlab (Spain). Dulbecco's
Modied Eagle Medium (DMEM) fetal bovine serum (FBS),
glucose, L-glutamine, streptomycin sulfate and potassium
penicillin were purchased from Gibco-Life Technologies (UK).

Characterization methods

Melting points were measured by CTP-MP 300 hot-plate appa-
ratus with ASTM 2C thermometer using crystal capillaries
purchased from Afora. 1H-NMR spectra were recorded on
a Varian Gemini 300 spectrometer (300 MHz) and on a Varian
Mercury 400 spectrometer (400 MHz) from Centres Cientics i
Tecnològics de la Universitat de Barcelona (CCiT-UB). 1H-NMR
spectra were determined using CDCl3 as solvent with TMS
(tetramethylsilane) as internal standard. The chemical shis
are expressed in parts per million (ppm) relative to the central
peak of the solvent. Matrix Assisted Laser Desorption
Ionization-Time of Flight Mass Spectrometry (MALDI-ToF-MS)
analyses were performed using a Voyager-DE-RP mass spec-
trometer (Applied Biosystem, Framingham, USA) and high
resolution mass spectra (HRMS) were obtained by electrospray
(ESI) on a LC/MSD-ToF mass spectrometer (Agilent Technolo-
gies, 2006) from CCiT-UB. MS analysis was operated in the
delayed extractionmode using 2,5-dihydroxybenzoic acid (DHB)
as a matrix. Thin layer chromatography (TLC) was performed on
Merck silica gel plates coated with F254 uorescent indicator.
Column chromatography was carried out on silica gel 60 (Merck

16964 | RSC Adv., 2017, 7, 16963–16976 This journal is © The Royal Society of Chemistry 2017

RSC Advances Paper

202



9385, 230-400 mesh). Elemental analysis was performed on
a Thermo EA 1108 CHNS from CCiT-UB. UV-visible absorption
spectra were obtained using an UV-1800 Shimadzu UV spec-
trophotometer, using quartz cuvettes with a 1 cm path length.
Absorption spectra were determined in CHCl3 or water. In
general, the compounds were dried overnight at 25 �C in
a desiccator. Fluorescence excitation and emission spectra were
recorded using a Hitachi F-4500 uorescence spectrometer. The
spectra were recorded in right angle using quartz cuvettes with
a 1 cm path length. Transmission electron microscopy (TEM)
was carried out in the CCiT-UB. The samples were observed with
an electronic microscope Tecnai SPIRIT (FEI Co) at 120 kV. The
images were captured by a Megaview III camera and digitalized
with the iTEM program. The size of the gold nanoparticles core
was measured with the Analysis soware (Olympus). The size of
the nanoparticles was also determined by Dynamic Light Scat-
tering (DLS) using a Zetasizer Nano ZS series (Malvern Instru-
ments). Thermogravimetric analysis (TGA) was recorded with
a SDT Q600 TA Instrument under N2 atmosphere (N2 ow: 50
mL min�1). The scanning rate was 5 �C min�1 and the
temperature range was between 70 and 600 �C for each sample.
Electrochemical experiments have been performed by using
a Potentiostat/Galvanostat Autolab PSTAT30, controlled by the
GPES program. Cell concentration was calculated using a Luna
Automated Cell Counter. Absorbance measurements on
microplates were obtained using a microplate reader Syn-
ergyMx™ (BioTek Instruments, Inc.). HeLa cells were imaged by
confocal microscopy using a Leica TCS SP2 confocal laser
uorescence microscope (Leica, Heidelberg, Germany) from
CCiT-UB, with simultaneously uorescence and reection
acquisition, by using an argon laser of 488 nm.

Synthesis of ATPP-LA1 and ATPP-LA

The synthesis of the precursors of porphyrins ATPP-LA and
ZnATPP-LA (TPP, TPPNO2, TPPNH2, ZnTPPNH2) are explained
in detail in the ESI.†

Hydroxybenzotriazole monohydrate (91 mg, 0.68 mmol) and
dicyclohexylcarbodiimide (70 mg, 0.34 mmol) were added to
a solution of lipoic acid (70 mg, 0.34 mmol) in dry DMF. The
solution was cooled down with an ice-water bath and stirred for
1 h. Then a solution of TPPNH2 (108 mg, 0.17 mmol) in 6 mL of
dry DMF was added and the reaction was stirred at room
temperature overnight. Aer this time, the solvent was evapo-
rated in vacuum. The mixture was washed with a saturated
solution of 5% NaHCO3 (50 mL). Then the product was extrac-
ted with CHCl3 (2 � 50 mL), and the organic layer was washed
with water (2 � 50 mL) and dried over sodium sulfate anhy-
drous and the organic layer was evaporated under reduced
pressure and the crude product puried by column chroma-
tography (SiO2, DCM) to afford a purple solid (125 mg, 87%):
m.p. 180 �C, rf ¼ 0.44 in DCM. UV-vis (DCM) lmax 419, 514, 552,
591, 650 nm. The uorescence emission spectra exhibit two
peaks at 655 and 719 nm (excitation 590 nm). 1H-NMR (400
MHz, CDCl3, 25 �C): d ppm ¼ �2.77 (s, 2H, –NH), 1.95–1.55 (m,
8H, 4 (CH2)), 2.29–2.23 (m, 1H, CH), 2.51 (t, J¼ 2.4 Hz, 1H, CH),
2.66–2.60 (m, 1H, CH), 3.60–3.55 (m, 1H, CH), 3.45–3.38 (m, 1H,

CH), 4.21–4.18 (m, 1H, NH), 7.72–7.74 (m, 3H, Ar-H), 8.13 (dd, J
¼ 6.0 Hz, J¼ 6.0 Hz, 4H, amide phenyl), 8.20 (dd, J¼ 7.0 Hz, J¼
7.0 Hz, 8H, b-pyrrole), 8.85 (s, 12H, Ar-H). MALDI-ToF-MS: m/z
(%) ¼ 850.2 (100) [M]+. HMRS (ESI) m/z: (C52H43N5O3S2) calcu-
lated 849.2800 found 850.2880. Elemental analysis found: N,
8.34; C, 73.42; H, 5.18; S, 7.48. Calc. for C52H43N5O3S2: N, 8.24;
C, 73.47; H, 5.10; S, 7.54%. Then a solution of ATPP-LA1 (25 mg,
0.025 mmol) in DCM (5 mL) was added to a stirred solution of
NaBH4 (7.5 mg, 0.198 mmol) in water (1.0 mL). The mixture was
stirred at room temperature overnight. The phases were sepa-
rated and the organic phase was washed with water (3� 50 mL),
then dried over sodium sulfate anhydrous and concentrated
under vacuum to give ATPP-LA as a purple solid (21 mg, 84%).
UV-vis lmax (DCM)/nm 419, 517, 554, 590 and 652. The uo-
rescence emission spectra exhibit two peaks at 652 and 709 nm
(excitation 590 nm). Due to instability of the porphyrin ATPP-LA
which results in its oxidation, ATPP-LA was used in situ in the
functionalization of the three different vehicles.

Synthesis of ZnATPP-LA

Hydroxybenzotriazole monohydrate (43 mg, 0.35 mmol) and
dicyclohexylcarbodiimide (36 mg, 0.17 mmol) were added to
a solution of lipoic acid (36 mg, 0.17 mmol) in dry DMF. The
solution was stirred at ice water bath temperature for 1 h. Then
a solution of ZnTPPNH2 (61 mg, 0.08 mmol) in dry DMF (3 mL)
was added. The reaction was stirred at room temperature
overnight. The solvent is evaporated in vacuum. The mixture
was washed with a saturated solution of 5% NaHCO3 (50 mL).
Then the product was extracted with DCM (2 � 50 mL), and the
organic layer was washed with water (2 � 50 mL) and dried over
sodium sulfate anhydrous and the organic layer was evaporated
under reduced pressure and the crude product puried by
column chromatography (SiO2, DCM) to afford a purple solid
(69 mg, 93%): m.p. 180 �C, rf ¼ 0.40 in DCM. UV-vis (DCM) lmax

420, 541, 588 nm. The uorescence emission spectra exhibit two
peaks at 600 and 650 nm (excitation at 550). 1H-NMR (400 MHz,
CDCl3, 25 �C): d ppm ¼ 1.42–1.10 (m, 8H, CH2), 1.57 (t, J ¼
1.2 Hz, 1H, CH), 2.21–2.18 (m, 1H, CH), 1.63–1.60 (m, 1H, CH),
2.79–2.74 (m, 1H, CH), 3.16–3.14 (m, 1H, NH), 2.92–2.88 (m, 1H,
CH), 7.12 (d, J ¼ 3.4 Hz, 2H, amide phenyl), 7.74–7.71 (m, 9H,
Ar-H), 8.00 (d, J ¼ 3.8 Hz, 2H, amide phenyl), 8.22–8.20 (m, 6H,
Ar-H), 8.86 (d, J ¼ 4.2 Hz, 2H, b-pyrrole), 8.92 (d, J ¼ 4.3 Hz, 2H,
b-pyrrole), 8.94 (s, 4H, b-pyrrole). MALDI-ToF-MS: m/z (%) ¼
879.2 (100) [M]+. HMRS (ESI) m/z: (C52H41N5OS2Zn) calculated
879.2000 found 879.2045.

Synthesis and characterization of gold nanoparticles (GNP)
with ATPP-LA (ATPP-LA-GNP) and ZnATPP-LA (ZnATPP-LA-
GNP)

A solution of HAuCl4$3H2O (2.0 mg, 0.005 mmol) in water (1
mL) was added to a stirred solution of ATPP-LA (4.1 mg, 0.005
mmol) in CHCl3 (0.5 mL) or ZnATPP-LA (4.3 mg, 0.005 mmol) in
CH2Cl2 (0.5 mL). The thiol MHEG (2.3 mg, 0.009 mmol) was
dissolved in water (1 mL) and the solution was added to the
mixture under vigorous stirring. An excess of NaBH4 (5.6 mg,
0.148 mmol) or (2.8 mg, 0.074 mmol) in water (1 mL) was added
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dropwise to the corresponding mixture. The stirring continued
for 24 h in the dark at room temperature. GNP were obtained in
aqueous phase. The phases were separated using an extraction
funnel and the solvent of the aqueous phase was removed in
a rotary evaporator, followed by multiple washings with water
and CHCl3 (3 � 1 mL) using centrifugation (14 000 rpm, 17 min
at 15 �C). The water-soluble GNP containing the porphyrin
ATPP-LA were named as ATPP-LA-GNP and the GNP containing
the porphyrin ZnATPP-LA were named as ATPP-LA-GNP.

Functionalization of nanorods (NR)

The nanorods (NR) used in this study were obtained as
described elsewhere,46 and are composed of a magnetic core
made of cobalt and nickel covered by a gold shell. Three
different NR-based samples were prepared: a control sample
containing MHEG-functionalized NR (PEG-NR), a sample with
MHEG and ATPP-LA (ATPP-LA-NR), and a sample with MHEG
and ZnATPP-LA (ZnATPP-LA-NR). The functionalization was
performed as follows: for the preparation of the control sample
PEG-NR, 200 mM of MHEG in DMSO (1 mL) was added to a vial
containing 450 mg of dry NR; for the preparation of ATPP-LA-NR
and ZnATPP-LA-NR samples, 1 mL of a solution containing 200
mM of MHEG and 20 mM of porphyrin ATPP-LA or ZnATPP-LA in
DMSO was added, respectively to a vial containing 450 mg of dry
NR. For characterization purpose, control NR identied as NR-
H and NR-Zn, containing the porphyrin ATPP-LA or ZnATPP-LA
respectively, but no PEG, were also prepared as follows: 20 mM
of the corresponding porphyrin in DMSO (1 mL) were added to
a vial containing 450 mg of dry NR. Before starting the incuba-
tion, and at 2–3 hours intervals, the vials were sonicated to
favour the homogeneity of the suspensions of the NR. The
samples were le in incubation for 48 hours, aer which the NR
were washed (5 � 1 mL) with DMSO, by suspending with
ultrasounds and then by removing the solvent using a magnet
to trap the NR. The NR were then washed once with 1 mL of
ethanol and dried.

The functionalization of the NR was corroborated by means
of three experimental techniques: uorescence microscopy,
TGA and electrochemical probe experiments. TGA was carried
out in order to establish the amount of loaded porphyrin, and to
evaluate the thermal stability of the functionalized NR. Cyclic
voltammetries of the Fe(II)/Fe(III) system in a 2mMK4[Fe(CN)6] +
2 mM K3[Fe(CN)6] + KNO3 0.2 M solution (electrochemical
probe) were recorded in order to detect possible variations in
the proles of NR functionalized with porphyrins respect to that
of non-functionalized NR. Before each experiment, 2.5 mL of
suspensions of functionalized and non-functionalized NR in
mixtures of water : ethanol (4 : 1) were dropped on the surface
of a glassy carbon rod (electrodes of 0.0314 cm2) and then were
dried under a nitrogen ow.

Functionalization of microparticles (mP)

The microparticles (mP) used in this study were prepared as
described elsewhere;48 and consist of a layer of polysilicon and
a layer of gold attached by a thin chromium layer. Three
different samples were prepared: a control sample containing

MTMS and MHEG (PEG-mP), a sample with MTMS and ATPP-LA
(ATPP-LA-mP), and a sample with MTMS and ZnATPP-LA
(ZnATPP-LA-mP). The functionalization was performed as
follows: 100 mL of piranha solution were added to a microtube,
containing approximately 106 microparticles, and the micro-
particles were incubated for 1 hour at room temperature with
continuous shaking at 400 rpm. The suspensions were then
centrifuged for 15 minutes at 13 500 rpm, washed twice with
MilliQ water (1 mL) and once with DMSO (1 mL). For control
microparticles PEG-mP, 100 mL of a MHEG solution in DMSO (6
mM) were added. For microparticles with the porphyrins ATPP-
LA-mP and ZnATPP-LA-mP 100 mL of solutions of the porphyrins
ATPP-LA or ZnATPP-LA in DMSO (1.2 mM) were added,
respectively. The suspensions of microparticles with MHEG or
with porphyrins were le for 48 hours at room temperature in
a shaker at 400 rpm. Then they were centrifuged for 15 minutes
at 13 500 rpm. The supernatant was recovered for porphyrin
determination and the mP were washed twice with DMSO (1
mL). Then, the surface containing polysilicon was functional-
ized by incubating with 100 mL of 10% MTMS in DMSO for 2
hours at room temperature, aer which they were centrifuged
for 15minutes at 1350 rpm and washed twice with DMSO (1mL)
and twice with ethanol (1 mL) and air dried and then suspended
in 10 mL of culture medium (DMEM) to calculate the nal
concentration of mP using a Neubauer Chamber and counting
the particles with an optical microscope.

Singlet oxygen production of the ATPP-LA1, ATPP-LA, ZnATPP-
LA, ATPP-LA-GNP and ZnATPP-LA-GNP

Singlet oxygen formation can be monitored indirectly through
the conversion of ABMA into an endoperoxide which can be
detected by uorescence spectroscopy. Briey, 3 mL of a solution
5.12 � 10�4 M of ABMA in MeOH were added to the cuvettes
containing (3.93 mL, 3.84 mL or 4.07 mL) of ATPP-LA1, ATPP-LA or
ZnATPP-LA solutions in DMSO respectively, to give a nal
concentration of porphyrin in the cuvette of 3 mM. In the case of
the GNP, 3 mL of ABMA (5.12 � 10�4 M in MeOH) were added to
cuvettes containing (512 mL or 384 mL) of aqueous solutions of
ATPP-LA-GNP or ZnATPP-LA-GNP respectively, to give the same
concentration of ATPP-LA or ZnATTP-LA (3 mM). The solutions
were added to a quartz cuvette and stirred thoroughly. A light
source with a range between 400 nm and 500 nm was used to
irradiate the stirred solutions during 4 hours. Fluorescence
spectra were recorded every hour, in the range of 390–600 nm,
and the singlet oxygen production was determined by the
decrease of the uorescence intensity of ABMA.

Cytotoxicity and photocytotoxicity studies

HeLa cells (human cervical adenocarcinoma cells; ATCC CCL-2)
were used to test the cytotoxicity and the photocytototoxicity of
the different porphyrins (TPPNH2 and ZnTPPNH2) and the
controls of the carriers (GNP, NR and mP) and loaded with the
porphyrins (ATPP-LA-GNP, ZnATPP-LA-GNP, ATPP-LA-NR,
ZnATPP-LA-NR, ATPP-LA-mP and ZnATPP-LA-mP). HeLa cells
were cultured at 37 �C in a humidied sterile atmosphere of
95% air and 5% CO2, using DMEM supplemented with FBS
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(10% v/v), glucose (4.5 g L�1), L-glutamine (292 mg L�1), strep-
tomycin sulphate (50 mg L�1) and potassium penicillin (50 000
U L�1). For cytotoxicity studies, cells were seeded in 96-well
plates (3300 cells per well) and grown up to 70–85% conuence.
Cells were then incubated for 24 hours with different concen-
trations of the porphyrins in solution (0–100 mM), each vehicle
control: (0–150 mg mL�1 of NR; 0–100 nM of GNP); 0–400 000 mP
mL�1) or each vehicle loaded with either porphyrin (0–20.8 mg
mL�1 of NR; 0–100 nM of GNP; 0–400 000 mP mL�1). Cells
incubated with the complete medium in the absence of vehicles
were used as control. Aer incubation, the medium was dis-
carded, cells were washed three times with cold PBS and incu-
bation was followed for 24 additional hours with fresh culture
medium. Cell viability was determined by means of the MTT
assay. Briey, the remaining HeLa cells were incubated with
a MTT solution (0.05 mg mL�1) in complete DMEM for 3 hours.
The medium was discarded, formazan crystals were solubilized
with pure DMSO and the formazan concentration was deter-
mined by absorption at 526 nm. Cell viability was determined by
the ratio between the absorbance of treated cells and that of
non-treated cells (control, 100% viability).

For photocytotoxicity studies, cells were incubated with
porphyrins or with the porphyrin-loaded vehicles for 24 h,
washed three times with cold PBS and feed with fresh complete
medium and then were irradiated using a LED source (LED par
64 Short, ShowTec) of a wavelength range of 515 � 50 nm, with
a light intensity at the irradiation site of 6 mW cm�2. Samples
were irradiated at different times ranging from 2 min to 32 min
to achieve the intended light uence. Cells were again incu-
bated for 24 h in the dark and the reduction in cell viability was
also determined by means of the MTT assay.

Internalization study of the different vehicles

Confocal microscopy was used to verify ZnATPP-LA-GNP,
ZnATPP-LA-NR and ZnATPP-LA-mP internalization. Cells were
grown in an 8 wells Chamber Coverglass Nunc Lab-Tek II. First,
cells were incubated at 37 �C for 24 h with a suspension of the
corresponding ZnATPP-LA-loaded carrier in DMEM (15 nM
ZnATPP-LA-GNP, 15.6 mg mL�1 ZnATPP-LA-NR and 60 000
ZnATPP-LA-mP ml�1) to allow their internalization. The
concentrations used for each vehicle were chosen in order to
have the maximum amount of the vehicle in solution that
allows a HeLa cell viability (in the dark) above 80%. To conrm
the intracellular localization of the carriers, the cytoplasm of the
cells was labelled with the CellTracker™ uorescent probe
Green CMFDA (5-chloromethyluorescein diacetate) in serum-
free culture medium, which acts as a cytoplasm cell tracker
(C7025 Thermo Fisher, Life Technologies). The methodology of
the labelling process consists in the following steps: (1) cells
were washed twice for 5 min with PBS (1 mL), (2) incubated for
30 min at 37 �C with the binding solution (5 mM CMFDA in
serum-free culture medium) (2 mL), (3) washed twice for 5 min
with PBS (1 mL), (4) incubated for 30 additional min at 37 �C
with supplemented cell culture medium; and (5) lastly washed
twice for 5 min with PBS (1 mL). Aer labelling, the cells were
maintained in complete culture medium containing 10 mM

HEPES to keep cells alive during its observation with the
microscope. HeLa cells were imaged using a Leica TCS SP2
confocal laser uorescence microscope (Leica, Heidelberg,
Germany) with simultaneously uorescence and reection
acquisition, to detect the cell marker and the vehicles respec-
tively, by using an argon laser of 488 nm. Different sections were
initially scanned, and a data set of z-series images were
collected from the bottom of the wells toward the top in the z-
axis direction. Three-dimensional reconstructions were made
with the soware Imaris 7.2.3 (Bitplane AG, USA).

Results and discussion
Synthesis and characterization of porphyrin-functionalized
GNP, NR and mP

In this work, the main objective was to incorporate two
porphyrins, one of them containing a metal in its core, in
different nanostructured materials with a gold shell in order to
understand the inuence that size, morphology and composi-
tion has in their bio-photoactivity, and therefore select the best
carriers to be used as delivery vehicles for PDT. In order to do so,
we used a multidisciplinary approach combining synthesis of
nanomaterials, microfabrication, surface chemical functional-
ization and cell biology studies (cytotoxicity and photo-
cytotoxicity, cellular internalization), to prepare hybrid
nanostructured materials capable to interact with living cells,
and deliver photoactive drugs. Prior to the materials function-
alization, porphyrin derivatives adequate to immobilization in
the potential vehicles had to be synthetized. The characteriza-
tion of the disulphide-bearing amidoporphyrins ATPP-LA and
ZnATPP-LA (Fig. 1) and the synthesis and characterization of
their precursors50–53 can be found in Section 1 in ESI (detailed
synthetic procedure and characterization, Schemes S1, S2 and
Fig. S1–S16).† LA was chosen in this work to act as linker for the
correct immobilization of the porphyrins (ATPP-LA and
ZnATPP-LA) in the vehicles, because this compound is
commonly used for electrochemical studies of biomolecules or
for the elaboration of biological sensors54,55 and coupled to
a porphyrin.56

Due to instability of the porphyrin ATPP-LA which results in
its oxidation, ATPP-LA was used in situ in the functionalization
of the three different vehicles.

Fig. 1 Structure of the porphyrins ATPP-LA and ZnATPP-LA.
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The synthesized porphyrins ATPP-LA and ZnATPP-LA were
conjugated to three different vehicles, each with different
characteristics given by their corresponding materials and
dimensions, that can help improve their therapeutic effect.
Therefore, we chose to study:

(1) GNP, widely studied as vehicles for different types of
therapy, can easily enter the cells due to their small size, and
due to a high area/volume ratio allow a high loading of
porphyrin molecules on their surface;45,57,58

(2) biocompatible CoNi NR covered with a gold layer,46 that
confers inertness to the system and allows a facile functionali-
zation, while the CoNi core renders them magnetic, making
possible to direct the vehicle by applying a magnetic eld, thus
avoiding side effects caused by non-specic distribution of the
PS in the organism; and

(3) biocompatible Janus mP with two different materials (gold
and polysilicon) with dimensions in the micrometric scale.
These mP can be internalized by cells,49 and the presence of two
surfaces from different materials can be used to functionalize
each of the surfaces with different molecules,48 such as the PS in
one face and a targeting molecule or a hydrophilic molecule
such as polyethyleneglycol (PEG) on the other face.

From these materials, the gold nanoparticles are synthesized
in situ in the presence of the porphyrins while the microparti-
cles and the nanorods are fabricated prior to the immobiliza-
tion of the porphyrins, through processes already described.
The magnetic CoNi core of the NR is electrochemically grown in
a polycarbonate membrane, which is later dissolved, and the
released NR are then covered with a gold layer through galvanic
displacement (see ESI Fig. S17† for their preparation).46 The mP
composed of gold and polysilicon surfaces are fabricated
through photolithography: the polysilicon layer is deposited on
top of a sacricial layer, then a chromium layer (to help the
adhesion between the polysilicon and the gold), and nally the
gold layer is deposited (see ESI Fig. S18† for microfabrication
details).48 Fig. 2 shows the SEM images of the NR and the
microparticles, prior to functionalization, depicting their
shape, dimensions and surface composition. Each of these
vehicles has a specic characteristic: the GNP have high area/
volume ratio, the NR have a magnetic CoNi core useful to
direct these carriers to the tumour tissue, and the mP have a gold
surface and a polysilicon surface that can be used to immobilize
different molecules.

According to literature, somemetals can affect the formation
of singlet oxygen by porphyrins and, consequently, their
photodynamic effect when these metals are coordinated in the

core of the porphyrin ring. In this study we use the same
porphyrin with and without Zn in their core. Apart from the Zn,
the only metal found in the proximity of the porphyrin is gold
but it is not part of the porphyrin molecule and the linkage of
the porphyrin with the gold shell is the same for all the vehicles.
Co and Ni are in the core of the nanorods, and therefore they are
not in contact with the porphyrin, and Cr is present as a thin
layer between gold and polysilicon in the microparticles, as
a “cement” to attach the two materials, and is not in contact
with the porphyrin because the molecules are immobilized on
the gold surface.

For each vehicle (GNP, NR or mP), due to their differences in
material composition, size, morphology and preparation
method, different methodologies were used for the functional-
ization with the porphyrins ATPP-LA and ZnATPP-LA, and
consequently the distribution of the molecules on the surface is
expected to be different. Fig. 3 shows the schematic represen-
tation of each nanostructure containing the porphyrins, as well
as a PEG-derivative used to increase the water dispersability of
the hybrid nanomaterials.

Fig. 2 SEM image and schematic representation of (a) nanorods and
(b) microparticles, with their corresponding dimensions and surface
composition.

Fig. 3 Schematic representation (cross-section) of GNP: ATPP-LA-
GNP (M ¼ H,H) and ZnATPP-LA-GNP (M¼ Zn), NR: ATPP-LA-NR (M ¼
H,H) and ZnATPP-LA-NR (M¼ Zn), and mP: ATPP-LA-mP (M¼H,H) and
ZnATPP-LA-mP (M ¼ Zn).
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In the case of the GNP, the synthesis was adapted from the
Brust–Schiffrin biphasic method59 and was performed in the
presence of the disulphide-bearing amidoporphyrin derivatives
ATPP-LA or ZnATPP-LA, so that the nal GNP already incorpo-
rated these porphyrins in their structure. To make the GNP
more hydrophilic and biocompatible, 11-mercaptoundecyl)
hexa(ethylene) glycol (MHEG) was also introduced. The initial
molar ratio between the MHEG and the porphyrin used was
2 : 1. The S–S bond is sensitive to the presence of reducing
agents such as NaBH4 (used for GNP synthesis).60 For this
reason, to avoid a competition between the reduction of the
gold salt and LA, we decided to use an excess of NaBH4 in the
synthesis of GNP to ensure the reduction of the gold salt. LA is
consequently also reduced by NaBH4 to dihydrolipoic acid
(DHLA), which have also been proven to be a valuable ligand for
stabilizing and inhibiting the aggregation of GNP.61,62

The newly synthesized GNP were characterized by Trans-
mission Electron Microscopy (TEM) and Dynamic Light Scat-
tering (DLS) in the preparation medium, in order to determine
their size, morphology and size distribution. Fig. 4 shows the
TEM micrographs obtained for both synthesized ATPP-LA-GNP
and ZnATPP-LA-GNP, and their respective distribution histo-
grams. In both cases, the obtained GNP, loaded with the amido-
disulde porphyrin derivative and the PEG-derivative MHEG,
presented spherical shape and are monodisperse, with narrow
size distribution. The GNP gold core has an average diameter of
9.5� 1.5 nm and 10� 1.3 nm for ATPP-LA-GNP and ZnATPP-LA-
GNP respectively, as measured by TEM, and hydrodynamic
diameter of 13.0 � 0.8 nm and 13.5 � 1.0 nm for ATPP-LA-GNP
and ZnATPP-LA-GNP respectively, as measured by DLS, which
takes into account the organic shell composed by the thiol
ligands used to stabilize the GNP. DLS analysis also showed that
these GNP are stable in solution and present low polydispersity
index between 0.11–0.13. Furthermore, when the carriers were
added to the culture medium no turbidities appear that could
indicate the formation of aggregates.63

Fluorescence spectroscopy was used to conrm the presence
of the two synthesized porphyrins ATPP-LA and ZnATPP-LA on

the GNP surface thanks to the ability of the porphyrins to emit
uorescence.64 The uorescence emission spectra were recor-
ded for the free porphyrins (ATPP-LA and ZnATPP-LA) in CHCl3
solution and for the porphyrin-coated GNP in aqueous solution
(see ESI Fig. S19 and S20†). The uorescence emission spectra
of the metal-free porphyrin ATPP-LA and of the ATPP-LA-GNP
exhibit two peaks at ca. l 652 and 709 nm (excitation at 590 nm)
as it was expected for the non-metallated porphyrin derivatives
(see ESI Fig. S20†),64 while in the case of the metallated
porphyrin ZnATPP-LA and ZnATPP-LA-GNP the uorescence
emission spectra of both samples exhibit two peaks at ca. l 600
and 650 nm (excitation at 550 nm) as expected for Zn-porphyrin
derivatives (see ESI Fig. S20†).65 These results indicate the
immobilization of both porphyrins (ATPP-LA and ZnATPP-LA)
into GNP, and also demonstrate that the uorescence emission
of the photosensitizer is not affected signicantly when the
porphyrin is linked to the GNP.

Through UV-visible absorption spectroscopy it was possible
to conrm the presence of the porphyrins in the synthesized
GNP (see ESI Fig. S21†) and quantify the total amount of
immobilized porphyrin in the GNP using the porphyrins'
characteristic Soret band and the Q bands present in the
absorption spectra. To calculate the extinction coefficient of the
porphyrins, a calibration curve was obtained in the range 0.5–10
mM for both ATPP-LA and ZnATPP-LA (see ESI, Fig. S22 and
S23†). GNP concentration was determined applying calculations
described by Haiss,66 and the amount of porphyrins per GNP
was then calculated. The ratio of incorporated porphyrin per
nanoparticle was found to be 1.67 � 104 ATPP-LAmolecules per
GNP and 2.81 � 103 ZnATPP-LA molecules per GNP (see ESI
Table S1† for details).

In the case of the NR, an initial ratio of 10 : 1 MHEG/
porphyrin was used (see Fig. 5a): the porphyrin used is hydro-
phobic and the material also has low water dispersability.
Therefore, we used a higher ratio of MHEG than the one used
for the GNP, to increase the dispersability in water of the
porphyrin-loaded NR, but still maintaining a high porphyrin
content. The successful immobilization of the porphyrins on
their gold surface was assessed by uorescence microscopy,
since porphyrin-functionalized NR should present red coloured
uorescence. Fig. 5b and c show images of naked NR, and
Fig. 5d and e of the porphyrin-functionalized NR ATPP-LA-NR
and ZnATPP-LA-NR respectively, with visible red coloured
uorescence of the porphyrin, conrming its presence linked to
the NR surface. The NR, being magnetic, have a natural
tendency to aggregate, fact that was favoured due to the
necessity of drying the sample for observation in the micro-
scope. Furthermore, NR functionalization was conrmed using
electrochemical characterization. Control NR containing the
porphyrin ATPP-LA or ZnATPP-LA, but no PEG-derivative
(MHEG), were also prepared, and identied as NR-H and NR-
Zn, respectively. The functionalization was corroborated by
comparing the electrochemical probe of Fe(II)/Fe(III) redox
couple response of non-functionalized (NR) and functionalized
(ATPP-LA-NR, ZnATPP-LA-NR, PEG-NR, NR-H and NR-Zn) NR.
The results are shown in Fig. 5f.

Fig. 4 TEM micrographs of (a) ATPP-LA-GNP and (b) ZnATPP-LA-
GNP and (c and d) size distribution histograms of both GNP
respectively.
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As expected, the formation of an organic layer on the NR
surface creates an additional barrier on the electrode, which
results in a decrease in peak mass-normalized current density
(jp), while peak-to-peak separation (DEp) increases. Thus, there
is a signicant decrease in peak mass-normalized current
density and increase in the separation of the peaks when NR
were functionalized with porphyrins ATPP-LA and ZnATPP-LA
and without MHEG (NR-H and NR-Zn, respectively) (curves B
and C respect to curve A), with a blocking effect slightly higher
in the case of NR-Zn. Therefore, the electrochemical tests clearly
show that NR could be easily functionalized with both porphy-
rins and PEG-derivative.

Because NR scatter light when in suspension, it was not
possible to quantify the amount of porphyrin by measuring the

UV-visible absorption spectra of the samples. Measuring the
amount of porphyrin remaining in the supernatant did not
provide good results either. Therefore, the amount of loaded
porphyrin per mass of NR and the thermal stabilities of the non-
functionalized and functionalized samples were evaluated by
thermogravimetric analysis (see ESI Fig. S24†). The amounts
found per mg of NR were 0.011 mmol of ATPP-LA in ATPP-LA-NR
and 0.016 mmol of ZnATPP-LA in ZnATPP-LA-NR.

For the immobilization of the porphyrins in the mP, because
these particles have two surfaces, each of a different material,
they must be functionalized in a sequential manner as
described elsewhere48 (see Fig. 6a).

First, the gold surface was functionalized with the porphyrin
(ATPP-LA or ZnATPP-LA) and then the polysilicon surface was
functionalized with a silane derivative containing poly-
ethyleneglycol groups, namely (6-{2-[2-(2-methoxyethoxy)
ethoxy]ethoxy}hexyl)trimethoxysilane (MTMS), to improve the
water solubility and biocompatibility (see ESI, Scheme S3†). The
presence of the porphyrins on the microparticles, indicating
their successful immobilization, was assessed by uorescence
microscopy. The functionalized microparticles show a red
bright uorescence observed due to the presence of the
porphyrins. Furthermore, they show homogeneous uores-
cence intensity and no signicant differences were observed
between the immobilized microparticles with porphyrins ATPP-
LA or ZnATPP-LA (Fig. 6b and c, respectively). The amount of
porphyrin immobilized in the functionalized microparticles
was determined indirectly using UV-visible absorption spec-
troscopy, by calculating the difference between the initial
amount of porphyrin in solution and the nal amount present
aer incubation with the vehicles, using the calibration curves

Fig. 5 Schematic representation of the NR functionalization with
either ATTP-LA or ZnATPP-LA (a); fluorescence microscope images
showing a mesh of non-functionalized naked NR (b) and the corre-
sponding image with visible light (c); fluorescence microscope images
showing a mesh of porphyrin-functionalized ATPP-LA-NR (d) and
ZnATPP-LA-NR (e), identified by the red color. Magnification 400�;
Electrochemical probe of Fe(II)/Fe(III) system at 100 mV s�1 (f) showing
curves for non-functionalized naked NR (A), NR-H (B), NR-Zn (C),
ATPP-LA-NR (D), ZnATPP-LA-NR (E) and PEG-NR (F).

Fig. 6 Schematic representation of the mP functionalization with
either ATTP-LA or ZnATPP-LA (a); fluorescence microscope images of
bifunctional microparticles functionalized with ATPP-LA (b) and
functionalized with ZnATPP-LA (c).
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with a range of 0.50–10 mM of ATPP-LA or ZnATPP-LA (see ESI,
Fig. S22 and S23, respectively†). It was found that the samples of
ATPP-LA-mP contained 1.8 mM ATPP-LA and the samples of
ZnATPP-LA-mP contained 1.4 mM ZnATPP-LA. These concentra-
tions correspond to suspensions of 500 000 mPs mL�1.

The geometric area for each vehicle was estimated from their
dimensions, being 3.1 � 10�4 mm2 (GNP), 1.30 mm2 (NR) and 9
mm2 (mP). In the case of the bifunctional Si/Au mP, only the gold
layer has been considered for the porphyrin adsorption. With
these values, the content of porphyrin per mm2 could be calcu-
lated. In order to compare the amount of porphyrins incorpo-
rated in the different vehicles, the micromoles of porphyrin
loaded in each vehicle was determined. A brief summary of the
characteristics of all the vehicles, including their materials,
shape, dimensions, and content in porphyrin per vehicle and
per area, is presented in Table 1.

Due to the different size and shape of each carrier, the
amount of PS molecules attached to the carrier was expected to
be different. All the carriers retain porphyrin in the surface as
a consequence of the bonds between the molecules and the
supercial gold. The porphyrin/vehicle unit ratio increases in
the sense GNP < NR < mP, due to the clear differences in the size
of each vehicle. However, the amount of immobilized porphy-
rins is not directly proportional to the geometrical gold surface.
When comparing the amount of linked porphyrin ATPP-LA by
gold surface unit, we found a higher porphyrin/gold surface
ratio for the mP (5.1 � 10�10 mmol mm�2) than for GNP (9.0 �
10�11 mmol mm�2) or NR (2.6 � 10�12 mmol mm�2).

The same trend was observed for the vehicles loaded with
ZnATPP-LA, where again the highest porphyrin/gold surface
ratio was obtained for the mP (4.0 � 10�10 mmol mm�2), then for
GNP (15.0 � 10�11 mmol mm�2) and the lowest for the NR (2.6 �
10�12 mmol mm�2). The NR present the lower porphyrin/gold
surface ratio for both porphyrins, probably as a consequence
of partial NR aggregation during the functionalization process.
Although ultrasound conditions were used during functionali-
zation, the relatively short PEG-derivative leads to low screening
of the magnetic elds induced by the NR, and therefore not
being able to prevent the formation of some aggregates that
hinder the porphyrin adsorption over some parts of the NR
surface.

Instead, the highest content for both porphyrins was found
in the mP, which can be justied by their bifunctional nature:
the PEG-derivative used to make the particles more water-

soluble and biocompatible was immobilized on the silicon
face of the microparticles, whereas all the gold face remains free
for the porphyrin chemisorption. Additionally, the gold layer is
a rougher surface in the mP, also contributing to a higher
incorporation of porphyrin. For the other two types of vehicles,
both porphyrin and PEG-derivative compete by the gold surface,
forming a mixed SAM with both polyethyleneglycol and
porphyrin molecules, and therefore the amount of porphyrins
by gold area is lower.

Singlet oxygen production quantication

Singlet oxygen production was examined using the probe
ABMA. In the presence of singlet oxygen, ABMA is converted
into an endoperoxide, leading to a decrease in the uorescence
emission of the molecule due to photobleaching.67 The emis-
sion decay can be easily followed using uorescence spectros-
copy. To study de singlet oxygen production, the
photosensitizer was irradiated in the presence of ABMA with
a blue light source. It was veried that aer 1 hour the decay of
the uorescence of the ABMA was low, and therefore the irra-
diation time was increased to 4 hours with continuous stirring,
to obtain a cumulative effect where the difference between the
different decay rates could be more noticeable. Fluorescence
emission spectra were recorded every hour, in the range of 390–
600 nm, and the singlet oxygen production was determined by
the decrease of the emission intensity of the ABMA (see ESI,
Fig. S25†). A considerable decay of the ABMA uorescence
emission band during irradiation was observed, demonstrating
the formation of the endoperoxide from the ABMA due to
singlet oxygen production in all samples. A control sample
containing ABMA solution without any porphyrin, irradiated
under the same conditions, shows a negligible decay in the
ABMA uorescence emission. This result conrms that singlet
oxygen was produced by the porphyrin derivatives, alone or
loaded in the GNP, upon irradiation. It can be observed that
aer 4 hours the percentage of emission decay for ABMA in the
presence of ATPP-LA1, ATPP-LA, and ZnATPP-LA was 19%, 17%
and 37% respectively, and for ATPP-LA-GNP and ZnATPP-LA-
GNP were 42% and 60%, respectively, indicating the production
of singlet oxygen in all cases (see Fig. S26 in ESI†). It is also
evident the differences in the ABMA uorescence decay between
the samples containing the porphyrins withoutmetal (ATPP-LA1

and ATPP-LA) and those with the porphyrin containing zinc in

Table 1 Characterization of the three vehicles loadedwith the porphyrins: the table shows thematerials used in the procurement of the vehicles,
their shape, dimensions, and content of porphyrin per vehicle unit

Material Shape and dimensions Vehicle
Porphyrin/vehicle
(mmol/unit)

Porphyrin/area
(mmol mm�2)

Gold nanoparticle Sphere Ø ¼ 9–10 nm ATPP-LA-GNP 2.8 � 10�14 9.0 � 10�11

ZnATPP-LA-GNP 4.7 � 10�14 15.0 � 10�11

Nanorod with gold shell and Co/Ni core Cylinder Ø ¼ 110 nm, 3.7 mm length ATPP-LA-NR 3.4 � 10�12 2.6 � 10�12

ZnATPP-LA-NR 5.0 � 10�12 3.8 � 10�12

Gold and polysilicon microparticle Cuboid 3 mm � 3 mm � 530 nm ATPP-LA-mP 4.6 � 10�9 5.1 � 10�10

ZnATPP-LA-mP 3.6 � 10�9 4.0 � 10�10
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their core. This difference is associated to the presence of the
zinc metal in the porphyrin molecule, which increases the
capacity of the photosensitizer to generate singlet oxygen, as
reported in the literature,12,68,69 making this metalloporphyrin
a promising PS for PDT. Finally, in order to compare the singlet
oxygen production capacity of the free porphyrins (ATPP-LA1,
ATPP-LA and ZnATPP-LA) and of the porphyrins loaded in the
GNP (ATPP-LA-GNP and ZnATPP-LA-GNP), the maximum rate of
ABMA photobleaching was normalized with the concentration
of the PS using eqn (1), where IF is the intensity of uorescence.

ð%IF431 at t ¼ 0 minÞ � ð%IF431 at t ¼ 60 minÞ
60 min� ½porphyrin�ðmMÞ (1)

The concentration of porphyrin in the solution was 3 mM,
whether it was free in solution (ATPP-LA and ZnATPP-LA) or
loaded in the GNP (ATPP-LA-GNP and ZnATPP-LA-GNP). All of
the calculated maximum rates of ABMA photobleaching upon
irradiation are compared in Fig. 7. The highest values of
maximum rate of ABMA photobleaching, directly related to the
singlet oxygen production, were obtained for both GNP (0.055%
and 0.066% uorescence emission decay per min per mM for
ATPP-LA-GNP and ZnATPP-LA-GNP, respectively). ATPP-LA1 and
ATPP-LA showed the lowest values (0.027% and 0.033% uo-
rescence emission decay per min per mM respectively), while
ZnATPP-LA shows a value of 0.050% uorescence emission
decay per min per mM, which is lower than that obtained for
ZnATPP-LA-GNP. It is noteworthy that the zinc-containing
porphyrin ZnATPP-LA presents a maximum rate of ABMA pho-
tobleaching higher than the porphyrin without metal ATPP-LA
when it was used alone or loaded in GNPs. This is in agreement
with the fact that the zinc-containing porphyrin has a better
capacity to produce singlet oxygen than the porphyrin without
metal.

Moreover, when comparing the porphyrins ATPP-LA and
ZnATPP-LA free in solution and loaded in the GNP, the increase
observed in the rate of ABMA photobleaching is visible. These
results demonstrate that the porphyrins resulted more effective
when immobilized on GNP rather than free in solution, with an
increased singlet oxygen production, a feature already observed

before for similar systems,15,27,70 which may be attributed to the
high localized plasmonic eld generated in the gold surface
that enhances ROS production.27 This fact is even more
remarkable considering that the photobleaching of the
porphyrin-loaded GNP has been measured in aqueous solution,
where oxygen is much less soluble and usually leads to a less
signicant effect for this type of measurement because of the
shorter lifetime of singlet oxygen in water.71

Cytotoxicity and photocytotoxicity studies

Regarding the toxicity of the vehicles, previous studies with the
NR functionalized with thiolated PEG allowed determining
their biocompatibility.46 To assure that the GNP and the mP did
not have intrinsic toxicity to the used cell lines, a viability study
was also performed, both vehicles being coated with PEG-
containing thiol and no porphyrin. It was found that the
viability of the cells was higher than 80% for the maximum
concentrations tested of 100 nM and 410 000 mP mL�1,
respectively (see ESI Fig. S27 and S28†). This suggests that the
thiol group which interacts with the gold surface does not exert
a toxic effect on the cells. The cytotoxicity of porphyrins, both in
solution and aer immobilization in the different vehicles, was
determined using HeLa cells. Porphyrins TPPNH2 and
ZnTPPNH2 were used as controls in solution, rather than ATPP-
LA or ZnATPP-LA, because of their higher solubility in polar
solvents. In this study, the manipulation of the cells was per-
formed in the dark, so the results reect the cytotoxicity in the
absence of light irradiation and thus without singlet oxygen in
the incubates. The purpose of this study was to nd the
adequate concentrations of porphyrins, free in solution and
loaded in the different vehicles, at which HeLa cells viability was
higher than 80–90% in the dark. The results obtained are shown
in ESI Fig. S29–S32.† With these data, the maximum concen-
tration of porphyrins, free or loaded in the carriers, were chosen
to be used in the photocytotoxicity assays. Cytotoxicity follows
a general trend, as the Zn containing porphyrins were more
toxic than their non-metallated analogues, both in solution and
aer immobilization into the different vehicles. To study the
photocytotoxicity, different porphyrin concentrations and light
doses were used. The study was performed with HeLa cells and
cell viability was determined for the free porphyrins TPPNH2

and ZnTPPNH2 (Fig. 8a and b) and for the porphyrins loaded in
the three different vehicles: GNP (Fig. 9a and b), NR (Fig. 9c and
d) and mP (Fig. 9e and f). The results obtained for the viability of
HeLa cells in the presence of free porphyrins showed that in the
dark (light dose ¼ 0) the survival cell fraction was higher than
95% for porphyrin concentrations up to 1 mM and demonstrated
that the incubation of HeLa cells with both porphyrins at the
concentrations used did not induce signicant cell death
without irradiation.

More importantly, the results showed the concentration and
light dose dependence of the photodynamic response of HeLa
cells for both porphyrins (TPPNH2 and ZnTPPNH2). As ex-
pected, increasing the concentration of porphyrin and light
dose causes an increase of photocytotoxicity. At the same
porphyrin concentration and light dose, the photocytotoxic

Fig. 7 Percentage rate of the photobleaching of ABMA at 431 nm,
normalized to porphyrin concentration.
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effect was more pronounced in the case of the metallated
porphyrin (ZnATPP-LA), as expected by the increased produc-
tion of singlet oxygen by this porphyrin, demonstrated by the
increased ABMA photobleaching decay (Fig. 7). This result is in
agreement with the production of singlet oxygen by related
photosensitizers such as tetraphenylporphyrin and Zn(II)-tetra-
phenylporphyrin assessed by means of time-resolved near-
infrared phosphorescence detection.72 Using the non-cytotoxic
highest porphyrin concentration (1 mM) and light dose 15 J

cm�2, the viability of HeLa cells was around 25% for ZnTPPNH2

which contrasts greatly with HeLa cells viability near 60% found
for TPPNH2, conrming the higher efficiency of ZnTPPNH2, in
accordance with the results obtained for other similar
systems.12,68

Similar experiments were performed to demonstrate the
usefulness of the synthesized porphyrin-loaded vehicles (with
porphyrins bound to their gold surface) as efficient porphyrin
carriers for PDT. It was observed that the global behaviour of
HeLa cells incubated with both porphyrins loaded in the
different vehicles is similar to that obtained for the free
porphyrins. Also, HeLa cells viability decreases by increasing
the porphyrin concentration in the incubation medium and the
light dose used in the irradiation process. Moreover, for all
vehicles, the effectiveness was higher when the porphyrin
loaded was ZnATPP-LA. However, to analyze the results together
and highlight the differences between the different vehicles it
must be taken into account that while the light doses used were
the same, the porphyrin concentration in the incubation
medium varies according to their nature (TPPNH2, ZnTPPNH2,
or immobilized in the vehicles as ATPP-LA or ZnATPP-LA) and
according to the vehicle used (GNP, NR or mP). This difference is
because: rstly, the number of ATPP-LA or ZnATPP-LA mole-
cules in each vehicle varies (see Table 1) and, moreover, the
inherent toxicity of the different vehicles determines its
maximum concentration in the incubation medium in order to
obtain a dark cytotoxicity (light dose¼ 0) lower than 20% (% cell
viability$80%). For this, it is necessary to compare the% of cell
viability obtained at the same light dose and with a similar
concentration of porphyrin.

The analysis of the results obtained for the photocytotoxicity
of the porphyrins loaded in the GNP showed that the difference
between the effectiveness of both porphyrins is even more
evident. Thus, for both porphyrins at the maximum light dose,
the cell viability using the ATPP-LA-GNP ([ATPP-LA] ¼ 1.646 mM)
was of 62% in relation to the control, whereas the use of
ZnATPP-LA-GNP ([ZnATPP-LA] ¼ 0.835 mM) caused a decrease in
cell viability up to 11%, even though the concentration of
ZnATPP-LA was half of the ATPP-LA. Nevertheless, the
enhancement in the photodynamic effect using the ZnATPP-LA-
GNP is greater than the increase in singlet oxygen production
observed using the probe ABMA. It is interesting to note the
increased phototoxicity for ZnATPP-LA observed when the
porphyrin was added to the incubation medium loaded in the
GNP, compared to the photocytotoxicity obtained for the free
porphyrin. A similar concentration of free porphyrin
([ZnTPPNH2] ¼ 1 mM) causes less decrease of cell viability (25%)
than that produced by a concentration of 0.835 mM of the
porphyrin loaded in GNP ZnATPP-LA-GNP (11%). The observed
decrease in cell viability may be a consequence of a more fav-
oured internalization of the porphyrins into HeLa cells when
they were supported on the GNP (see later).

In the case of the NR, the tested amounts of the porphyrins
in the cell viability experiments were greatly limited by the
higher toxicity of the material. Therefore, the concentration of
both porphyrins in the incubation media was lower than that
used for the other vehicles (GNP and mP). In this case, it was

Fig. 8 HeLa cells viability (expressed in percentage with respect to
controls) after irradiation at different light doses in the presence of: (a)
TPPNH2 and (b) ZnTPPNH2. The concentration of porphyrin in each
incubate is the indicated in the figure. Control cells were incubated
only with complete growth medium. The results displayed are the
average values obtained by three independent experiments (n¼ 3) and
the error bars correspond to standard deviation.

Fig. 9 HeLa cells viability (expressed in percentage with respect to
controls) after irradiation at different light doses in the presence of: (a)
ATPP-LA-GNP and (b) ZnATPP-LA-GNP; (c) ATPP-LA-NR and (d)
ZnATPP-LA-NR; and (e) ATPP-LA-mP and (f) ZnATPP-LA-mP. The
concentration of porphyrin in each incubate is the indicated in the
figure. Control cells were incubated only with complete growth
medium. The results displayed are the average values obtained by
three independent experiments (n ¼ 3) and the error bars correspond
to standard deviation.
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observed that for similar porphyrin concentrations ([ATPP-LA]
¼ 0.180 mM; [ZnATPP-LA] ¼ 0.150 mM) and the maximum light
dose, the cell viability using ATPP-LA-NR or ZnATPP-LA-NR was
similar. On the other hand, in both cases the decrease in cell
viability with the increase in porphyrin concentration is less
pronounced than for free porphyrins or loaded in the other two
vehicles. Moreover, at similar porphyrin concentrations and
light dose, the effectiveness in cell toxicity was similar for free
porphyrins and loaded in NR. One possible explanation may be
the difficulty of NR to enter the cells causing a reduced avail-
ability of porphyrins as in the other cases (see later). This may
be because of their size and tendency to aggregate, reducing the
uptake of the NR by HeLa cells. To overcome this difficulty, the
design of the vehicle may be changed by introducing a PEG-
containing derivative with higher molecular weight, to
improve their dispersion in water and to prevent their
aggregation.

Finally, for the ATPP-LA-mP, the percentage of cell viability
(65%) obtained for a [ATPP-LA] ¼ 1.840 mM, aer the photody-
namic treatment, is comparable with that obtained (62%) for
a similar concentration of the same porphyrin ([ATPP-LA] ¼
1.646 mM) immobilized in the GNP. However when comparing
the photocytotoxic effect of ZnATPP-LA loaded in the mP
(ZnATPP-LA-mP, Fig. 9f) and in the GNP (ZnATPP-LA-GNP,
Fig. 9b), it can be observed that the highest concentration of
ZnATPP-LA (1.440 mM) used for mPs leads to a 28% of cell
viability at the maximum dose of irradiation, while a lower
concentration of the same porphyrin ([ZnATPP-LA] ¼ 0.835 mM)
loaded in the GNP, at the same dose of light, leads to a lower
percentage of cell viability (11%), indicating the higher photo-
toxic efficiency of ZnATPP-LA-GNP versus ZnATPP-LA-mP, prob-
ably as a consequence of the higher cellular uptake in the GNP.

Internalization study of the ZnATPP-LA-containing vehicles

To enlighten the photocytotoxicity results, the internalization
by HeLa cells of the different porphyrin-loaded vehicles was
assessed to determine whether the vehicles enter the cells or
not. Because the amount of porphyrin immobilized per area of
vehicle is different in each case, the intensity of the observed
uorescence cannot be directly correlated with the amount of
vehicle entering the cells. Since the higher efficiency in the
photodynamic effect was obtained with the zinc-containing
porphyrin, this study was carried out for ZnATPP-LA-GNP,
ZnATPP-LA-NR and ZnATPP-LA-mP. Therefore, HeLa cells were
incubated with these systems for 24 hours, and then labelled
with the cytoplasm marker CMFDA, which shows uorescence
by action of esterases present inside the cell. Fig. 10 shows the
confocal images corresponding to a central plane of HeLa cells,
depicting images corresponding to the green uorescence of
the cell marker, the red images for the vehicles loaded with the
porphyrin, and a merged image of the previous two. 3D recon-
struction of the confocal images is available (see ESI,† multi-
media les 01_GNP_3D, 02_uP_3D and 03_NR_3D).

It can be observed that the amount of ZnATPP-LA-GNP which
is able to enter into HeLa cells is high, and that they are found
inside most of the cells. Thus, despite that ZnATPP-LA-GNP

have the least porphyrin load per vehicle unit (7.0 � 10�14 mmol
per GNP), the fact that their uptake by HeLa cells is high helps
to explain why, at the same concentration of porphyrin, its
photocytotoxicity is greater. The images for HeLa cells incu-
bated with ZnATPP-LA-NR shows the presence of some aggre-
gates, which are mainly outside the cells, and this result explain
their low photocytotoxicity; the small amount of ZnATPP-LA-NR
inside the cells determines that the intracellular porphyrin
content is low, and consequently the concentration of singlet
oxygen inside the cells is also small. On the other hand, even
though for NR the area/volume ratio is high, the aggregation of
NR could shield the porphyrin molecules. This fact could
prevent the molecules from generating singlet oxygen during
the irradiation process, and thus would explain the lower pho-
tocytotoxicity found. Thus, it is necessary to improve their
design, as discussed in the previous section, to favour the
capture of NR by HeLa cells, increasing the content of porphyrin
within cells and improving the photocytotoxicity for ZnATPP-
LA-NR. The confocal images of HeLa cells incubated with
ZnATPP-LA-mP indicate a low uptake. The different uptake of NR
and mP in relation to that of GNP suggests that the smaller
dimensions of the later (see Table 1) facilitated the uptake by
the HeLa cells, aided by their higher solubility.

Moreover, it must be taken into account the amount of each
porphyrin loaded into each carrier. In this sense, it can be stand
out that mP hold the greater amount of porphyrins while gold

Fig. 10 Internalization of ZnATPP-LA-GNP, ZnATPP-LA-NR and
ZnATPP-LA-mP into HeLa cells. HeLa cells were also loaded with the
cytoplasmic Cell Tracker™ Green CMFDA. The cytoplasm is shown in
green (left column), the red images (middle column) correspond to the
porphyrin-loaded carriers and the right column shows their overlay.
The images correspond to sections chosen from a middle plane of the
cells. 3D reconstructions are available as multimedia files (see ESI†).
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nanoparticles contain the least amount. The observed uptake
for mP does not correlate well with the results of their photo-
cytotoxicity. It would be expected that the low amount of mP
inside HeLa cells and the fact that there are few cells containing
mP, would be related to a lower photocytotoxicity as it occurs
when using NR. However, looking at the concentration of
porphyrin ZnATPP-LA that was added to the incubation
medium as ZnATPP-LA-GNP, ZnATPP-LA-NR or ZnATPP-LA-mP,
the results show that at comparable concentrations of
porphyrin, the photocytotoxicity of ZnATPP-LA-mP is interme-
diate between that of the other two formulations, being higher
when using ZnATPP-LA-GNP. This result may be related to the
fact that, in the case of ZnATPP-LA-mP the content of porphyrin
per carrier unit is about 106 times higher than that of the
ZnATPP-LA-GNP and of 103 times higher than that of the
ZnATPP-LA-NR, so that the photocytotoxicity would not depend
only of the amount of the internalized carrier if not mainly of
the total porphyrin content within the cells.

Conclusion

In this work three different nanostructured systems have been
used all having a common aspect: a gold surface for easy func-
tionalization with porphyrins containing disulphide groups. The
porphyrins in solution and the porphyrins incorporated in the
vehicles did not show cytotoxicity in the dark but showed good
photocytotoxic effect in HeLa cells when irradiated with light. In
all cases, the zinc-containing porphyrins had higher effect upon
light irradiation. The NR showed the less cytotoxic effect for the
studied concentrations, which were low because of their intrinsic
toxicity and magnetic aggregation, being a possible explanation
for the lower effectiveness observed. To improve the design of the
NR, a thicker hydrophilic layer could be created around them, to
prevent its aggregation and to make them more biocompatible.
mP load the higher amount of porphyrin molecules per carrier
unit, which can explain the considerable cytotoxicity observed
even though the uptake is not so high. Due to their bifunctional
nature, they can be conjugated with internalization agents, such
as transferrin or cell-penetrating peptides, to overcome their low
uptake. GNP had the better photocytotoxicity results, showing
higher effect with regard to that of free porphyrin in solution, as
also observed in the ABMA photobleaching, meaning that the
porphyrin immobilized on the GNP had an enhancement in its
effect. The design of the nanostructures inuenced the amount
of porphyrin incorporated per vehicle and per area, which had
consequences in the internalization ability of the system and in
the efficiency of the porphyrins upon irradiation. We are
currently testing new strategies to formulate the carriers
including the incorporation of recognition ligands to receptors
overexpressed in specic tumour cells to direct the vehicles and
help their internalization by endocytosis.
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L. Pérez-Garćıa, J. Colloid Interface Sci., 2016, 462, 154–165.

16 P. Couleaud, V. Morosini, C. Frochot, S. Richeter, L. Raehm
and J.-O. Durand, Nanoscale, 2010, 2, 1083–1095.

17 K. Hayashi, M. Nakamura, H. Miki, S. Ozaki, M. Abe,
T. Matsumoto, T. Kori and K. Ishimura, Adv. Funct. Mater.,
2014, 24, 503–513.

18 S. H. Voon, L. V. Kiew, H. B. Lee, S. H. Lim, M. I. Noordin,
A. Kamkaew, K. Burgess and L. Y. Chung, Small, 2014, 10,
4993–5013.

19 C. He, D. Liu and W. Lin, ACS Nano, 2015, 9, 991–1003.
20 A. Kamkaew, F. Chen, Y. Zhan, R. L. Majewski and W. Cai,

ACS Nano, 2016, 10, 3918–3935.
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1) Synthesis and characterization of the porphyrin derivatives 

 

TPPNH2 and its Zn (II) derivative ZnTPPNH2 are the key scaffolds to be derivatized 

with sulphur containing groups linkable to gold, which was accomplished by reaction 

with lipoic acid to give ATPP-LA and ZnATPP-LA, respectively (Scheme S1). 

The synthesis of TPPNH2, was performed according to modifications of methods 

previously described in the literature
1–3

 (see Scheme S1). In the synthesis of ZnTPPNH2
4
 

an excess of zinc acetate was added to a solution of TPPNH2 in MeOH/CHCl3. 

Subsequently both porphyrins (TPPNH2 and ZnTPPNH2) were treated with one 

equivalent of lipoic acid (LA) in presence of DCC and HOBT to give porphyrins ATPP-

LA1 and ZnATPP-LA in good yields (87% and 93% respectively) as we can see in 

Scheme 1. 

Unexpectedly, the coupling of the lipoic acid to TPPNH2 afforded a product where 

oxidation of the sulphur atoms had occurred, as indicated by Mass Spectrometry and 

Elemental Analysis. The oxidation of disulphide groups has been reported in literature.
5,6

 

Due to the oxidation of the disulphide group in the product ATPP-LA1, an additional 

reduction step using NaBH4 was necessary to obtain ATPP-LA (Scheme S2). All 

porphyrins synthesized had a high degree of purity. 
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5,10,15,20-tetrakis(4-biphenyl)porphyrin (TPP)
1
 (Scheme S1) 

TPP was obtained in 70% yield by refluxing equivalent amounts of pyrrole and 

benzaldehyde in propionic acid, following the Adler-Longo method.
1
 

 

5-(4-nitrophenyl)-10,15,20-triphenylporphyrin (TPPNO2)
2
 (Scheme S1) 

TPP (0.5 g) was added to a solution of trichloroacetic acid (15 g) in DCM (50 mL), and 

then concentrated HNO3 (156 µl, 65%) was added dropwise, using an external ice bath. 

The mixture was stirred for 3 min. The reaction was quenched with water (100 mL), and 

the mixture was neutralized with ammonium hydroxide (28%) to pH =7 (the color of the 

reaction changed from green to brown). The product was extracted with DCM (2 x 100 

mL), and the organic layer was washed with water (3 x 50 mL) and dried over sodium 

sulfate anhydrous and then concentrated under vacuum. The residue was purified on 

aluminum oxide basic using for elution chloroform to give TPPNO2 as a brown solid 

(340 mg, 65%): m.p.˃ 300 °C, rf = 0.68 in chloroform. UV-vis λmax (DCM)/nm 421, 

518, 552, 592 and 648. 
1
H-NMR (400 MHz, CDCl3; 25 °C): δ ppm= -2.75 (s, 2H, -NH), 

7.81-7.76 (m, 9H, Ar-H), 8.40-8.21 (m, 6H, Ar-H), 8.42 (d, J= 3.8 Hz, 2H, nitrophenyl), 

8.64 (d, J = 3.8 Hz, 2H, nitrophenyl), 8.74 (d, J = 4.4 Hz, 2H, β-pyrrole), 8.87 (s, 4H, β-

pyrrole), 8.90 (d, J = 4.4 Hz, 2H, β-pyrrole). MALDI-ToF-MS m/z (%)= 659.1 (100) 

[M]
+
. 

 

5-(4-Aminophenyl)-10,15,20-triphenylporphyrin (TPPNH2)
3
 (Scheme S1) 

TPPNO2 could be easily reduced to the corresponding amino-porphyrin (TPPNH2) by 

the Kruper method with a good yield of 98%. 

 

Zn(II) 5-(4-Aminophenyl)-10,15,20-triphenylporphyrin (ZnTPPNH2) 

In the synthesis of ZnTPPNH2
4
 (Scheme 1), an excess of zinc acetate was added to a 

solution of TPPNH2 in MeOH/CHCl3. The reaction was monitored by UV-visible 

absorption spectroscopy: the porphyrins present a characteristic absorption spectrum 

consisting of an intense Soret band and 4 or 2 less intense so-called Q bands. In the case 

of the TPPNH2, the absorption spectrum shows four Q bands (Figure S3) that upon 

coordination with Zn (II), are replaced by two Q bands (Figure S4) due to the presence of 

Zn in the core, thus indicating the formation of ZnTPPNH2. 
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Zn (ll) 5-(4-Aminophenyl)-10,15,20-triphenylporphyrin (ZnTPPNH2)
4
 

A solution of TPPNH2 (63 mg, 0.1 mmol) in CHCl3 (30 mL) was heated to reflux under 

an argon atmosphere. A solution of Zn(OAc)2·2H2O (417 mg, 1.8 mmol) in MeOH (15 

mL) was added dropwise, and the whole was refluxed for 24 h. The mixture was washed 

with a saturated solution of 5% NaHCO3 (50 mL). Then the product was extracted with 

DCM (2 x 50 mL), and the organic layer was washed with water (2 x 50 mL) and dried 

over sodium sulfate (99%) and the organic layer was evaporated under reduced pressure 

and the crude product purified by column chromatography (SiO2, DCM) to afford a 

purple solid (110 mg, 84%): m.p. ˃ 300 °C, rf = 0.47 in chloroform. UV-vis (DCM) 

λmax 429, 556, 598 nm 
1
H-NMR (400 MHz, CDCl3, 25 °C): δ ppm= 3.89 (s, 2H, amino), 

7.01 (d, J = 8.0 Hz, 2H, 4-aminophenyl), 7.76-7.74 (m, 9H, Ar-H), 7.97 (d, J = 8.2 Hz, 

2H, 4-aminophenyl), 8.23-8.21 (m, 6H, Ar-H), 8.93 (s, 6H, β-pyrrole), 9.04 (d, 2H, J = 

4.5 Hz, β-pyrrole). MALDI-ToF-MS: m/z (%)= 691.1 (100) [M]
+
. 
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Scheme S1. Synthesis of the porphyrins TPP, TPPNO2 and TPPNH2  
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Scheme S2. Synthesis of the porphyrins ATPP-LA1, ATPP-LA and ZnATPP-LA. 
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Fig S1. UV-visible absorption spectra of the TPPNH2 (3 μM) recorded in DCM. 

 

 

Fig S2. UV-visible absorption spectra of the ZnTPPNH2 (5 μM) recorded in DCM. 
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Fig S3. 
1
H-NMR spectrum of TPPNO2 recorded in CDCl3 at 400 MHz. 

 

 

Fig S4. MALDI-ToF -MS (m/z) spectrum of TPPNO2 with DHB as matrix. 
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Fig S5. 
1
H-NMR spectrum of ATPP-LA1 recorded in CDCl3 at 400 MHz. 

 

 

Fig S6. MALDI-ToF -MS (m/z) spectrum of ATPP-LA1 with DHB as matrix. 
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Fig S7. HMRS-ESI spectrum (m/z) spectrum of ATPP-LA1. 

 

 

Fig S8. 
1
H-NMR spectrum of ZnTPPNH2 recorded in CDCl3 at 400 MHz. 
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Fig S9. MALDI-ToF -MS (m/z) spectrum of ZnTPPNH2 with DHB as matrix. 

 

 

Fig S10. 
1
H-NMR spectrum of ZnATPP-LA recorded in CDCl3 at 400 MHz. 
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Fig S11. MALDI-ToF -MS (m/z) spectrum of ZnATPP-LA with DHB as matrix. 

 

 

Fig S12. HMRS-ESI spectrum (m/z) spectrum of ZnATPP-LA. 
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Fig S13. UV-visible absorption spectra of TPPNO2 (5 μM) recorded in DCM. 

 

Fig S14. UV-visible absorption spectra of the ATPP-LA1 (2 μM) recorded in DCM. 
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Fig S15. UV-visible absorption spectra of the ATPP-LA (10 μM) recorded in DCM. 

 

Fig S16. UV-visible absorption spectra of the ZnATPP-LA (10 μM) recorded in DCM. 
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2) Fabrication of gold coated nanorods and bifunctional microparticles 

2.1. Gold coated nanorods 

 

 

 

 

 

Fig S17. Schematic representation of the fabrication process of the CoNi@Au NRs. (a) 

Electrochemical synthesis of CoNi NRs in the interior of a gold-coated polycarbonate 

membrane (100 nm of nominal pore’s diameter) by means of potentiostatic method. (b) 

CoNi NRs grown in the channels of the polycarbonate membrane. (c) Removing of the 

NRs by dissolution of both gold coating and polycarbonate membrane. (d) Formation of a 

gold shell in the surface of the CoNi NRs by means of galvanic displacement procedure.
7 
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2.2. Bifunctional microparticles 

 

Fig S18. Fabrication process of the Polysilicon–Chromium–Gold chips. 

a) Chips were fabricated using a 100 mm-diameter silicon wafer as a main substrate. b) A 

1 µm silicon oxide layer was deposited as a sacrificial layer by plasma enhanced 

chemical vapor deposition process (PECVD). c) A 400 nm-thick polysilicon layer was 

deposited as a first device material by low pressure chemical vapour deposition process 

(LPCVD). d) A photoresist layer was spun and exposed to UV light to pattern the 

devices. e) Next, a chromium layer of 30 nm-thick was deposited by a sputtering process 

to improve the adherence between the polysilicon and gold main device layers. f) Then, a 

100 nm-thick gold layer was also sputtered as a second device material. g) A lift-off 

process was performed to remove the chromium and gold layers from the undesired 

areas. h) Subsequently, the polysilicon layer was patterned using the chromium and gold 

layers as a mask. i) Finally, the silicon oxide sacrificial layer was etched by a 49% HF 

vapors to release the Polysilicon–Chromium–Gold chips and collected in ethanol.
8 
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3) Characterization of the different vehicles loaded with porphyrins 

 

Fig S19. Fluorescence emission spectra (excitation at 590 nm) of ATPP-LA (0.01 mg 

mL
-1

) in CHCl3 and the ATPP-LA-GNP (0.3 mg mL
-1

) recorded in water at 25°C. 

 

 

Fig S20. Fluorescence emission spectra (excitation at 550 nm) of ZnATPP-LA (0.02 mg 

mL
-1

) in CHCl3 and the ZnATPP-LAGNP (0.2 mg mL
-1

) recorded in water at 25°C. 
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Fig S21. UV-vis absorption spectra of: a) ATPP-LA-GNP (0.11 mg mL
-1

) recorded in 

water and b) ZnATPP-LA-GNP (0.18 mg mL
-1

) recorded in water. Inserts: 

magnification of the corresponding Q band region. 
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Fig S22. a) UV-vis absorption spectra of ATPP-LA at different concentrations (0.5-10 

µM) in DCM and b) corresponding calibration curve. 
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Fig S23. a) UV-vis absorption spectra of ZnATPP-LA at different concentrations (0.5-10 

µM) in DCM and b) corresponding calibration curve. 
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Table S1. Calculation of number of molecules of porphyrin/GNP, with data used for the 

calculation 

Porphyrin
a 

Soret 

band 

(nm) 

Abs 

Soret 

band 

Abs 

480 nm 

Normalized 

Abs
c 

ε 

(M
-1

 cm
-1

) 

[porphyrin] 

(M) 

ATPP-LA 422 0.7079 0.0684 0.6394 2.17x 10
4
 2.94x 10

-5
 

ZnATPP-LA 418 0.8598 0.0857 0.7740 8.28 x 10
4
 9.35x 10

-6
 

       

GNP
a 

Abs SPR Abs450 nm d(nm)
b 

ε (M
-1

 cm
-1

) 
[GNP] 

(M) 

Molecules of 

porphyrin/G

NP 

ATPP-LA-

GNP 
0.1226 0.1084 10 6.15 x 10

7
 1.76 x 10

-9
 1.67 x 10

4
 

ZnATPP-

LAGNP 
0.2057 0.2047 9.5 6.15 x 10

7
 3.33 x 10

-9
 2.81 x 10

3
 

a 
Absorbance peaks and values were obtained from the UV-visible absorbance spectra of 

free porphyrins and GNP. 

b 
Diameter obtained by TEM. 

c 
Normalization of the Soret Band peak absorbance of the porphyrin was applied because 

of the influence on the spectra of the GNP SPR peak. 
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Fig S24. Thermogravimetric curves of (a) ATPP-LA, (b) ATPP-LA-NR and (c) 

ZnATPP-LA-NR under nitrogen atmosphere (N2 flow: 50 mL min
-1

) for 1 mg of each 

sample. 
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Scheme S3. Functionalization of the bifunctional microparticles: first, the microparticles 

are treated with piranha solution (H2SO4/H2O2 7:3) to clean organic material from the 

surface and also to activate the polysilicon surface. Then, the sulfur-containing molecule 

(ATTP-LA, ZnATPP-LA or MHEG) were added to form the monolayer on the gold 

surface. Afterwards, the silane containing PEG groups is added to form the monolayer on 

the polysilicon surface. 
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4) Singlet oxygen production 

 

 

Fig S25. Fluorescence intensity decay of ABMA after irradiation: a) ABMA without 

porphyrin, b) and c) ABMA with free porphyrin ATPP-LA or ZnTPP-LA in DMSO at 

25 °C, d) and e) with GNP ATPP-LA-GNP or ZnATPP-LA-GNP in water at 25 °C. 
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Fig 26. Percentage of fluorescence emission decay of ABMA due to photobleaching. The 

measures were carried out at 431 nm, in the presence of a) ATPP-LA1, b) ATPP-LA and 

ATPP-LA-GNP, c) ZnATPP-LA and ZnATPP-LA-GNP. An ABMA solution without 

any porphyrin present was used as control. The concentration of porphyrin was 3 μM in 

all cases. 
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5) In vitro cytotoxicity and internalization studies 

 

 

Fig S27. Cytotoxicity data of functionalized GNP with PEG-containing thiol using HeLa 

cell line. Results displayed as average with error bars corresponding to standard 

deviation, obtained for n=3 independent experiments. 

 

 

Fig S28. Cytotoxicity data of functionalized µP with PEG-containing thiol using HeLa cell 

line. Results displayed as average with error bars corresponding to standard deviation, 

obtained for n=3 independent experiments. 
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Fig S29. Cytotoxicity data of TPPNH2 and ZnTPPNH2 using HeLa cell line. Results 

displayed as average with error bars corresponding to standard deviation, obtained for 

n=3 independent experiments. 

 

 

Fig S30. Cytotoxicity data of ATPP-LA-GNP and ZnATPP-LA-GNP using HeLa cell 

line. Results displayed as average with error bars corresponding to standard deviation, 

obtained for n=3 independent experiments. 
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Fig S31. Cytotoxicity data of ATPP-LA-NR and ZnATPP-LA-NR using HeLa cell line. 

Results displayed as average with error bars corresponding to standard deviation, 

obtained for n=3 independent experiments. 

 

Fig S32. Cytotoxicity data of ATPP-LA-µP and ZnATPP-LA- µP using HeLa cell line. 

Results displayed as average with error bars corresponding to standard deviation, 

obtained for n=3 independent experiments. 
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Abstract 

Bipyridinium salts, commonly known as viologens, are ᴫ-acceptor compounds that 

strongly interact with π-donor groups leading to the self-assembly, threading, and 

linking of various molecular components including porphyrins, cyclodextrins, amino 

acids and neurotransmitters. This property has promoted us to use bipyridinium salts in 

the design of different systems potentially suitable for drug delivery and sensing of ᴫ-

donor compounds. In this work, we synthesize and characterize three gemini-type 

amphiphilic bipyridinium salts to be non-covalently immobilized on polysilicon 

surfaces and microparticles, and also to act as hosts in the subsequent incorporation of 

neurotransmitters such as Dopamine, Serotonin, Adrenaline or Noradrenaline 

hydrochloride. The immobilization of the bis-bipyridinium salts and the 

neurotransmitters was corroborated by contact angle measurements and fluorescence 

microscopy was used to detect the charge-transfer complex between the 

neurotransmitters and the tetracationic hosts. The cytotoxicity and genotoxicity of bis-

bipyridinium salt 1·4PF6 were investigated using the mouse fibroblast cell line 

(3T3/NIH), the human liver carcinoma cell line (HepG2) and the human epithelial 

colorectal adenocarcinoma cell line (CaCo-2) in order to obtain the optimum system 

potentially suitable for sensing of compounds with electron-rich groups such as 

neurotransmitters. 

Introduction  

Self-assembly monolayers (SAMs) have been synthetized to produce biosensors, super 

hydrophilic/hydrophobic surfaces, charged surfaces or to endow substrates of several 

properties.[1–3] So they are a key tool in surface design of nanolayers for bioactive 

coating of biomedical devices such as drug delivery and sensor systems.[4–7] Different 

materials have been employed as substrates for the formation of monolayers substrates, 
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but gold[8,9]
 
and silicon[10,11] are the most widely used and studied, because they are 

biocompatible materials and the ease of using thiol and silane chains, respectively, to be 

linked onto their surfaces to form well-organized SAMs.  

Bipyridinium salts commonly known as viologens have attracted considerable interest 

for several applications including building electrochromic displays,[12] molecular 

electronics,[13] redox sensors,[14] and also are used in the design of molecular hosts 

such as cyclophanes, rotaxanes and catenanes.[15,16] These bipyridinium moieties in 

viologens act as electron acceptors, generating charge transfer interactions with 

electron-rich groups that direct the self-assembly, threading, and linking of the various 

molecular components such as porphyrins,[17] cyclodextrins,[14] amino acids[18] and 

neurotransmitters.[19,20] Furthermore, the bipyridinium salts also have been used to 

functionalize different vehicles such as silver nanoparticles,[21] polymeric 

nanoparticles[22], and microspheres[23] and also materials including mesoporous 

silica,[24] gold surfaces[25] and silicon surfaces using thiols and silanes derivatives as 

chemical linkers.[25,26] However, to the best of our knowledge, the non-covalent 

functionalization of polysilicon surfaces and microparticles, with gemini-type 

amphiphilic bipyridinium salts used as host in the subsequent incorporation of 

neurotransmitters such as Dopamine hydrochloride (Dop), Serotonin hydrochloride 

(Ser), Adrenaline hydrochloride (Adr) and Noradrenaline hydrochloride (Nor) has not 

been yet reported. 

In this context, this paper describes (a) the synthesis and characterization of three 

gemini-type amphiphilic bipyridinium salts 1·4PF6-3·4PF6, witch act as host for the 

subsequent incorporation of the neurotransmitters Dop, Ser, Adr or Nor, (b) the 

methodology for the non-covalent immobilization of two polysilicon substrates 

(polysilicon surfaces and microparticles) with 1·4PF6-3·4PF6, (c) the non-covalent 
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incorporation of the neurotransmitter into polysilicon microsystem, which is favored by 

the formation of the charge-transfer complex between the neurotransmitters and the 

tetracationic hosts, (d) the characterization of the functionalized polysilicon substrates 

by contact angle measurements and fluorescence microscopy and (e) cytotoxicity and 

genotoxicity date of bis-bipyridinium salt 1·4PF6 in three different cell lines the mouse 

fibroblast cell line (3T3/NIH), the human liver carcinoma cell line (HepG2) and the 

human epithelial colorectal adenocarcinoma cell line (CaCo-2).  

 

Experimental Section 

Materials  

Solvents: Acetonitrile (MeCN), nitromethane, dimethylformamide (DMF), 

dichloromethane (DCM), dimethyl sulfoxide (DMSO) and dimethylsulfoxide-d6 

(CD3)2SO were purchased from Sigma-Aldrich. 

Reagents: 4,4'-bipyridine, 1,3-bis(bromomethyl)benzene, iodomethane, ammonium 

hexafluorophophate (NH4PF6), benzylbromide, 1-bromohexadecane, potassium iodide, 

30% hydrogen peroxide (H2O2), 20% ammonium hydroxide (NH4OH), Dopamine 

hydrochloride (Dop), Serotonin hydrochloride (Ser), Adrenaline hydrochloride (Adr) 

and Noradrenaline hydrochloride (Nor) were purchased from Sigma-Aldrich. 98% 

Sulfuric acid (H2SO4) was purchased from Scharlau. 

Methods 

Melting points were measured by CTP-MP 300 hot-plate apparatus with ASTM 2C 

thermometer using crystal capillaries purchased from Afora. 
1
H-NMR: Varian Gemini 

300 (300 MHz), Varian Mercury 400 spectrometers (400 MHz) from Centres Cientifics-

Tecnològics de la Universitat de Barcelona (CCiT-UB). 
13

C-NMR: Varian Mercury 400 
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(100 MHz) from CCiT-UB. NMR spectra were determined in (CD3)2SO and the 

chemical shifts are expressed in parts per million (ppm) relative to the central peak of 

the solvent. Matrix Assisted Laser Desorption Ionization-Time of Flight Mass 

Spectrometry (MALDI-ToF-MS) analyses were performed using a Voyager-DE-RP 

(Applied Biosystem, Framingham, USA) mass spectrometer, and High resolution mass 

spectra (HRMS) were obtained by Electrospray (ESI) on a LC/MSD-ToF mass 

spectrometer (Agilent Technologies, 2006) from CCiT-UB. MS analysis was operated 

in the delayed extraction mode using 2,5-dihydroxybenzoic acid (DHB) as a matrix. 

Infrared spectroscopy (IR). IR were collected on a ThermoNicolet Avatar 320 FT-IR 

spectrometer at room temperature in the range 4000-400 cm
-1

, in KBr pellets (1% of the 

samples). UV-visible absorption spectra were obtained using UV-1800 Shimadzu UV 

spectrophotometer, using quartz cuvettes with a 1 cm path length. Absorption spectra 

were determined in (1:1) DMSO/water solution. Contact angles (ϴ) were measured in 

air with high purity deionized water by a 3 μL drop using a contact angle goniometer 

(THETALITE 100 with the software OneAttension, Finland), in order to determine the 

hydrophobicity of the modified surfaces. Values of the contact angle on at least three 

samples were measured to give statistical significance. Particle counting was performed 

taking approximately 100 µl of microparticles suspension into a Neubauer Chamber and 

counting the particles with an optical microscope. Fluorescence microscopy: 

Fluorescence images were obtained with a Leica DMIRD microscope at the CCiT-UB 

equipped with an inverted fluorescence microscope. The samples were observed in 

fluorescence and transmission light simultaneously.  
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Synthesis and characterization of compounds based on bis-bipyridinium salts 

1,3-bis(1’-methyl-4,4'-bipyridinium methylene) benzene-

tetrakis(hexafluorophosphate) (1·4PF6): A solution of 4·2Br.[27] (1.0 g, 1.74 mmol) 

in nitromethane (45 mL) was added to a solution of iodomethane (1.4 g, 10.2 mmol) in 

nitromethane (4 mL). The mixture was heated at 70 °C for 48 h. After cooling down to 

room temperature, the solvent was evaporated in vacuum. The yellow residue was then 

dissolved in H2O (20 mL), and a saturated aqueous solution of NH4PF6 (1.7 g, 10.4 

mmol, 3 mL) was added. The suspension was kept under strong stirring until no further 

precipitation was observed. Then was filtered off and the solid white was washed with 

H2O (30 mL), filtered off and dried under vacuum to afford 1·4PF6 (1.52 g, 87%): mp= 

245 °C; 'H NMR (400 MHz, (CD3)2SO, 25 °C): δ 9.43 (d, J = 6.6 Hz, 4H, H-2', 6'), 9.26 

(d, J = 6.6 Hz, 4H, H-7', 11'), 8.77 (d, J = 7.5 Hz, 4H, H-3', 5') 8.71 (d, J = 7.5 Hz, 4H, 

H-8', 10'), 7.81 (s, 1H, H-2), 7.55 (m, 3H, H-4, 5, 6), 5.93 (s, 4H, CH2), 4.41 (s, 6H, 

CH3). 
13

C-NMR (100 MHz, (CD3)2SO, 25 °C): δ 149.9 (Py- C 4', 11'), 148.5 (Ar- C 1, 

3), 146.9 (Py- C 7', 11'), 146.1 (Py- C 2', 6'), 135.4 (Ar- C 2), 130.8 (Ar- C5), 130.1 (Ar- 

C 4, 6), 127.4 (Py- C 8', 10'), 126.4 (Py- C 3', 5'), 63.8 (N-CH2), 48.7 (CH3). MALDI-

ToF–MS m/z: 881.1 m/z (30%) [M-1PF6]
+
, 736.2 (40%) [M-2PF6]

+
, 591.22 (100%) [M-

3PF6]
+
. HMRS (ESI) m/z: (C30H30F12N4P2)

2+ 
calculated 368.0900 found 368.0885. IR 

spectrum (KBr, cm
-1

): 3133, 1641 and 835. 

1,3-bis(1’-hexadecyl-4,4'-bipyridinium methylene) benzene-

tetrakis(hexafluorophosphate) (3·4PF6): A solution of hexadecylbromide (2.14 g, 7.0 

mmol) in DMF (40 mL) was added to a solution of potassium iodide (0.47 g, 2.8 mmol) 

in DMF (4 mL). The mixture was heated at 80 °C; then, 4·2Br (0.40 g, 0.7 mmol) was 

added portion wise. The mixture was stirred for 7 days. After cooling down to room 

temperature, the orange precipitate was filtered off and washed with MeCN (10 mL) 
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and dried under vacuum. The residue was then dissolved in DCM (4 mL) and a 

saturated aqueous solution of NH4PF6 (0.46 g, 2.8 mmol, 1 mL) was added until no 

further precipitation was observed. The suspension was filtered off and the solid white 

was washed with H2O (30 mL), and filtered and dried under vacuum to afford 3·4PF6 

(0.70 g, 85%): mp= 280 °C; 'H NMR (400 MHz, (CD3)2SO, 25 °C): δ 9.41 (d, J = 6.8 

Hz, 8H, H-2', 6', 7', 11'), 8.72 (d, J = 6.8 Hz, 8H, H-3', 5', 8', 10'), 7.78 (d, J = 6.4 Hz, 

2H, H-4, 6), 7.60 (t, J = 6.0 Hz, 1H, H-5), 7.46 (s, 1H, H-2), 5.97 (s, 8H, CH2), 2.09 (s, 

4H, CH2), 1.24 (s, 52H, CH2), 0.85 (s, 6H, CH3). 
13

C-NMR (100 MHz, (CD3)2SO, 25 

°C): δ 149.7 (Py- C 4', 11'), 148.7 (Ar- C 1, 3), 146.4 (Py- C 7', 11'), 146.2 (Py- C 2', 6'), 

135.2 (Ar- C 2), 130.1 (Ar- C5), 127.5 (Ar- C 4, 6), 127.2 (Py- C 8', 10'), 127.0 (Py- C 

3', 5'), 63.4 (N-CH2), 61.4 (N-CH2), 31.7-22.9 ((CH2)14), 14.4 (CH3). MALDI-ToF–MS 

m/z: 1156.6 (3%) [M-2PF6]
+
, 1011.6 (100%) [M-3PF6]

+
, 866.6 (30%) [M-4PF6]

+
. 

HMRS (ESI) m/z: (C60H90F12N4P2)
2+ 

calculated 578.3300 found 578.3230. IR spectrum 

(KBr, cm
-1

): 2918, 1642 and 837. 

Functionalization of polysilicon surfaces with bis-bipyridinium salts 1·4PF6-

3·4PF6, and incorporation of neurotransmitters Dop, Ser, Adr and Nor  

 

The polysilicon surfaces were submerged in a freshly prepared mixture of H2SO4 (98%) 

and H2O2 (30%) (Piranha solution), at a volume ratio (7:3) (1.4 mL, 0.6 mL, 

respectively) for 1 h at room temperature, and then rinsed with water (5 x 3 mL). 

Freshly substrates were submerged in an alkaline mixture of NH4OH (20%), H2O2 

(30%) and distilled H2O, at a volume ratio (1:1:5) (0.3 mL, 0.3 mL, 1.4 mL, 

respectively) for 30 min to activate the surfaces, and then rinsed with water (5 x 3 mL), 

and dried with nitrogen. Then the hydroxylated surfaces were immersed in a solution of 

either 1·4PF6 (2.1 mg, 1 mM), 2·4PF6 (2.4 mg, 1 mM) or 3·4PF6 (2.9 mg, 1 mM) in 

DMSO (2 mL) and were stirred on an orbital shaker at 90 rpm for 6 h. After the 

deposition time, the substrates were rinsed with DMSO (5 x 3 mL) and water (5 x 3 



Chapter 4.1 

 

254 
 

mL) and dried with nitrogen. The substrates functionalized with each of 1·4PF6-3·4PF6 

were immersed in a solution of either Dop (0.8 mg, 2 mM), Ser (0.9 mg, 2 mM), Adr 

(0.9 mg, 2 mM) or Nor (0.8 mg, 2 mM) in water (2 mL) and were stirred on an orbital 

shaker at 90 rpm for 24 h. After this time, the substrates were rinsed with distilled water 

(5 x 3 mL), to eliminate the excess of neurotransmitters and dried with nitrogen. Finally, 

the surfaces were characterized using contact angle measurements and the presence of 

the different neurotransmitters was confirmed using a fluorescence microscope with a 

filter of excitation in blue (BP 450-490) and emission (LP-515). 

The polysilicon surfaces used as control in the immobilization of bis-bipyridinium salts 

1·4PF6, 2·4PF6 or 3·4PF6 and the subsequent incorporation of the different 

neurotransmitters Dop, Ser, Adr or Nor were separately immersed in a solution of each 

of these compounds in the corresponding solvent (DMSO (2 mL) for the bis-

bipyridinium salts and H2O (2 mL) for the neurotransmitters). Additionally, a control of 

surfaces was analyzed, where the substrate was only immersed in the solvent used in 

each step of this functionalization.  

Functionalization of polysilicon microparticles with bis-bipyridinium salt 

1·4PF6·and incorporation of neurotransmitters Dop and Ser 

A mixture of H2SO4 (98%) and H2O2 (30%) (Piranha solution), at a volume ratio of 

(7:3) (0.7 mL, 0.3 mL, respectively) was added to a microtube, containing 

approximately 10
6
 microparticles; the suspension was incubated for 1 h at room 

temperature while stirred on a vortex mixer at 400 rpm. The suspension was then 

centrifuged for 15 minutes at 13500 rpm, washed with H2O (2 x 1mL). A Freshly 

prepared alkaline mixture of NH4OH (20%), H2O2 (30%) and distilled H2O, at a volume 

ratio (1:1:5) (0.1 mL, 0.1 mL, 0.7 mL, respectively) was added to the substrates for 30 

minutes. After this time, the suspension was centrifuged for 15 minutes at 13500 rpm, 
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washed with H2O (2 x 1 mL). Then, a solution of the bis-bipyridinium salt 1·4PF6 (1.0 

mg, 1 mM) in DMSO (1 mL) was added to the substrates. The microtube containing 

microparticles was stirred at 400 rpm for 6 h. After this time, the suspensions were 

centrifuged for 15 minutes at 13500 rpm, washed with DMSO (5 x 1 mL) to eliminate 

the excess of 1·4PF6. Subsequently, a solution of either Dop (0.4 mg, 2 mM) or Ser (0.5 

mg, 2 mM) in H2O (1 mL) was added to the suspension of microparticles functionalized 

with 1·4PF6. All microtubes were stirred for 24 h at room temperature at 400 rpm. After 

this time, the suspensions were centrifuged for 15 minutes at 13500 rpm, washed with 

H2O (5 x 1 mL) to eliminate the excess of Dop or Ser, and then the pellet was dried with 

nitrogen.  

The microtubes containing microparticles used as control in the immobilization of 

1·4PF6 and subsequent incorporation of the neurotransmitters Dop or Ser were 

separately immersed in a solution of each of these compounds in their corresponding 

solvent (DMSO (1 mL) for the bis-bipyridinium salts and H2O (1 mL) for the 

neurotransmitters). Additionally, a control of microparticles was analyzed, where the 

substrate was only immersed in the solvent used in each step of this functionalization.  

Finally, in order to calculate the final concentration of microparticles, this pellet was 

suspended in ethanol (100 μL), and for which 100 µL were deposited on a Neubauer 

Chamber and the microparticles counted on an optical microscope. The characterization 

of the functionalized microparticles was done by fluorescence microscopy, to detect the 

presence of the different neurotransmitters incorporated on the polysilicon 

microparticles. The filter of the fluorescence microscope used to detect de presence of 

the neurotransmitter on the polysilicon microparticles was (BP 450-490) with an 

excitation in blue and emission in green (LP-515). 

 



Chapter 4.1 

 

256 
 

Cytotoxicity and genotoxicity study of 1·4PF6  

Three different cell lines were used, the mouse fibroblast cell line (3T3/NIH), the 

human liver carcinoma cell line (HepG2) and the human epithelial colorectal 

adenocarcinoma cell line (CaCo-2). The cells were cultivated in DMEM supplemented 

with 10% Fetal Bovine Serum (FBS), 2 mM Glutamine and 0.5% penicillin/ 

streptomycin (a stock of 10000 IU/ 10 mg respectively). The cells were incubated 

(Thermo Forma) at 37 °C in a humid atmosphere of 5% CO2 in culture T75 (Nunc) 

falcons. Cells were seeded in a density of approximately 1x10
5
 cells mL

-1
 on the plate 

with 96 wells. The cells were exposed to 5 concentrations of 1·4PF6 (500.0, 158.1, 50.0, 

15.8 and 5.0 µg mL
-1

). The cells were incubated for 48 h under 5% CO2 at 37 °C and the 

viability was assessed by the MTT assay. Date was statistically analyzed by SPSS v15 

using U of Mann Whitney statistic.  

The genotoxicity was assessed by the Comet Assay according to the ASTM-E2186 

guidelines. In the assay, the percentage of DNA in the tail was determined in respect to 

the intensity of the total DNA, in 50 cells. The determination was done using the 

software Comet Assay IV. Tail intensity was measured by treatment of 50 cells and was 

expressed as the percentage of fluorescence intensity with respect to the total 

fluorescence in the tail.  

Results and Discussion 

Synthesis and characterization of bis-bipyridinium salts 1·4PF6-3·4PF6 

In this work, we synthesized and characterized three bis-bipyridinium salts 1·4PF6-

3·4PF6 (Figure 1), to be used as hosts in the non-covalent functionalization of both 

polysilicon surfaces and microparticles, for the subsequent incorporation of ᴫ-excessive 

neurotransmitters.  
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Figure 1. Bis-bipyridinium salts 1·4PF6-3·4PF6. 

 

The precursor 4·2Br used in the synthesis of the three bis-bipyridinium 1·4PF6-3·4PF6 

and the synthesis of 2·4PF6 were performed following protocols previously described 

[27, 28] (see Supporting Information), while in the cases of the compounds 1·4PF6 and 

3·4PF6 the synthesis have not been yet reported (Scheme 1). The bis-pyridinium salts 

1·4PF6 and 3·4PF6 were obtained in 87% and 85% in yield, respectively, by reaction of 

4·2Br with iodomethane and hexadecylbromide, respectively, as shown in Scheme 1. 

Finally, in all cases anion exchange was achieved by treatment with an aqueous solution 

of NH4PF6 to obtain the hexafluorophosphate salt 1·4PF6 or 3·4PF6.  

The synthesized bis-bipyridinium salts 1·4PF6 - 3·4PF6 were characterized by melting 

point,
 1

H and 
13

C-NMR spectroscopies, MALDI-ToF-MS and IR. The results of the 

different techniques used for the characterization of the different compounds are shown 

in the Supporting Information Figures S1–S17. 
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Scheme 1. Synthesis of bis-bipyrdinium salts 1·4PF6 and 3·4PF6 

Detection of Charge-transfer complexes between π-acceptor bipyridinium salts and 

π-donor neurotransmitters  

Four neurotransmitters such as Dop, Ser, Adr and Nor were selected in this work, to be 

incorporated on polysilicon surfaces and microparticles. The π-donor nature of these 

neurotransmitters favors the interaction with the π-acceptor bis-bipyridinium salts used 

as hosts in the non-covalent functionalization of two polysilicon substrates. On the other 

hand, the non-covalent incorporation of this neurotransmitters Dop, Ser, Adr or Nor into 

polysilicon materials provides an alternative with a high potential for use this system 

potentially suitable as sensors of neurotransmitters and could be applicable to detect 

different compounds with electron rich groups. 

The complexation of π-donor neurotransmitters used in this work Dop, Ser, Adr or Nor 

by the π-acceptor hosts 1·4PF6, 2·4PF6 or 3·4PF6 was initially followed by UV-visible 

absorption spectroscopy. Thus, by measuring, the absorbance of the visible charge-

transfer band that developed upon mixing of the two components. In order to determine 

this charge-transfer band, a solution of either Dop (0.2 mg, 2 mM), Ser (0.2 mg, 2 mM), 

Adr (0.2 mg, 2 mM) or Nor(0.2 mg, 2 mM) in water (0.5 mL) was added to a solution 

of either 1·4PF6 (4.2 mg, 2 mM), 2·4PF6 (4.8 mg, 2 mM) or 3·4PF6 (5.6 mg, 2 mM) in 
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DMSO (2 mL) and the complexation was analyzed using UV-visible absorption 

spectroscopy. Figure 2 shows the charge-transfer complex between the 

neurotransmitters and the tetracationic hosts 1·4PF6, 2·4PF6 or 3·4PF6 (Figure 2 a), b) 

and c), respectively). These results clearly suggesting that the binding interaction takes 

place between the hosts 1·4PF6-3·4PF6 and the electron-rich aromatic groups of the 

neurotransmitters Dop, Ser, Adr and Nor. The characteristic bands corresponding to 

charge-transfer were observed in a range between 470-500 nm as has been reported for 

similar structures,[19] especially for Dop and Ser. 

 

Figure 2. UV-visible absorption spectra of: a) 1·4PF6 (2 mM), b) 2·4PF6 (2 mM) and c) 

3·4PF6 (2 mM) in DMSO (2 mL) and 2 mM of Dop, Ser, Adr or Nor in 0.5 mL of 

water, showing the corresponding charge-transfer band 500, 486, 470 and 476 nm, 

respectively. 
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Functionalization of polysilicon surfaces with bis-bipyridinium salts 1·4PF6-

3·4PF6, and incorporation of neurotransmitters Dop, Ser, Adr and Nor 

After the synthesis and characterization of the different compounds 1·4PF6 -3·4PF6 and 

their complexation study with four different neurotransmitters Dop, Ser, Adr and Nor, 

the polysilicon substrates such as surfaces and microparticles were selected to be 

functionalized with these compounds, which are robust and biocompatible 

material.[29,30] The polysilicon surfaces (wafers) used have an area of approximately 1 

cm
2
, cut from the 4 in wafer samples using a diamond scribe, and present a pattern of 

polysilicon microparticles with lateral dimensions 3.0×3.0 μm
2
 and 0.5 μm thickness on 

the thermal silicon oxide layer. The functionalization was always attempted first using 

wafers, mainly because they are easier to manipulate and characterize, and the synthetic 

methodology was then adapted to microparticle functionalization. The fabrication 

process of both polysilicon materials have been reported elsewhere.[29] 

Three different steps were performed: first, the polysilicon surfaces are treated with 

piranha solution H2SO4/H2O2 (7:3) to clean organic material from the surface and 

activated with a solution NH4OH/H2O2/H2O (1:1:5). Then, the bis-bipyridinium salts 

1·4PF6, 2·4PF6 or 3·4PF6 were added to form the monolayer on the surface and finally 

the nuerotransmitters Dop, Ser, Adr or Nor were added to form the complex with the 

correspoding bis-bipyridinium salts previously immobilized on polyilicon substrate as 

shown in Scheme 2.  

Additionally, to study the presence of SAMs on the polysilicon surface, a control for 

each experiment was made. The polysilicon surfaces used as control were separately 

immersed in a solution of each of these compounds (1·4PF6, 2·4PF6, 3·4PF6, Dop, Ser, 

Adr or Nor in the corresponding solvent (DMSO (2 mL) for the bis-bipyridinium salts 

and H2O (2 mL) for the neurotransmitters). Additionally, a control of surfaces was 
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analyzed, where the substrate was only immersed in the solvent used in each step of this 

functionalization.  

The functionalization of polysilicon surfaces with either 1·4PF6, 2·4PF6 or 3·4PF6 was 

characterized by contact angle (ϴ) measurements, while the incorporation of the 

different water soluble neurotransmitters such as Dop, Ser, Adr, and Nor was also 

followed by fluorescence microscopy. The contact angle (ϴ) values obtained for the 

control and functionalized surfaces with bis-bipyridinium salts 1·4PF6-3·4PF6 and 

subsequent incorporation of the different neurotransmitters are shown in Table S1. After 

washing and activation, the polysilicon surfaces showed a contact angle value of ϴ=18° 

± 2. In all cases of the functionalized polysilicon surfaces with bis-bipyridinium salts 

1·4PF6-3·4PF6 was observed an increase of the contact angles values between (ϴ 56°-

90° ± 1), as a consequence of the hydrophobic character of the bis-bipyridinium salts 

(see Supporting Information Table S1). Moreover, for the polysilicon surface 

functionalized with 3·4PF6 was obtained a higher value, ca. 89°, meaning that in this 

case the surface became more hydrophobic, due to the longer chain of 3·4PF6 

containing 18 carbon atoms higher than the rest of the immobilized bipyridinium salts. 

This result suggests that the polysilicon was successfully functionalized, and the fact 

that it became more hydrophobic indicates that the part of the molecule which is facing 

outwards the polysilicon surface is the aliphatic moiety, while the polar head is 

adsorbed onto the surface. After the incorporation of either of the four different water 

soluble neurotransmitters on polysilicon surfaces, the contact angle values of the 

surfaces decrease noticeably as shown in the Supporting Information Table S1, 

indicating the presence of the water soluble π-electron rich neurotransmitters Dop, Ser, 

Adr or Nor. This result suggests that the π-donor compounds were successfully 
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incorporated on the polysilicon surfaces previously anchored through a complex with 

the π-acceptor hosts. 

 
 

Scheme 2. Functionalization of polysilicon surfaces and microparticles with bis-

bipyridinium salts 1·4PF6, 2·4PF6 or 3·4PF6 and the subsequent incorporation of 

neurotransmitters Dop, Ser, Adr or Nor.  

Fluorescence microscopy was also used to follow the incorporation of neurotransmitters 

on polysilicon surfaces as shown in the Supporting Information Figure S18. As for the 

surfaces we have selected wafer with an area of approximately 1 cm
2
, cut from the 4 in 

wafer samples using a diamond scribe, and present a pattern of polysilicon 

microparticles with lateral dimensions 3.0×3.0 μm
2
 and 0.5 μm thickness on the thermal 

silicon oxide layer. The surfaces used as controls such as non-functionalized surfaces 

and the functionalized surfaces only with 1·4PF6, 2·4PF6, 3·4PF6, Dop, Ser, Adr or Nor 

does not show an increase in the intensity of fluorescence Figure 3 a)-d) and (see in the 

Supporting Information Figure S19 e)-h), respectively), while in the case of the surfaces 
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functionalized with 1·4PF6, 2·4PF6 or 3·4PF6 and subsequent incorporation of 

neurotransmitters Dop, Ser, Adr or Nor was observed a drastic increase in the 

fluorescence intensity (Figure 3 e)-h) and (see in the Supporting Information Figure S18 

e)-l), which indicates the successfully incorporation of the π-donor compounds  on the 

polysilicon surfaces previously anchored through a complex with the π-acceptor hosts. 

 

Figure 3. Fluorescence optical microscope image of polysilicon surface with 3x3 µm
2
 

polysilicon surfaces functionalized: a)-d) Controls; a) non-functionalized polysilicon 

surfaces, b)-d) after functionalization only with the bis-bipyridinium salts 1·4PF6, 

2·4PF6 and 3·4PF6, respectively. e)-h) Polysilicon surfaces functionalized with 1·4PF6 

and subsequent incorporation of the neurotransmitters Dop, Ser, Adr or Nor, 

respectively. i)-l) 3D images corresponding to Polysilicon surfaces functionalized with 

1·4PF6 and subsequent incorporation of the neurotransmitters Dop, Ser, Adr or Nor, 

respectively and m)-p) 3D images corresponding to controls. Scale bars = 21 µm.  
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Also, 3D images Figure 3 i)-l and (see Supporting Information Figures S20 e)-l) were 

recorded to confirm the differences between the functionalized surfaces, evidencing the 

increase in the fluorescence of the functionalized material respect to the controls Figure 

3 m)-p) and (see Supporting Information Figure S19 m)-p)), as a proof of the 

successfully functionalization of polysilicon material with bis-bipyridinium salts 

1·4PF6, 2·4PF6 or 3·4PF6 and subsequent incorporation of π-electron rich 

neurotransmitters. The relative fluorescence intensity images were represented on a 

scale from 0 to 255 (according to the maximum intensity in pixels) after subtracting the 

background fluorescence, making the same contrast enhancement.[31] Additionally, the 

maximum values of fluorescence intensity for all analyzed surfaces were calculated 

according to the maximum values of fluorescence intensity obtained (see Supporting 

Information Figures S19 and S20). These results indicate the successful complexation 

between the neurotransmitters and the tetracationic hosts on polysilicon surfaces.  

Moreover, as we can see in Figure 4 the minimum values of fluorescence intensity were 

obtained for the different controls (Figure 4a), while in the cases of the polysilicon 

surfaces functionalized with the bis-bipyridinium salt and subsequent incorporation of 

neurotransmitters showed maximum values of fluorescence intensity in a range between 

35-65% (Figure 4b). On the other hand, the polysilicon surfaces functionalized only 

with the neurotransmitters showed the lowest values of the fluorescence intensity in a 

range between 15-21%. These results may be due to the possible electrostatic 

interaction established between the activated polysilicon surfaces and the electron rich 

groups of the neurotransmitters, which consequently decreases the intrinsic fluorescence 

of the material.  

After functionalization with 1·4PF6 and subsequent incorporation of neurotransmitters, 

the polysilicon surfaces showed the higher values of fluorescence intensity in a range 
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between 48-63% respect to the 2·4PF6 and 3·4PF6 with the same neurotransmitters 

incorporated (Figure 4 b)). These results may be due that, 1·4PF6 presents in their 

structure a small substituent (CH3) which, favored the interaction between two 

pyridinium rings of 1·4PF6 and the electron rich groups of the neurotransmitters 

maintaining the necessary distance for the ᴫ-ᴫ interaction to occur. Besides the increase 

of the restricted degree of the rotation between two pyridinium rings should be 

responsible for difference in fluorescence intensity; that is, the highest fluorescence 

intensity is due to that the rotation of the pyridinium rings is restricted completely for 

the complex bis-bipyridinium salt-neurotransmitters. 

Figure 4. Maximum values of fluorescence intensity (FI) in percentage of: a) non-

functionalized polysilicon surfaces (SC), polysilicon surfaces functionalized only with 

bis-bipyridinium salts 1·4PF6, 2·4PF6 or 3·4PF6 and the neurotransmitters Dop, Ser, 

Adr or Nor and b) surfaces functionalized with 1·4PF6, 2·4PF6 or 3·4PF6 and the 

subsequent incorporation of Dop, Ser, Adr or Nor as neurotransmitters. 

Functionalization of polysilicon microparticles with the bis-bipyridinium salt 

1·4PF6, and incorporation of neurotransmitters Dop and Ser 

According to the results obtained for the surface, we selected the bis-bipyridinium salt 

1·4PF6 as host in the subsequent incorporation of two water soluble neurotransmitters 

Dop and Ser on polysilicon microparticles. The functionalization protocol for this 
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substrate was similar to the followed for the functionalization of the polysilicon surfaces 

(Scheme 2).  

The presence of the incorporated neurotransmitters Dop or Ser on the polysilicon 

microparticles was well-characterized by fluorescence microscopy (Figure 5). For this 

purpose, to confirm the incorporation of the neurotransmitters was used a fluorescence 

microscope which detects the green color exhibited for the functionalized 

microparticles.  

The functionalized microparticles with 1·4PF6 and Dop or Ser a green fluorescence was 

observed due to the formation of the complex bis-bipyridinium salt-neurotransmitters, 

as shown in Figure 5 a) and b). Under a fluorescence microscope, and considering 255 

pixels as the maximum intensity of fluorescence, the functionalized microparticles with 

1·4PF6 and subsequent incorporation of Dop or Ser showed an average values for the 

fluorescence intensity of 71 and 72%, respectively as shown in their 3D image Figure 5 

c) and d). In the case of the controls: polysilicon microparticles non-functionalized, and 

functionalized only with 1·4PF6, Dop or Ser a low fluorescence was detected (see 

Supporting Information Figure S21), which is attributed to the autoflorescence of the 

material.  

Additionally, the quantification of Dop and Ser incorporated in the previously 

functionalized microparticles with 1·4PF6 was determined using UV-visible absorption 

spectroscopy, by calculating the difference between the initial amount of 

neurotransmitter in aqueous solution and the amount present in the supernatant after 

incubation with the microparticles, using the calibration curves in a range of 0.5-5.0 µM 

of both neurotransmitters (see Supporting Information Figure S22). It was found a 

concentration of 3.5 and 3.2 µM of Dop and Ser, respectively incorporated on 
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polysilicon microparticles previously functionalized with 1·4PF6.. This concentration 

corresponds to suspensions of 950000 µPs mL
-1 

previously determined by optical 

microscopy and using a Neubauer chamber. 

 

Figure 5. Fluorescence microscopy images of polysilicon microparticles after 

functionalization with 1·4PF6 and subsequent immobilization of: a) the neurotransmitter 

Dop and b) Ser. c) and d) their corresponding 3D fluorescence intensity projection. 

Cytotoxicity and genotoxicity assay of 1·4PF6 

The cytotoxicity expressed here as IC50 was determined in three different cell lines 

(3T3/NIH, HepG2 and Caco-2). The cells were exposed to a range of concentrations of 

compound 1·4PF6 for 24 h. After exposure, the viability of the cell culture was 

calculated using the MTT Assay, and the percentage of viable cells was determined as 

shown in the Supporting Information Tables S2-S4. The IC50 concentration values 

calculated for 1·4PF6 are shown in the Supporting Information Table S5. As can be 

seen, the IC50 values found for 1·4PF6 suggests very low toxicity in the three cell line 

used (3T3/ NIH, HepG2 and CaCo-2) at higher concentrations than 122 µM. According 

c) d)

a) b)
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to the results obtained, the low toxicity exhibited by 1·4PF6 in the three cell line used, 

makes these compound suitable to be used for biological applications.  

Additionally, to evaluate the genotoxicity of 1·4PF6 in three cell line (3T3/NIH, HepG2 

and CaCo-2), the Single Cell Gel Electrophoresis, also known as Comet Assay, was 

used according to guidelines.[32] For this analysis, cell viability higher than 70% was 

required and a genotoxic effect was considered for tail intensity values higher than 10%. 

The DNA-damaging alkylating-agent methylmethane sulfonate (MMS 400 mM) was 

used as positive control. Tables S2-S4 in Supporting Information show the percentage 

of tail intensity referring to the DNA fragmentation in 1·4PF6, at the same range of 

concentrations used for testing their cytotoxicity. It was observed that the bis-

bipyridinium salt 1·4PF6 does not show significant formation of a tail of cellular DNA 

fragments within the studied concentrations and cell lines tested, which means that 

below the IC50 values no genotoxicity is observed (see Supporting Information Table 

S2-S4), confirming the promise of these compounds as drug sensors.  

Conclusion 

Three different bis-pyridinium salts 1·4PF6 - 3·4PF6 were synthetized and characterized 

to be used hosts in the subsequent incorporation of four neurotransmitters Dop, Ser, Adr 

and Nor after functionalization on polysilicon microparticles. After the synthesis of 

1·4PF6, 2·4PF6 and 3·4PF6 were successfully immobilized on polysilicon surfaces and 

microparticles as indicated by contact angle measurements. Fluorescence microscopy 

was used to detect the immobilized complex bis-bipyridinium salt-neurotransmitter 

since for both functionalized substrates a remarkable increase on the fluorescence 

intensity was observed. Polysilicon surfaces functionalized with 1·4PF6 and subsequent 

incorporation of Dop or Ser showed the higher values of fluorescence intensity of 71 

and 72%, respectively. In this context the bis-bipyridinium 1·4PF6 and 
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neurotransmitters Dop or Ser were selected to functionalize polysilicon microparticles. 

1·4PF6 was neither cytotoxic nor genotoxic to the cell lines studied 3T3/NIH, HepG2 

and CaCo-2 at the maximum concentration tested of 500 µg/mL. With our work, we set 

up a non-covalent functionalization methodology to develop a microsystem potentially 

useful for sensing π-electron rich neurotransmitters. 
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1,3-bis(phenylene-4,4'-bipyridinium methylene) benzene-di(bromide) (4·2Br):  

 A solution of 4,4'-bipyridine (3.12 g, 19.9 mmol) in dry MeCN (30 mL) was added 

dropwise during 30 min to a solution of 1,3-Bis(bromomethyl)benzene (2.2 g, 8.3 

mmol) in dry MeCN (40 mL), which was heated under reflux. Heating was continued 

for 2 h. After cooling down to room temperature, the yellow precipitate was filtered off 

and washed with MeCN (10 mL) and dried under vacuum to afford 4·2Br (4.69 g, 

98%): mp=260 °C; 'H NMR (300 MHz, (CD3)2SO, 25 °C): δ 9.35 (d, J = 6.3 Hz, 4H, H-

2', 6'), 8.88 (d, J = 6.3 Hz, 4H, H-3', 5'), 8.68 (d, J = 7.0 Hz, 4H, H-8', 10'), 8.03 (d, J = 

7.0 Hz, 4H, H-7', 11'); 7.76 (s, 1H, H-2), 7.58 (m, 3H, H-4, 5, 6), 5.91 (s, 4H, CH2). 

MALDI-ToF–MS m/z: 415.1 (90%) [M-2Br-1H]
+
, 341.0 (45%) [M-(C10H8BrN2)]

+
, 

261.1 (13%) [M-(C10H8Br2N2)]
+
. 

1,3-bis(1’-dibenzyl-4,4'-bipyridinium methylene) benzene-

tetrakis(hexafluorophosphate) (2·4PF6): A solution of 4·2Br (0.66 g, 1.1 mmol) in 30 

mL nitromethane was added to a solution of benzylbromide (1.18 g, 6.9 mmol) in 4 mL 

nitromethane. The mixture was heated at 80 °C for 3 h. After cooling down to room 

temperature, the solvent was evaporated in vacuum. The yellow residue was then 

dissolved in H2O (10 mL), and a saturated aqueous solution of NH4PF6 (1.14 g, 6.8 

mmol, 3 mL) was added until no further precipitation was observed. The suspension 

was filtered off and the solid white was washed with H2O (30 mL), filtered of and dried 

under vacuum to afford 2·4PF6 (0.88 g, 85%): mp= 260 °C; 'H NMR (400 MHz, 

(CD3)2SO, 25 °C): δ 9.48 (d, J = 6.4 Hz, 4H, H-2', 6'), 9.42 (d, J = 6.4 Hz, 4H, H-7', 

11'), 8.73 (dd, J =7.0 Hz, J = 7.0 Hz, 8H, H-3', 5', 8', 10'), 7.82 (s, 1H, H-2); 7.59 (d, J = 

6.4 Hz ,4H, H-phenyl), 7.57 (d, J = 6.4 Hz, 4H, H-phenyl), 7.54 (s, 2H, H-phenyl); 7.45 

(m, 3H, H-4, 5, 6), 5.92 (s, 8H, CH2). MALDI-ToF–MS m/z: 1033.1 m/z (3%) [M-

1PF6]
+
, 888.1 (40%) [M-2PF6]

+
, 743.2 (38%) [M-3PF6]

+
, 598.2 (100%) [M-4PF6]

+
, 

351.1 (45%) [M-(C17H15N24(PF6))]
+
. HMRS (ESI) m/z: (C42H38F12N4P2)

2+ 
calculated 

444.1300 found 444.1193. IR spectrum (KBr, cm
-1

): 3137, 1638 and 834. 
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Figure S1. Numbering of the hydrogen atoms in the structures of 1·4PF6-3·4PF6. 

 

Figure S2 
1
H-NMR spectrum of 4·2Br recorded in (CD3)2SO at 300 MHz 
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Figure S3 MALDI-Tof-MS (m/z) spectrum of 4·2Br with matrix DHB. 

 

Figure S4 
1
H-NMR spectrum of 1·4PF6 recorded in (CD3)2SO at 400 MHz 
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Figure S5. 
13

C-NMR spectrum of 1·4PF6 recorded in (CD3)2SO at 100 MHz. 

 

 

Figure S6. MALDI-Tof -MS (m/z) spectrum of 1·4PF6 with matrix DHB 
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Figure S7. HMRS-ESI spectrum (m/z) spectrum of 1·4PF6. 

 

 

Figure S8. IR absorption spectra of 1·4PF6 in KBr. 
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Figure S9. 
1
H-NMR spectrum of 2·4PF6  recorded in (CD3)2SO at 400 MHz 

 

Figure S10. MALDI-Tof -MS (m/z) spectrum of 2·4PF6  with matrix DHB 
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Figure S11. . HMRS-ESI spectrum (m/z) spectrum of 2·4PF6. 

 

 

Figure S12. IR absorption spectra of 2·4PF6 in KBr. 
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Figure S13. 
1
H-NMR spectrum of 3·4PF6 recorded in (CD3)2SO at 400 MHz. 

 

Figure S14. 
13

C-NMR spectrum of 3·4PF6 recorded in (CD3)2SO at 100 MHz. 
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Figure S15. MALDI-Tof -MS (m/z) spectrum of 3·4PF6 with matrix DHB 

 

Figure S16. .HMRS-ESI spectrum (m/z) spectrum of 3·4PF6. 
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Figure S17. IR absorption spectra of 3·4PF6 in KBr. 
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Table S1. Contact angle measurements of polysilicon surfaces functionalized with 

1·4PF6-3·4PF6, and subsequent incorporation of neurotransmitters Dop, Ser, Adr and 

Nor. 

Surfaces
a
 + sample ϴ

b
 (°) ± SD

c 

Control (H2O) 18 ± 2 

Control (MeCN) 20 ± 1 

1·4PF6 57 ± 1 

2·4PF6 66 ± 1 

3·4PF6 89 ± 1 

Dop 27 ± 2 

Ser 25 ± 1 

Adr 23 ± 2 

Nor 21 ± 1 

  1·4PF6+Dop 48 ± 1 

1·4PF6+Ser 44 ± 1 

1·4PF6+Adr 40 ± 1 

1·4PF6+Nor 43 ± 1 

2·4PF6+Dop 57 ± 1 

2·4PF6+Ser 55 ± 1 

2·4PF6+Adr
 50 ± 2 

2·4PF6+Nor 52 ± 2 

3·4PF6+Dop 73 ± 2 

3·4PF6+Ser 69 ± 2 

3·4PF6+Adr
 70 ± 1 

3·4PF6+Nor 66 ± 1 

a 
Polysilicon surfaces. ϴ

b
: Contact angles values (°). 

c 
SD: Standard deviation of the 

contact angle. 
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Figure S18. Fluorescence optical microscope image of polysilicon surface with 3x3 

µm
2
 polysilicon surfaces functionalized: a)-d) polysilicon surfaces functionalized with 

1·4PF6 and subsequent incorporation of the neurotransmitters Dop, Ser, Adr or Nor, 

respectively, e)-h) with 2·4PF6 and subsequent incorporation of Dop, Ser, Adr or Nor, 

respectively and i-l) with 3·4PF6 and subsequent incorporation of Dop, Ser, Adr or Nor, 

respectively. Scale bars = 21 µm.  

 

a) b) c) d)

e) f) g) h)

i) j) k) l)
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Figure S19. Fluorescence optical microscope image of polysilicon surface with 3x3 

µm
2
 polysilicon surfaces functionalized: a) non-functionalized polysilicon surfaces, b)-

d) after functionalization only with the bis-bipyridinium salts 1·4PF6, 2·4PF6 and 

3·4PF6, respectively, e)-h) polysilicon surfaces functionalized only with the 

neurotransmitters Dop, Ser, Adr and Nor, respectively and j)-p) all their corresponding 

3D images. Scale bars = 21 µm.  
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Figure S20. 3D images corresponding to functionalization of polysilicon surfaces with 

three different bis-bipyridinium salts 1·4PF6-3·4PF6 and subsequent immobilization of 

the neurotransmitters Dop, Ser, Adr and Nor: a)-d) polysilicon surfaces functionalized 

with 1·4PF6 and subsequent incorporation of the neurotransmitters Dop, Ser, Adr or 

Nor, respectively, e)-h) with 2·4PF6 and subsequent incorporation of Dop, Ser, Adr or 

Nor, respectively and i-l) with 3·4PF6 and subsequent incorporation of Dop, Ser, Adr or 

Nor, respectively. 
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Figure S21. Fluorescence microscopy images of polysilicon microparticles: a) control 

(microparticles non-functionalized) b) after functionalization only with 1·4PF6 c) and d) 

after functionalization with Dop and Ser, respectively and e)-h) their corresponding 3D 

fluorescence intensity projection. 

  

d)c)

a) b)

e) f)

g) h)
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Figure S22. a) UV-vis absorption spectra of Dop and b) Ser at different concentrations 

(0.5-5.0 µM) in water, c) and d) their corresponding calibration curves. 

 

Table S2. Results obtained for Cell viability and genotoxicity results for 1·4PF6 in cell 

line 3T3/ NIH, with 500 µg/ mL as maximum tested concentration; n/d not determined 

(viability < 70 %). 

Compound  

 

Concentration 

(µg/ mL) 

Viability (%) ± SD Tail moment (%) ± SD 

 

 

 

 

1·4PF6 

Control medium 100.0 ± 0.0 3.9 ± 4.7 

Control vehicle 63.6 ± 15.2 2.8 ± 3.9 

500.0 46.8 ± 2.3 n/d 

158.1 15.4 ± 1.6 n/d 

50.0 8.7 ± 2.2 n/d 

15.8 79.3 ± 46.4 2.2 ± 1.9 

5.0 150.5 ± 48.4 1.8 ± 1.7 

Positive control 3.1 ± 0.3 51.2 ± 7.1 
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Table S3. Results obtained for Cell viability and genotoxicity results for 1·4PF6, in cell 

line HepG2, with 500 µg/ mL as maximum tested concentration; n/d not determined 

(viability < 70 %). 

 

Compound  

 

Concentration 

(µg/ mL) 

Viability (%) ± SD Tail moment (%) ± SD 

 

 

 

 

1·4PF6 

Control medium 100.0 ± 0.0 3.1 ± 4.2 

Control vehicle 77.4 ± 7.4 2.3 ± 2.8 

500.0 74.7 ± 14.8 23.6 ± 7.0 

158.1 24.1 ± 9.9 38.4 ± 11.4 

50.0 14.1 ± 4.9 n/d 

15.8 35.2 ± 20.3 27.5 ± 21.5 

5.0 107.6 ± 37.5 8.9 ± 14.4 

Positive control 4.0 ± 2.2 35.5 ± 9.6 

 

 

Table S4. Results obtained for Cell viability and genotoxicity results for 1·4PF6 in cell 

line CaCo-2, with 500 µg/ mL as maximum tested concentration n/d not determined 

(viability < 70%). 

Compound  

 

Concentration 

(µg/ mL) 

Viability (%) ± SD Tail moment (%) ± SD 

 

 

 

 

1·4PF6 

Control medium 100.0 ± 0.0 1.5 ± 2.0 

Control vehicle 96.8 ± 8.3 2.4 ± 2.9 

500.0 8.8 ± 3.6 18.4 ± 11.0 

158.1 8.5 ± 3.1 n/d ± n/d 

50.0 50.5 ± 4.5 18.6 ± 17.1 

15.8 86.9 ± 16.9 4.7 ± 4.5 

5.0 113.7 ± 31.7 4.6 ± 5.08 

Positive control 12.4 ± 2.7 27.1 ± 9.0 
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Table S5. Values of the IC50 determined for the compound 1·4PF6 tested in three 

different cell lines.  

 

Compound  

Cell line 3T3 Cell line HepG2 Cell line CaCo-2 

IC50 

(µg/mL) 

IC50 

(µM) 

IC50 

(µg/mL) 

IC50 

(µM) 

IC50 

(µg/mL) 

IC50 

(µM) 

1·4PF6 146 140 152 148 125 122 

The maximum concentration tested was 500 µg/ mL. 
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Chapter 5 

Summary of Results and Discussion 

- Gold nanoparticles  

The first compounds synthesized in this work were bis-pyridinium salts connected 

through a 1,3-xylyl spacer; the pyridinium moieties bear chains of different length: 

1·2Br (18 carbon atoms), 3·2Br (10 carbon atoms) and 4·2Br (1 carbon atom) (Figure 

5.1), to assess the influence of the chain length on the synthesis and stability of the gold 

nanoparticles (GNPs) where they will be incorporated.  

 

Figure 5.1 Structures of compounds 1·2Br (with their respective cartoon), 3·2Br and 4·2Br.  

Initially, the synthesis of GNPs using the bis-pyridinium salt 3·2Br or 4·2Br was 

attempted following modifications of the Brust-Schiffrin
 
method or Turkevich methods, 

respectively. In all cases, using 3·2Br or 4·2Br did not yield any GNPs, as no formation 

of the typical red solution was observed, and a precipitate was visible in some cases. 

Clearly, the length of the chain of the bis-pyridinium salt, 18 carbon atoms in 1·2Br, is 

decisive for the amphiphile to act as promoter agent, and thus to successfully generate 

GNPs. Consequently, the use of 3·2Br and 4·2Br for the synthesis of GNPs was not 

further studied.  

Taking into account these preliminary results, we describe the synthesis, by a phase 

1·2Br

Br

3·2Br

4·2Br
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transfer method, of both new water soluble and organic media GNPs named 3·AuNPs 

and 4·AuNPs using gemini-type surfactants based on the bis-pyridinium salt 1·2Br as 

ligand (Figure 5.2), acting as transfer agents into organic media and also as 

nanoparticle stabilizers and a polyethyleneglycol-containing thiol to improve water 

solubility of 4·AuNPs.  

 

Figure 5.2. Schematic representation of the synthesis of 3·AuNPs and 4·AuNPs.  

 

In order to obtain the optimal nanotool to be used as drug delivery system we 

performed: (a) Chemical and physical characterization of the nanoparticles following 

different techniques such as UV-visible absorption spectroscopy, High-Resolution 

Transmission Electron Microscopy (HRTEM), Dynamic Light Scattering (DLS), X-ray 

Photoelectron (XPS) and Thermogravimetric Analysis (TGA), (b) Examination of their 

stability in solution at different pH before and after the incorporation of the drug, (c) 

Toxicity data concerning both the bis-pyridinium ligands and the bis-pyridinium coated 

nanoparticles, and (d) Study of their ability for delivering anionic pharmaceuticals such 

as ibuprofen and piroxicam (Figure 5.3).  

The ligand 1·2Br as well as the water soluble 3·AuNPs were neither cytotoxic nor 

genotoxic to the cell lines studied (3T3/NIH, HepG2 and CaCo-2) at the concentrations 

tested. Moreover, prior to the incorporation of ibuprofen and piroxicam into different 

AuNPs,  the complexation ability of the bis-pyridinium amphiphile 1·2Br to ibuprofen 

and piroxicam was examined in solution, using 
1
H NMR spectroscopy. The binding of 

1·2Br with piroxicam appears to be the stronger as indicated by the observed chemical 

shifts.  

HAuCl4/H2O+
1) CHCl3/H2O

2) 
3) NaBH4,H2O, r.t, 24 h        

3·AuNPs (water-soluble) 4·AuNPs (organic-soluble)

1·2Br
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On the other hand, the synthesis of two AuNPs named 5·AuNPs (water soluble) and 

6·AuNPs (organic soluble) based on a thiolated polyethyleneglycol derivative HS-C11-

(EG)6-OH was necessary to use as control nanoparticles in the incorporation study of 

drugs such as ibuprofen, piroxicam and their respective sodium salts. The incorporation 

of piroxicam was evaluated and showed extremely low percentages of incorporation in 

both non-pyridinium coated nanoparticles 5·AuNPs and 6·AuNPs, indicating that the 

bis-pyridinium functionalization present in 3·AuNPs and 4·AuNPs is by far the main 

factor determining the incorporation of the drug. 3·AuNPs and 4·AuNPs showed the 

ability to incorporate piroxicam and piroxicam sodium salt respectively, with no 

significant differences in the amount of drug encapsulated. Moreover, the in vitro 

release of 3·AuNPs and 4·AuNPs at two different pH values (7.4 and 5.5) showed a 

faster release profile at pH 7.4, indicating their suitability as promising materials for 

delivery in physiological conditions and finally, 3·AuNPs resulted stable at different pH 

solutions under the described conditions and they were not affected after the 

incorporation of the drug. 

 

Figure 5.3. UV-visible absorption spectra, HRTEM micrograph and liberation profile at 

pH 7.4 and 5.5 of piroxicam incorporated on 3·AuNPs a), and UV-visible absorption 

spectra, HRTEM micrograph and liberation profile at pH 7.4  and 5.5 of piroxicam 

sodium salt incorporated on 4·AuNPs b).  
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GNPs, we decided to explore the incorporation of anionic photosensitizers, and their 

potential in photodynamic therapy (PDT), in comparison to thiolated porphyrins which 

could be covalently bonded to gold surfaces. In this context, we describe the synthesis 

and characterization of porphyrins derivatives, including anionic porphyrins Na-

H2TCPP and Na-ZnTCPP and two disulphide-bearing amidoporphyrins ATPP-LA 

and ZnATPP-LA (Figure 5.4). These porphyrins were succesfully incorporated on 

different vehicles such as gold nanoparticles (GNP), Cobalt-Nickel nanorods (NR) with 

a gold shell and a magnetic core, hexahedral Janus microparticles (µP) with two 

different materials (gold and polysilicon) and polysilicon subtrates such as wafers and 

microparticles, as explained below. 

 

Figure 5.4. Structures of porphyrins Na-ZnTCPP, Na-H2TCPP, ZnATPP-LA and 

ATPP-LA.  

Three different ways of linking the photosensitizer on GNPs were examined: a) non 

covalent incorporation of Na-ZnTCPP on Na-ZnTCPP-1·GNP, b) axial cordination of 

Na-ZnTCPP with a thiolated imidazole derivative coated Na-ZnTCPPImGNP and c) 

covalent immobilization of ATPP-LA and ZnATPP-LA on ATPP-LA-GNP and 

ZnATPPLA-GNP, respectively. 

Thus, water-soluble GNP, named Na-ZnTCPP-1·GNP, were stabilized by a mixture of 

a polyethyleneglycol-containing thiol (to improve water solubility) and a new 

amphiphilic gemini-type pyridinium salt 1·2Br (Figure 5.5 a)), which also acts as 

promotor of the incorporation of the anionic photosensitizer Na-ZnTCPP into the GNP. 

Also, new water soluble GNP named Na-ZnTCPPImGNP formed by: a) a water- 

soluble Na-ZnTCPP as efficient photosensitizer, capable of axial coordination b) a 

thiolated imidazole derivative as the stabilizer agent of gold and the linker to one Na-
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ZnTCPP, c) a thiolated polyethyleneglycol co-coating agent, in order to increase the 

water solubility of the whole system (Figure 5.5 b)). Spherical nanoparticles named 

ATPP-LA-GNP and ZnATPP-LA-GNP were obtained as well, following the covalent 

functionalization with a disulfide-containing porphyrin ATPP-LA or ZnATPP-LA as 

the photosensitizer, as well as with a PEG-containing thiol to improve their 

biocompatibility and water solubility (Figure 5.5 c)). 

 

Figure 5.5. Schematic represetation of a) Na-ZnTCPP-1·GNP, b) Na-

ZnTCPPImGNP and c) GNP: ATPP-LA-GNP (M=H,H) and ZnATPP-LA-GNP 

(M=Zn). 

The obtained gold nanoparticles Na-ZnTCPP-1·GNP, Na-ZnTCPPImGNP, ATPP-

LA-GNP and ZnATPP-LA-GNP have sizes between 7-10 nm as observed by 

Transmission Electron Microscopy or High Resolution Transmission Electron 

Microscopy, with spherical shape and low polydispersity. In all cases the incorporation 

of photosensitizer caused an increase in the hydrodynamic size, detected by Dynamic 

Anionic porphyrin
(Na-ZnTCPP)

a)

b) c)
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Light Scattering, as well as a shift in the Surface Plasmon Resonance peak on the GNP 

UV-visible absorption spectra was observed. The presence of photosensitizers Na-

ZnTCPP, ATPP-LA and ZnATPP-LA in their corresponding GNP was corroborated 

using Fluorescence Spectroscopy, where in all coated gold nanoparticles was observed a 

drecrase in the emission intensity respect to the spectrum of the free porphyrin. This 

result indicated the successful immobilization of the photosensitizer using different 

ways of linking the photosensitizer on GNP, resulting in a quenching of the 

fluorescence. 

Furthermore, the number of photosensitizer incorporated per GNP was calculated using 

UV-visible absorption spectroscopy, applying the calculations reported by Haiss and 

also using the extinction coefficient of each photosensitizer. The obtained value was 

higher for GNP functionalized covalentely with ATPP-LA and ZnATPP-LA respect to 

non-covalent functionalization of GNP incorporating Na-ZnTCPP as photosensitizer. 

On the other hand, the porphyrin-contained in GNP showed enhanced production of 

singlet oxygen, compared to free photosensitizer. The maximum rate of singlet oxygen 

production for the free porphyrins Na-ZnTCPP, ATPP-LA or Zn-ATPP-LA is low, 

which increases considerably when the photosensitizer is incorporated in their 

respective GNP.  

The cytotoxicity and phototoxicity of Na-ZnTCPP and Na-ZnTCPP-1·GNP were 

investigated in vitro using two different human breast cell lines, one of tumoral origin 

(SKBR-3) and another of normal epithelium origin (MCF-10A). SKBR-3 cells showed 

higher sensitivity to Na-ZnTCPP and Na-ZnTCPP-1·GNP in dark conditions. After 

irradiation, no significant differences were observed between both cell lines except for 

1µM Na-ZnTCPP-1·GNP where SKBR-3 cells were also more sensitive. On the other 

hand Na-ZnTCPPImGNP were tested in vitro to evaluate their PDT efficacy in SK-

BR-3 human breast adenocarcinoma cells. The Na-ZnTCPPImGNP were internalized 

by the SK-BR-3 and cell death was dependent on both concentration of the porphyrin 

and irradiation time, and higher toxicity was obtained when cells were incubated with 

1.75 µM Na-ZnTCPPImGNP and irradiated for 30 min, which led to the death of up to 

>80%. Cell death was clearly visualized using fluorescence microscopy by the drastic 

changes in cell morphology as well as the positive staining of the cells with the death 

cell marker propidium iodide. Finally, the activity of the porphyrins ATPP-LA and 
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ZnATPP-LA loaded in the vehicle ATPP-LAGNP and ZnATPP-LAGNP was 

assessed through in vitro photocytotoxicity studies using HeLa cells. A synergic effect 

for the porphyrin ZnATPP-LA toxicity was observed in the vehicle, while the 

porphyrins in solution and the porphyrins incorporated on the vehicle did not show 

cytotoxicity in the dark but showed high photocytotoxic effect in HeLa cells when 

irradiated with light. Additionally, the PDT activity of ZnATPP-LA, in terms of the 

singlet oxygen production, as well as their photocytotoxicity and cellular uptake using 

HeLa cells were studied, in order to select the optimal delivery vehicle for use in PDT, 

resulting the zinc-containing porphyrin ZnATPP-LA showed better production of 

singlet oxygen, and proved more photocytotoxic both in solution and loaded in the 

vehicle. 

-Microparticles and nanorods  

Monofunctional microparticles -made of polysilicon-, bifunctional microparticles -made 

of gold and polysilicon-gold, and nanorods (CoNi coated with gold) (Figure 5.6) were 

also functionalized with porphyrins as photosensitizer in order to explore the influence 

of the size and morphology of the carrier in the PDT effect. 

 

Figure 5.6. Representation schematic of: a) Monofunctional polysilicon microparticles, 

b) bifunctional microparticles (gold and polysilicon), c) nanorods (CoNi coated with 

gold), and d)-f) theirs respective SEM images.  
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In this context, we describe the synthesis and characterization of two groups of 

compounds all of gemini structure, either pyridinium or imidazolium derivatives: 

compounds 1-4 (Figure 5.7), to be adsorbed on polysilicon surfaces, whereas 

compounds 5-8 (Figure 5.7) to be covalent immobilized on the polysilicon substrates, 

using “click chemistry”. 

 

Figure 5.7. Pyridinium and imidazolium salts 1-4 used in the non-covalent 

functionalization of the polysilicon materials and the compounds 5-8 used in the 

covalent functionalization of the polysilicon substrates.  

After the synthesis and characterization of different compounds 1-8 were immobilized 

non-covalent and covalent on polysilicon surfaces and miroparticles (Figure 5.8). The 

water-soluble porphyrin Na-ZnTCPP was successfully incorporated and also 

characterized by contact angle measurements to confirm the immobilization of the 

pyridinium salts, imidazolium salts and Na-ZnTCPP. Several parameters regarding the 

polysilicon microparticles (μP) were studied, such as the amount of the incorporated 

porphyrin, resulting in the range of 2.2-2.6 µM of incorporated Na-ZnTCPP, their 

capacity to produce singlet oxygen (
1
O2), where the incorporation of the photosensitizer 

Na-ZnTCPP into Na-ZnTCPP-µP notably increase the ability of the Na-ZnTCPP- µP 
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to generate 
1
O2, showing a high decrease in the ABMA fluorescence intensity after 

irradiation. Additionally, an in vitro study was realized to investigate the cytotoxicity of 

the free porphyrin Na-ZnTCPP, non-functionalized vehicle (µP) and the functionalized 

microparticles Na-ZnTCPP-µP using HeLa human cervical adenocarcinoma cell. The 

HeLa cells treated with Na-ZnTCPP shown a decrease in the cell viability with an 

increase in the concentration of the photosensitizer, while at the maximum 

concentration of the incorporated porphyrin into µP was not cytotoxic for HeLa cell. In 

the case of the cells incubated with Na-ZnTCPP-µP or µP shown high values of the 

viability remained at ca. 80% at the maximum concentration evaluated of the µP (400 

000 µP/mL). 

 

Figure 5.8. a) and b), non-covalent and covalent functionalization of the polysilicon 

surfaces and microparticles, respectively, with the compound 1-8. In both cases after the 

functionalization of the subtrates with the different compounds the porphyrin Na-

ZnTCPP was incorporated.  

On the other hand, two kinds of carriers, bifunctional microparticles and CoNi-Au 

nanorods, were covalently functionalized with two disulphide-bearing amidoporphyrins 
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(Figure 5.9). Therefore, we describe the physicochemical characterization of the 

porphyrin-loaded vehicles through different techniques such as fluorescence 

microscopy, Thermogravimetric Analysis (TGA) and Electrochemical probe of Fe(II)/ 

Fe(III) system. The PDT activity, in terms of the singlet oxygen production, as well as 

their photocytotoxicity and cellular uptake using HeLa cells were investigated. In this 

context, the porphyrins in solution and the porphyrins incorporated in both vehicles did 

not show cytotoxicity in the dark but showed good photocytotoxic effect in HeLa cells 

when irradiated with light. Additionally, the zinc-containing porphyrins had higher 

effect upon light irradiation. The NR showed the less cytotoxic effect for the studied 

concentrations, which were low because of their intrinsic toxicity and magnetic 

aggregation, being a possible explanation for the lower effectiveness observed. To 

improve the design of the NR, a thicker hydrophilic layer could be created around them, 

to prevent its aggregation and to make them more biocompatible. µP load the higher 

amount of porphyrin molecules per carrier unit, which can explain the considerable 

cytotoxicity observed even though the uptake is not so high. The design of the 

nanostructures influenced the amount of porphyrin incorporated per vehicle and per 

area, which had consequences in the internalization ability of the system and in the 

efficiency of the porphyrins upon irradiation.  

 

Figure 5.9. Schematic representation of µP: ATPP-LA-µP (M=H,H) and ZnATPP-LA-µP 

(M=Zn) (left) and NR: ATPP-LA-NR (M=H,H) and ZnATPP-LA-NR (M=Zn) (right). 
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On the other hand, three gemini-type amphiphilic bipyridinium salts 1·4PF6-3·4PF6 

were synthetized and characterized (Figure 5.10), which the purpose of using them as 

hosts for the subsequent incorporation of π-donor neurotransmitters such as Dopamine 

(Dop), Serotonin (Ser), Adrenaline (Adr) or Noradrenaline (Nor). 

 

Figure 5.10. Structures of gemini-type amphiphilic bipyridinium salts 1·4PF6-3·4PF6. 

The bis-bipyridinium salts 1·4PF6-3·4PF6 were successfully immobilized on two 

polysilicon substrates (surfaces and microparticles), subsequently the non-covalent 

incorporation of the neurotransmitters was performed, which should be driven by the 

formation of a π-π interaction leading to a charge-transfer complex between the 

neurotransmitters and the tetracationic hosts. The presence of the bis-bipyridinium salts 

1·4PF6-3·4PF6 and the neurotransmitters was corroborated by contact angle 

measurements, and fluorescence microscopy was used to detect the complex bis-

bipyridinium salt-neurotransmitter. In all substrates functionalized with the bis-

bipyridinium salts and subsequent incorporation of the neurotransmitters an increase on 

the fluorescence intensity was observed respect to the controls (Figure 5.11). 

Polysilicon surfaces functionalized with 1·4PF6 and subsequent incorporation of Dop or 

Ser showed the higher values of fluorescence intensity of 71 and 72%, respectively. In 

this context the bis-bipyridinium 1·4PF6 and neurotransmitters Dop or Ser were 

selected to functionalize polysilicon microparticles. 
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Figure 5.11. Schematic representation of: a) polysilicon surfaces and microparticles 

previously functionalized with bis-bipyridinium salt 1·4PF6 and subsequent 

incorporation of neurotransmitters such as Dop or Ser, and their respective fluorescence 

optical microscope image, and b) the controls of surfaces and microparticles previously 

functionalized only with bis-bipyridinium salt 1·4PF6 or neurotransmitters such as Dop 

or Ser, and their respective fluorescence optical microscope image. 

The amount of Dop and Ser incorporated in polysilicon microparticles previously 

functionalized with 1·4PF6 was determined using UV-visible absorption spectroscopy, 

by calculating the difference between the initial amount of neurotransmitter in aqueous 

solution and the amount present in the supernatant after incubation, using the calibration 

curves in a range of 0.5-5.0 µM of both neurotransmitters. It was found that the samples 

of Dop and Ser contained 3.5 and 3.2 µM, respectively. This concentration corresponds 

to suspensions of 950000 µPs mL
-1 

previously determined by optical microscopy and 

using a Neubauer chamber. 

The cytotoxicity and genotoxicity of bis-bipyridinium salt 1·4PF6 in three different cell 

lines the mouse fibroblast cell line (3T3/NIH), the human liver carcinoma cell line 
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(HepG2) and the human epithelial colorectal adenocarcinoma cell line (CaCo-2) were 

studied, resulting neither cytotoxic nor genotoxic to the cell lines studied at the 

maximum concentration tested of 500 µg/mL, confirming the suitability of these 

compounds for sensing π-electron rich neurotransmitters. Further studies are needed to 

evaluate the cytotoxicity and genotoxicity of the bis-bipyridinium salt 1·4PF6 

immobilized on polysilicon microparticles in order to confirm the promise of this 

microsystem compounds as drug sensors  
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Chapter 6 

Conclusions 

 The synthesis of gold nanoparticles (AuNPs) stabilized by amphiphilic bis-

pyridinium salts has been successfully achieved. 

 Gemini pyridinium-based amphiphiles play a triple role as: AuNPs synthesis 

facilitator, particle stabilizer and anion recognition centre.  

 The length of the chain of the bis-pyridinium salts and the presence of 

bromide anions in their structure is decisive for the amphiphile 1·2Br to act as 

promoter agent and obtained successfully stable AuNPs.  

 The tetrahydropyridine 2, resulting from the reduction of 1·2Br is capable of 

reducing Au
+3

 to Au
0
, due to its spontaneous oxidation to the pyridinium salt, 

leading to the formation of gold nanoparticles (2'·AuNPs), resulting stable 

and monodisperse only when synthesized in the presence of KBr. 

 The ligand 1·2Br as well as organic soluble 2·AuNPs and water soluble 

3·AuNPs were neither cytotoxic nor genotoxic to the cell lines studied 

(3T3/NIH, HepG2 and CaCo-2). 

 3·AuNPs and 4·AuNPs showed the ability to incorporate piroxicam and 

piroxicam sodium salt respectively, with no significant differences in the 

amount of drug encapsulated. 

 First-order release profile for 3·AuNPs and 4·AuNPs is faster at pH 7.4, 

indicating their suitability as promising materials for delivery in physiological 

conditions.  

 

 Multifunctional water soluble GNPs decorated with gemini pyridinium salts and 

incorporating an anionic metallo-porphyrin (Na-ZnTCPP) as photosensitizer were 

successfully obtained. 

 The GNP are spherical and monodisperse, and they are stable in water, even 

after incorporation of the photosensitizer. 

 Singlet oxygen production experiments with the free porphyrin Na-ZnTCPP 

in solution and incorporated into Na-ZnTCPP-1·GNP, resulted in an ABMA 

photobleaching % of 0.03 and 0.08 respectively, indicating that the 

immobilization of the porphyrin Na-ZnTCPP into nanoparticles notably 
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increases the capacity of the photosensitizer to generate singlet oxygen. 

 Human breast cancer SKBR-3 cell line showed higher sensitivity to Na-

ZnTCPP-1·GNP in dark conditions and also after irradiation for 1µM of 

porphyrin Na-ZnTCPP incorporated. 

 Functionalization of polysilicon materials for PDT purposes, with the metallo-

porphyrin Na-ZnTCPP, was successfully accomplished: 

 Bis-pyridinium and bis-imidazolium salts were anchoress on the silicon 

surface and used as hosts in the subsequent incorporation of an anionic Na-

ZnTCPP as photosensitizer. 

 The production of singlet oxygen increases considerably, when the porphyrin 

Na-ZnTCPP is incorporated on polysilicon microparticles (Na-ZnTCPP-

µP), resulting in an increase in the ppercentage rate of the photobleaching of 

ABMA. 

 Na-ZnTCPP-µP functionalized with the bis-imidazolium salt 8 showed the 

higher amount of Na-ZnTCPP incorporated.  

 Na-ZnTCPP is non-cytotoxic in dark conditions on HeLa cell line, neither 

free nor incorporated microparticles Na-ZnTCPP-µP.  

 Multifunctional water-soluble gold nanoparticles using an axial Metal-imidazole 

ligand coordination to link with Na-ZnTCPP as photosensitizer have been 

successfully obtained. 

 The number of the immobilized porphyrin Na-ZnTCPP per GNP was higher 

than the other types of linkages previously reported. 

 Na-ZnTCPPImGNP showed an increase in the singlet oxygen production, 

respect to the free porphyrin Na-ZnTCPP in solution.  

 The PDT activity of Na-ZnTCPPImGNP using SK-BR-3 cell line showed the 

best results at the concentration 1.75 M of porphyrin incorporated and 

irradiated for 30 min, which led to the death of up to 81% and also was clearly 

visualized by drastic changes in the cell’s morphology.  

 Lipoic acid derived porphyrins have been successfully immobilized into different 

nanovehicles. 

 Two disulfide-bearing amidoporphyrins ATPP-LA and ZnATPP-LA have 
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been successfully synthetized and immobilized on three different vehicles: 

GNP, Nanorods (NR) and microparticles (µP). 

 The porphyrins in solution and the porphyrins incorporated in the vehicles did 

not show cytotoxicity in the dark but showed photocytotoxicity in HeLa cells 

when irradiated with blue light. 

 The zinc-containing porphyrins had higher effect upon light irradiation. 

 µP load the higher amount of porphyrin molecules per carrier unit, which can 

explain the considerable cytotoxicity observed. 

 GNP had the higher photocytotoxicity results, showing higher effect with 

regard to that of free porphyrin in solution, as also observed in the ABMA 

photobleaching, meaning that the porphyrin immobilized on the GNP had an 

enhancement in its effect. 

 Incorporation of π-donor neurotransmitters into bis-bipyridinium SAMs on 

polysilicon materials have been successfully performed. 

 Three different bis-pyridinium salts 1·4PF6 - 3·4PF6 were synthetized, 

characterized and used as hosts in the subsequent incorporation of 

neurotransmitters such as Dopamine (Dop), Serotonin (Ser), Adrenaline (Adr) 

and Noradrenaline (Nor) on polysilicon materials. 

 The functionalized polysilicon surfaces with 1·4PF6 and Dop or Ser as 

neurotransmitters, showed the higher values of increased fluorescence intensity 

of 60 and 65%, respectively, indicating  is the most suitable π-acceptor to 

functionalize polysilicon microparticles and bind Dop or Ser. 

 1·4PF6 was neither cytotoxic nor genotoxic to the cell lines studied 3T3/NIH, 

HepG2 and CaCo-2 at the maximum concentration tested of 500 µg/mL.
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A: Resumen en castellano 

La presente tesis se incluye en el área de la Nanomedicina y Química Supramolecular, 

enfocada al diseño y preparación de diferentes sistemas nano- y micro estructurados de 

aplicación en liberación de fármacos, terapia fotodinámica y detección de compuestos 

ricos en electrones como es el caso de los neurotransmisores. 

La Tesis está estructurada siguiendo el formato de compendio de publicaciones. Incluye 

6 Capítulos y el Apéndice. El Capítulo 1 incluye la Introducción, mientras que los 

Capítulos 2-4 agrupan los resultados del trabajo de investigación donde se describen 

algunas de las estructuras que se pueden formar mediante procesos de autoensamblaje: 

nanopartículas de oro, o la formación de monocapas auto-ensambladas sobre superficies 

de oro y polisilicio. El Capítulo 5 describe los Resultados y Discusión del trabajo y el 

Capítulo 6 incluye las conclusiones generales de la Tesis. 

Las nanopartículas de oro que se describen en el Capítulo 2 han sido preparadas 

utilizando un sistema bifásico adaptando el método Brust-Schiffrin. Para ello se usó un 

grupo de moléculas anfifílicas basadas en sales de piridinio tipo gemini, para las cuales 

hemos demostrado que desempeñan múltiples funciones, tales como: agente de 

transferencia y estabilizador de las nanopartículas, así como ionóforos. Las ventajas de 

nuestra metodología son la simplificación del método sintético, pues la sal de piridinio 

anfifílica tiene doble función, y también se simplifica la purificación de las 

nanopartículas obtenidas. Teniendo en cuenta que la sal de bis-piridinio compleja 

piroxicam en disolución, elegimos este fármaco para estudiar si las nanopartículas, tanto 

las solubles en agua como las que lo son en medio orgánico, también podrían servir 

como vehículos para la liberación de fármacos. Se demostró que el piroxicam se 

incorpora en las nanopartículas gracias a las sales de bis-piridinio, y que además puede 

ser liberado siguiendo diferentes cinéticas dependiendo del pH del medio receptor, 

obteniéndose un perfil de liberación más rápido a pH fisiológico.  

Por otro lado, una parte significativa de la tesis incluida en el Capítulo 3 se va a 

concentrar en la preparación de nano- y micromateriales para su aplicación en terapia 

fotodinámica (PDT). La PDT se basa en el uso de moléculas específicas llamadas 

fotosensibilizadores, que al ser irradiadas activan el proceso de muerte celular debido a 

la formación de radicales libres de oxígeno. La combinación de la utilización de nano- y 
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micro vehículos modificados con un fotosensibilizador podría mejorar la terapia 

antitumoral, disminuyendo los efectos secundarios de la misma. Concretamente, en esta 

tesis se describe la preparación de nuevos fotosensibilizadores derivados de porfirinas, 

en particular metaloporfirinas, con el fin de ser incorporados en diferentes vehículos 

como nanopartículas de oro, micropartículas (polisilicio y polisilicio-oro) además de 

nanohilos de Co-Ni recubiertos con oro. También se detalla el estudio de la capacidad 

de los nuevos nano- y microsistemas obtenidos, de producir oxígeno singlete como 

elemento inductor de la apoptosis celular. Estos estudios, demuestran la posibilidad de 

dichos nano- y microsistemas para ser usados en PDT.  

Además, se investigó la formación de monocapas autoensambladas (SAMs) sobre 

substratos de polisilicio (obleas y micropartículas), utilizando diferentes metodologías 

de inmovilización (covalente y no covalente) para obtener un protocolo de 

funcionalización que puede ser fácilmente repetitivo y efectivo. En primer lugar, estos 

substratos se funcionalizaron con dos grupos de compuestos (sales de bis-piridinio y 

bis-imidazolio) utilizados como huésped en la posterior incorporación de la porfirina Zn 

(II) con un alto potencial para ser utilizado en PDT. La inmovilización de los diferentes 

compuestos fue seguida por medidas de ángulo de contacto, mientras que la presencia 

de la porfirina Zn (II) se confirmó por microscopía de fluorescencia. La concentración 

del fotosensibilizador incorporado en las micropartículas de polisilicio se encontró en el 

intervalo de 2.2-2.6 µM. Por otra parte, se realizó un estudio de liberación de la 

porfirina incorporada durante una semana, dando como resultado un porcentaje muy 

bajo respecto al total de porfirina incorporada. Este resultado indica que se ha 

establecido una interacción estable entre la porfirina y el huésped en la superficie. 

Finalmente, en el Capítulo 4 se describe la metodología de la funcionalización no 

covalente de micropartículas de polisilicio con un grupo de compuestos basados en 

sales de bipiridinio tipo gemini caracterizadas por su carácter ᴫ-aceptor capaces de 

interactuar subsecuentemente con moléculas ᴫ-donoras como son algunos 

neurotransmisores, favoreciendo su detección. Las micropartículas de polisilicio 

funcionalizadas fueron caracterizadas por microscopía de fluorescencia a través de la 

cual se pudo detectar el complejo bis-bipiridinio/neurotransmisor, observándose un 

aumento en la intensidad de fluorescencia en las micropartículas previamente 

funcionalizadas con las sales de bis-bipiridinio y posterior incorporación de los 

neurotransmisores respecto a los controles. Teniendo en cuenta los resultados obtenidos 
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fue posible establecer la metodología de funcionalización no covalente para desarrollar 

un microsistema potencialmente útil para obtener sensores de moléculas con grupos 

ricos en electrones como es el caso de los neurotransmisores. 
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B: Abbreviations and acronyms  

1H NMR – Proton Nuclear Magnetic Resonance Spectroscopy 

DLS – Dynamic Light Scattering 

DNA – Deoxyribonucleic acid 

AuNPs and GNP – Gold Nanoparticles 

MALDI-TOF-MS – Matrix Assisted Laser Desorption Ionization Time-of-Flight Mass  

HRMS – High Resolution Mass Spectrometry 

ESI MS – Electrospray Ionization Mass Spectrometer  

ESI – Electronic Supplementary Information 

IR – Spectroscopy Infrared 

TEM – Transmission Electronic Microscopy 

HRTEM – High Resolution Transmission Electron Microscopy  

UV – Ultraviolet absorption spectroscopy 

SPR – Surface Plasmon Resonance 

TGA – Thermogravimetric Analysis 

MDT – Medium dissolution time 

AUC – Area under curve 

PEG – Polyethylene glycol 

EG – Ethylene glycol 

Pdi – Polydispersity index 

PDT – Photodynamic Therapy 
1O2 – Singlet Oxygen 

ROS – Reactive Oxygen Species 

SAMs – Self-Assembled Monolayers 
13C-NMR – Carbon Nuclear Magnetic Resonance Spectroscopy 

U-ATR – Universal Attenuated Total Reflectance accessory 

MTT – (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium 

ABMA – 9,10-anthracenediyl-bis(methylene)dimalonic acid 

DMA – 9,10-dimethyl- anthracene  

ADPA – 9-[(2,2′-dipicolylamino)methyl]anthracene 

DHB – 2,5-Dihydroxybenzoic acid 

PBS – Phosphate-Buffered Saline  

µP – Microparticles 
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PS – Photosensitizer 

TLC – Thin layer chromatography 

mp – melting point 

MTMS - (6-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}hexyl)trimethoxysilane,  

Im-C1 – methyl Imidazole 

Im-C18 – octadecylimidazole 

Im-C11-SH – 1-(11-mercaptoundecyl)imidazole 

NR – Nanorods 

LA – lipoic acid  

MHEG – (11-mercaptoundecyl)hexa(ethylene glycol)  

DCC – dicyclohexylcarbodiimide 

DMEM – Modified Eagle Medium 

FBS – Fetal Bovine Serum 

TMS – Tetramethylsilane 

DHLA – Dihydrolipoic acid 

SEM – Scanning Electron Microscopy 

Dop – Dopamine hydrochloride  

Ser – Serotonin hydrochloride  

Adr – Adrenaline hydrochloride 

Nor – Noradrenaline hydrochloride 
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