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This work is going to show the activities performed in the frame of my PhD studies at the 

University of Bologna, under the supervision of Prof. Mauro Comes Franchini, at the 

Department of Industrial Chemistry “Toso Montanari”. The main topic of this dissertation 

will be the study of organic-inorganic hybrid nanostructures and materials for advanced 

applications in different fields of materials technology and development such as theranostics, 

organic electronics and additive manufacturing, also known as 3D printing.  

This work is therefore divided into three chapters, that recall the fundamentals of each subject 

and to recap the state-of-the-art of scientific research around each topic. In each chapter, the 

published works and preliminary results obtained during my PhD career will be discussed in 

detail. 

 

1) Nano-theranostics 

In this first chapter, I describe the synthesis and surface modification of gold nanorods 

(GNRs) for applications as theranostic agents able to combine the diagnostic properties of 

photoacoustic imaging applied to near-infrared absorbing plasmonic nanostructures with the 

therapeutic effects of chemotherapy and photothermal therapy. In a first example (performed 

in the frame of an EU H2020 project) I show the preparation of chitosan-coated GNRs and 

their functionalization with active targeting ligands using different conjugation approaches for 

applications in bladder cancer theranostics. In a second work, lipophilic GNRs together with 

PREFACE 

(ABSTRACT) 
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a chemotherapeutic drug are encapsulated in polymeric micelles functionalized with cancer-

targeting antibodies, with the aim of hepatocellular carcinoma theranostics. Besides, an 

application of chemometrics based on multivariate analysis is showed on photoacoustic 

imaging data obtained with PEGylated gold nanorods as contrast agents.  

 

2) Flexible electronics 

Not only plasmonic but also ceramic nanoparticles can undergo surface modification reactions 

to achieve tuneable solubility and better colloidal dispersion. In particular, I present herein 

how highly piezoelectric tetragonal barium titanate (BaTiO3) nanoparticles could be 

synthesized with a simple sol-gel approach at relatively low temperature. In a first work, the 

prepared ceramic nanoparticles are firstly coated with a hydrophilic organic ligand and 

formulated in piezoionic gels to produce a pressure sensor. In a further work (still in 

preparation) a synthetic lipophilic ligand is attached to BaTiO3 nanoparticles, allowing for its 

homogeneous dispersion in PDMS matrices to study the piezoelectric behaviour of the 

nanocomposites. Finally, I describe the possibility to employ surface stabilized ultrathin gold 

nanowires (AuNWs) dispersed in low concentration in thin PDMS film as capacitive strain 

sensors.  

 

3) Additive manufacturing   

The combination of organic and inorganic materials can have an impact also in the field of 

additive manufacturing. In a first work, I describe the synthesis and formulation of a novel 

and biobased photocurable resin for stereolithography which is functionalized with 

phosphorescent iridium complexes able to provide efficient light emission even at very low 

concentrations. Then, I present the preliminary results of the work performed as a visiting 

graduate student at the Johns Hopkins University in Baltimore (MD, USA), under the 

supervision of Prof. David Gracias. In this context, I the preliminary results obtained so far 

towards the development of a 3D printable polysaccharide-based thermoresponsive self-

healing hydrogel are presented. 
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1.1 Introduction 

1.1.1 Nano-theranostics 

Theranostics represent the combination of therapeutic and diagnostic properties in a single 

material, as defined by Funkhouser who coined the term in 2002. [1] Practically, theranostics 

allows for a single drug to have effects both as contrast agents for imaging applications and 

as a therapeutic agent able to treat diseases or to deliver pharmaceutical components, mostly 

in the field of cancer research. [2,3] Such an approach reduces problems of selectivity and 

biodistribution of separate components, enabling the possibility to use imaging to monitor 

sick tissues and to follow the therapy kinetics at the same time. [4] 

 

 

 

 

Figure 1.1.1 – Schematic representation of the main components of a theranostic nanoplatform. The 
biomedical payload gives the actual theranostic properties, but a careful selection of a carrier and an 
active targeting species is very important when designing new theranostic approaches to cancer 
treatment.  
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In the last 20 years, the scientific community rapidly gain interest in nanomaterials as 

theranostic platforms by their unique contrast and therapeutic properties and their potential 

to specifically target diseased cells. [5] Nanostructured materials are compatible with different 

kinds of drugs or display multiple anticancer properties. They can be also loaded with imaging 

contrast agents, and their accurate formulation allows for the monitoring of the evolution of 

diseases and to improve the efficacy of carried pharmaceutical components. [6] By adopting 

the classification given by Ferrari in 2005 [7], a theranostic nanoplatform can be represented 

as composed of three distinct elements (Figure 1.1.1): i) a biomedical payload, including 

imaging contrast agents and therapeutic agents, ii) a carrier that provides structural protection 

for the payload during its transportation to the active site and iii) a surface modifier, that 

provides to the platform additional properties such as prolonged circulation times and active 

targeting abilities (Figure 1.1.2).  The most common varieties of each of the three elements 

of a theranostic platform are going to be discussed in the following paragraphs. 

Biomedical payloads 

As anticipated before, biological payloads represent the active components for the theranostic 

platform, the ones that give to the nanomaterial the therapeutic and diagnostic capabilities. 

The most common biological imaging modalities are: 

♦ Optical imaging: with this technique, visible-light luminescent material is irradiated with 

UV-VIS light, and the light emitted is collected by a 2D detector that can spatially confine 

the source of fluorescence and thus the localization of the contrast agent. [8] Organic dyes  

 

 

 

 

Figure 1.1.2– Different possible components of multifunctional nanocomposites for applications in 
theranostics. Reproduced from ref. [6] 
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such as cyanine 5.5 (Cy5.5) and fluorescein isothiocyanate (FITC) have been widely used 

for the purpose, but they are usually unstable under UV irradiation and toxic in high 

concentrations. Besides, biological tissues are poorly transparent to UV light, hence 

confining the applicability of optical imaging mostly to in vitro studies on cells.  

♦ Magnetic Resonance Imaging (MRI): the interesting properties of magnetic nanomaterials 

such as iron-based metal oxides, rare-earth metal oxides, and alloy systems such as FePt 

have been widely exploited for theranostic applications. [9,10] Most of them offer efficient 

MRI contrast to be employed for diagnostics; however, the resolution offered by clinically 

available MRI machines is still quite low.  

♦ Photoacoustic Imaging (PAI): the details of photoacoustic imaging principles and contrast 

agents will be reported in detail in the next chapters, as it represents one of the most 

promising high-resolution and non-invasive imaging techniques for the localization of 

near-infrared (NIR) light-absorbing contrast agents in biological tissues. [11,12] 

Nanosecond-pulsed NIR light is absorbed by the chromophore, which releases the 

absorbed energy by thermoelastic expansion generating mechanical waves that can be 

detected and transduced by an echograph.  

♦ Computed Tomography (CT): as it exploits the X-ray absorbing properties of heavy 

elements such as gold or iodine. The use of ionizing radiations is still a concern, but the 

technique is widely implemented in hospitals and clinics. [13,14] 

In a published work from our group, we reported a triple-modality imaging probe that was 

able to efficiently serve as optical imaging contrast in biological tissues thanks to the 

conjugation of FITC to the surface of silica-coated magnetic nanoparticles. [15] The magnetic 

core could act as a contrast agent for MRI while chemically conjugated gold nanorods (GNRs) 

could serve as contrast agents for photoacoustic imaging. 

On the other hand, the most outstanding therapeutic functionalities are: 

♦ Chemotherapy: the main difference between cancer cells and a normal cell is defined by 

the fast and uncontrolled growth that characterize the malignant behaviour of cancer cells. 

This can be eventually related to the fast synthesis of DNA that characterizes cancer cells. 

Therefore, chemotherapeutic drugs are designed to stop this process by interfering with 

the synthesis of DNA, hopefully leading to the inhibition of the growth and the spreading 

of the disease. Chemotherapeutic drugs can act following two different mechanisms of 

action: i) by inhibiting the synthesis of new DNA strands during the replication of diseased 

cells or ii) by stopping the mitosis of cancer cells. [16–18] For each different tumour type, 

several different chemotherapeutic drugs have been developed to maximize the therapeutic 
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effect. Amongst these, for example, the most employed drugs such as cisplatin and 

doxorubicin disrupt the replication of DNA in cancer cells, leading to the formation of 

nonsense strands that do not allow for the effective replication of cancer cells. However, 

chemotherapeutic approaches often suffer from a lack of selectivity and thus toxicity to 

healthy tissues, but these limitations have often been overcome by carefully designing 

specific carriers able to limit to the tumour site the area of effect of the drug. [19] 

♦ Antibody therapy: antibodies have widely found application in cancer therapy. By 

exploiting the interaction between the antibody and the receptors on the surface of cancer 

cells, it is possible to trigger biochemical pathways that usually block some vital functions 

of the diseased cells. For example, growth factors inhibitors can bind to cancer cell 

receptors, preventing growth factors to bind to diseased cells promoting cell division and 

tumour proliferation. [20] 

♦ Gene therapy: it involves the application of nucleic acids as active pharmaceutical 

ingredients since a therapeutic or working gene copy is transferred into malignant cells to 

promote the repair of gene defects due to mutations. [21] Amongst these, siRNA (short 

interfering RNA) represents valuable candidates since they can bind to the RNA-induced 

silencing complex allowing for gene-specific silencing. [22] 

♦ Hyperthermal therapy: hyperthermia-based approaches involve the heating of diseased 

tissues to temperatures of about 45°C causing variations in cellular functions by damaging 

proteins related to cell proliferation. [23] Here, nanoparticles play a distinctive role, since 

they can locally generate heat by applying different non-damaging stimuli such as low 

energy electromagnetic radiation. For example, magnetic nanoparticles produce heat when 

exposed to an oscillating magnetic field (magnetothermal therapy) [24] while plasmonic 

nanoparticles such as gold nanoparticles and gold nanorods increase their local temperature 

when exposed to visible or NIR laser light [25,26]. 

Natural and synthetic materials as carriers 

Several different organic and inorganic materials have been explored as valuable candidates 

for acting as carriers for the biological payload through biological tissues to the tumour site  

(Figure 1.1.3). Organic materials are mostly composed of synthetic polymers (PLA, PLGA, 

… ) or biopolymers (chitosan, collagen, …) and they can encapsulate imaging or therapeutic 

agents by exploiting surface chemical interactions or by physically confining the active 

ingredient in the lipophilic polymeric core of nanomicelles. On the other hand, porous or 

hollow inorganic materials (such as mesoporous SiO2 [27,28] and hollow gold nanostructures 
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[29–31]) have been studied in details for carrying payloads in biological systems, often 

suffering from problems related to aggregation and surface destabilization that are much less 

common when dealing with biocompatible polymers. For example, amphiphilic PLGA-b-

PEG nanomicelles have demonstrated to efficiently carry lipophilic gold nanorods and 

doxorubicin to hepatocellular carcinoma stem cells in living mice, as published by us in 2019 

and reported in details in Chapter 1.3 [32,33].  

The carrier is then required to display on its surface reactive functional groups that can be 

further exploited for the surface conjugation of biocompatibilizing species or active targeting 

agents.  

Biomolecular surface modifiers 

A surface modification of the nanosystem is generally required to achieve active targeting and 

thus to direct the theranostic platform to the site of interest. Useful targeting species include 

antibodies or fragments of them, aptamers, peptides, vitamins, and carbohydrates. [34] 

However, active targeting agents can be avoided to exploit passive targeting, enabled by the 

enhanced permeability and retention (EPR) effect, that causes tumour blood vessels to display higher 

pore sizes, which can be used to achieve passive targeting and the delivery of the theranostic 

platform to the tumour site. [35,36]  

Finally, surface modification with polysaccharides allows for additional interactions with the 

active site, since they can widely interact with molecules found on the surface of cancer cells. 

[37,38] 

 
 

 

 

Figure 1.1.3 – Organic vs. inorganic carriers for theranostic applications. Reproduced from ref. [6] 
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1.1.2 Photoacoustic Effect and Photoacoustic Imaging 

The photoacoustic effect (or optoacoustic effect) has been discovered in 1880 by Alexander 

Graham Bell, while he was experimenting with long-distance sound transmission. He spent 

several years trying to build a device he called “photophone”, able to use reflected sunlight 

from a mirror to a selenium solar cell receiver for transmitting voice signals.[39] While 

studying how to build such a device, he observed that when a solid sample was exposed to a 

chopped (or pulsed) light beam, sound waves were directly produced by the bulk sample. The 

observed acoustic signal was noticed to be dependent on the sample material, suggesting the 

involvement of light absorption processes which subsequently heat the sample generating a 

piston-like pressure wave in the surrounding gas. A few months later, Bell found out that 

sound could also be generated by materials exposed to ultraviolet (UV) or near-infrared (NIR) 

light: he invented a second device he called “spectrophone”, able to apply the photoacoustic 

effect for spectral characterization of light-absorbing compounds.[40] Bell, Tyndall, and 

Röntgen expanded independently the study to liquids and solids, but ear detection of emitted 

sound waves strongly limited the possibility of investigation of such phenomena: the 

application of the photoacoustic effect in chemistry needed to wait for the development of 

more powerful light sources and more sensitive sound detectors.[40–42] Different 

mechanisms have been developed in order to explain the generation of acoustic waves upon 

light absorption. The most diffused and accepted one involves thermoelastic expansion 

phenomena: light absorbed by the responsive material causes a sudden heating of the 

photoabsorber generating sound waves that propagate in the surrounding medium.[43] 

According to this mechanism, photons are absorbed by the material, their energy (or part of 

it) being converted to heat energy by collision of the high energy excited molecules with the 

surrounding environment. Then, the temperature increases drastically a few picoseconds after 

the absorption of the photon, but it plummets back to the initial temperature when the light 

is stopped and the system cools down. These oscillations result in alternated expansions and 

contractions of the system due to temperature variation: this induces local pressure changes 

that propagates throughout the sample and can be sensed with an appropriate sound-to-

voltage transducer. On the basis of this model, the photoacoustic effect can be exploited to 

build photoacoustic spectrometers equipped with sound-responding detectors: these 

instruments are able to generate photoacoustic response spectra similar to extinction spectra, 

but rather than measuring the amount of absorbed light per wavelength, the intensity of the 

emitted acoustic wave is measured for each excitation wavelength. Photoacoustic 
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spectrometry allows also for the investigation of spectroscopic behaviour of opaque samples, 

where absorption is essentially complete.[44]  

The ability of photoacoustic detection to be performed on non-transparent samples makes it 

possible to exploit it for spectral characterization of biologic tissues, for which the traditional 

optical spectroscopic tools cannot be generally applied. However, these applications have been 

generally exploited in the indirect gas-phase photoacoustic detection for many years, it was 

not until the mid-1990s that it began to be investigated for biomedical imaging. From this 

point onwards, the field of optoacoustics has rapidly grown in terms of the development of 

instrumentation, image processing algorithms, in vivo application of the technique in clinical 

medicine, and basic biologic research.[45] In photoacoustic imaging (PAI), ultrasound waves are 

generated by irradiating tissues with modulated or pulsed laser light; for applications in biology 

and biomedicine, optical wavelengths in the near-infrared (NIR, 700 – 1500 nm) are applied 

due to the high transparency of tissues in this range, achieving penetration depths up to several 

centimetres. Absorption of photons by the chromophores in the sample results in the 

generation of an acoustic wave, which is then processed to form an image. Thanks to acoustic 

detection, it has been possible to couple PAI to ultrasound (US) echographic systems: 

ultrasounds (in a different range of frequency from that involving photoacoustic effect) are 

directed to the sample together with the laser, scattered and diffused in the tissues and detected 

back by a separated US detector.[46] Although PA and US image formation and the factors 

that affect spatial resolution and fidelity are mostly the same, the contrasts that generate the 

images are essentially different. A US image provides a description of the acoustic impedance 

mismatch between different tissues: US contrast, therefore, depends on morphological features 

of the tissues, whilst PA represents the initial pressure distribution produced by the absorption 

of a pulse of laser light. With this configuration, it is possible to obtain two overlapped images: 

an explorative US trace and a PA contrast image, to make easier localization of the contrast 

into the sample. The “emitted” ultrasound can be approximated to a 1D plane wave, which 

propagates in a homogeneous medium, generated by absorption in a chromophore (Equation 

1.1.1).  

 

𝑃0 =
𝛽𝜈𝑠

2

𝑐𝑝
𝜇𝑎𝐹0𝑒−𝜇𝑒𝑓𝑓𝑧 = 𝛤𝜇𝑎𝐹0𝑒−𝜇𝑒𝑓𝑓𝑧      Equation 1.1.1 

 

Where 𝑃0 is the maximum pressure generated by thermoelastic expansion of the 

chromophore, 𝛽 is the thermal expansion coefficient, 𝜇𝑎 is the optical absorption coefficient 

of the photoabsorber and 𝐹0 is the laser fluence at 𝑧 = 0. 𝛤 is defined as the Grüneisen 
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parameter of the tissue and 𝜇𝑒𝑓𝑓 is the effective extinction coefficient, which contains 𝜇𝑎 but 

it also includes scattering phenomena.  

Thanks to its massive potential, PAI has been developed in several different implementations. 

Some of them allow for high resolution at the expense of penetration depth (like dark-field 

confocal photoacoustic microscopy) for applications in cells and enabling live-cells 

experiments. Others (like photoacoustic tomography), achieve high penetration depth with 

low resolution but effective for tumour detection.  Currently, the three major applications of 

PAI in biomedicine are engineered and optimized for different specific applications (Figure 

1.1.4): photoacoustic microscopy (PAM), photoacoustic computed tomography (PACT), and 

photoacoustic endoscopy (PAE).[47]  

Photoacoustic Microscopy, PAM 

In PAM, both optical excitation and ultrasonic detection are focused, with the two foci usually 

confocally configured to maximize sensitivity. Each laser pulse produces a depth-resolved 

image without mechanical scanning, a 2D transverse scanning generates a 3D image. 

Depending on which focus is finer, optical or acoustic, PAM is classified into optical-resolution 

PAM (OR-PAM) and acoustic-resolution PAM (AR-PAM). OR-PAM provides images with 

resolutions as low as few micrometres but with much smaller penetration depths, while AR-

PAM takes advantage of the reduced acoustic scattering at depths beyond the optical diffusion 

limit to produce images with high resolution. 

Photoacoustic Endoscopy, PAE  

In a representative PAE design, light from a nanosecond pulsed laser is delivered by a 

multimodal optical fibre in the central hole of a ring transducer. An optoacoustically reflective 

mirror rotates both light and sound waves for circumferential cross-sectional scanning, 

generating the image. In contrast to conventional optical endoscopy, which has an imaging 

depth within the optical diffusion limit, PAE exhibits a 7-mm imaging depth ex-vivo in the rat 

colon dorsal region.[48] 

Photoacoustic Computed Tomography, PACT  

In PACT, a large diameter pulsed laser beam irradiates the tissue surface causing impulsive 

heating of the absorbing chromophores that generates a broadband ultrasonic wave that 

propagates throughout the tissue and is detected by an array of receivers. Two detection 

geometries are commonly used: linear and circular (Figure 1.1.4c-d). Circular detection 

geometry requires access to the target from all directions, while linear geometry is more 

versatile, giving access to a great range of anatomical targets. PAI instruments that employ  
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Figure 1.1.4 -  Major implementations of PAI, with representative in-vivo images. (A) OR-PAM of sO2 
in a mouse ear, (B) AR-PAM on normalized haemoglobin concentration in a human palm, (C) Linear 
– array PACT of methylene blue in rat sentinel lymph node (SLN), (D) Circular-array PACT for 
cerebral hemodynamic changes, (E) PAE of rabbit oesophagus, UST = ultrasound transducer.[49] 
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linear detection geometry started to resemble common diagnostic clinical US scanners, 

including a hand-held probe acoustically coupled to the skin and moved around giving images 

in real-time. The absorption-based contrast provided by the PA signal is then coupled to a co-

registered US map of the sample. However, the limited detection aperture of the probe 

reduces the resolution of the obtained image compared to the resolutions achievable with 

circular arrays of detectors. The vertical resolution, on the other hand, does not depend much 

on the detection aperture but it is strongly limited by acoustic attenuation. A specific 

apparatus, which is commercially available, contains a diagnostic linear array probe and a pair 

of fibre wisps are integrated to form a hand-held dual-mode US-PA imaging head. As one of 

the most promising implementations, the VisualSonics small-animal US scanner has been 

adapted to provide US-PA images in currently available instruments. For circular detection, 

the instrument usually includes a hemispherical detector bowl with an aperture in the bottom 

for the delivery of laser light. 128 unfocused 5 MHz 3-mm diameter piezoelectric elements 

are spirally distributed over the hemisphere.  
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1.1.3 Multivariate Spectral Imaging Analysis [50–52] 

Photoacoustic imaging implementations often allow for the recording of a photoacoustic 

signal per each excitation wavelength: if the detector is able to spot a region of the sample of 

size (𝑥 ×  𝑦) pixels, it would record an image for each available excitation wavelength 

generating a 3D matrix (𝑥 ×  𝑦 ×  𝜆) where 𝜆 is the number of scanned wavelengths. 

Practically, this matrix is called hyperspectral cube (or hypercube), and it is composed of images in 

which for every pixel the entire photoacoustic emission spectrum is recorded (Figure 1.1.5); 

the approach of recording spectra per pixel in 3D matrices, defined as hyperspectral imaging, 

enables the use of powerful statistical tools to discriminate whether the signal is originated 

from one species or one other, to make quantitative analysis and to reduce the signal-to-noise 

ratio. [53] Each image represents the regions of the sample in which the corresponding 

wavelength has a big influence on the total spectrum. The hypercube (𝑥 ×  𝑦 ×  𝜆) is firstly 

unfolded to a 2D data matrix (𝑫) of size ((𝑥 ×  𝑦)  ×  𝜆) in which the rows are spectra of the 

different pixels. A bilinear model is used to fit the data, producing three matrices, C and ST 

and E, expressed in Equation 1.1.2. 

 

𝑫 = 𝑪 𝑺𝑻 + 𝑬         Equation 1.1.2  
 

 

 

 

Figure 1.1.5 – Schematic representation of a hypercube. Two dimensions represent the x-y position 
of the spotted point (spatial information), the third dimension represents the excitation wavelength 
(spectral information). Each vertical slice of the cube is an image, while each pixel is a spectrum in the 
third dimension. 



CHAPTER 1  NANO-THERANOSTICS 

- 18 - 

𝑪 is the obtained concentration matrix of size ((𝑥 ×  𝑦)  ×  𝑞) which, once refolded, contains 

one image for each component 𝑞 in the spectroscopic system representing the concentration 

profile of that component; 𝑺𝑻, the spectra matrix has the size of (𝑞 ×  𝜆) and it carries the 

corresponding spectra of the spotted components while 𝑬, the error matrix which contains the 

deviation of the model from the experimental data, is minimized by an iterative least-square 

algorithm which uses various constraints, to reduce ambiguity (Figure 1.1.6). It should be 

noticed that Equation 1.1.2 is nothing but the multiwavelength expression of the Beer-

Lambert law. The algorithm solves iteratively the equation by optimally fitting 𝑪 and 𝑺𝑻 by 

the alternating least-squares algorithm, using initial estimates of the spectral profiles of the 

mixture components. [54] These inputs can be spectra obtained from reference experiments 

or can be extracted from the original data set by evolving factor analysis. [55] During the 

optimization process, several constraints can be applied to model the shapes of the obtained 

profiles and to limit the number of possible equivalent solutions for the matrix problem. The 

result is formulated when convergence is achieved in two consecutive iterative cycles, with 

deviations of the residuals between experimental and ALS data is less than 0.05%. 

 

 

 

 

Figure 1.1.6 – Schematic representation of the action of MCR-ALS on hyperspectral data. The 

hypercube is firstly unfolded, then the algorithm is applied. It generates a matrix 𝑪 which represents, 

once refolded, the distribution maps of each of the modelled components, and a matrix 𝑺𝑻 containing 
the fitted spectrum for each modelled component. 
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Figures of merit 

Three parameters are important in the evaluation of the efficacy of the optimization algorithm: 

per cent of lack of fit, the amount of variance explained by the model, and the standard 

deviation of residuals with respect to the experimental data. The first, defined in Equation 

1.1.3, represents the difference between the input data (𝑫) and the ones obtained by the model 

(𝑪𝑺𝑻).  

 

𝐿𝑎𝑐𝑘 𝑜𝑓 𝑓𝑖𝑡 (%) = √
∑ 𝑒𝑖,𝑗

2
𝑖,𝑗

∑ 𝑑𝑖,𝑗
2

𝑖,𝑗
∙ 100       Equation 1.1.3 

 

where 𝑑𝑖,𝑗 indicates the element of 𝑫 (ith row and jth column) and 𝑒𝑖,𝑗 is referred to matrix 

elements of 𝑬. The software calculates two lacks of fit based on the initial definition of the 

input matrix 𝑫. It can be calculated with respect to the raw experimental data matrix or the 

PCA reproduced data matrix, using the same number of components as MCR-ALS. These 

two figures of merit are evaluated after each iterative cycle, after the application of the selected 

constraints. These values are really important, they explain how good the experimental data 

have been fitted and if ALS optimization approaches PCA fit. Percentage of variance 

explained (𝑅2) and the standard deviation of residuals (σ) are calculated as shown in Equation 

1.1.4 and Equation 1.1.5, respectively: 

 

𝑅2 =
∑ 𝑑𝑖,𝑗

2 −∑ 𝑒𝑖,𝑗
2

𝑖,𝑗𝑖,𝑗

∑ 𝑑𝑖,𝑗
2

𝑖,𝑗
         Equation 1.1.4 

 

𝜎 = √
∑ 𝑒𝑖,𝑗

2
𝑖,𝑗

𝑛𝑟𝑜𝑤𝑠𝑛𝑐𝑜𝑙𝑢𝑚𝑛𝑠
       Equation 1.1.5 

 

where 𝑑𝑖,𝑗 and 𝑒𝑖,𝑗 are the same as above, while 𝑛𝑟𝑜𝑤𝑠 and 𝑛𝑐𝑜𝑙𝑢𝑚𝑛𝑠 are the number of rows 

and columns, respectively, for matrix 𝑫. 

Data augmentation 

MCR-ALS can be simultaneously performed on multiple independent data sets that have been 

acquired with the same spectroscopic technique. This approach can achieve better species 

resolutions, particularly in situations of rank-deficiency. However, this can massively increase 

the computing time required for PCA in imaging studies, where each independent hypercube 

contains several hundred thousand spectra.    
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Constraints [50] 

While performing MCR-ALS, the toolbox requires to specify which constraints should be 

applied to the fitting model (Figure 1.1.7). In hyperspectral imaging, the most applied are: 

♦ Non-negativity. It can be applied to both concentrations and spectra. It forces to zero (or 

normalizes) the obtained matrices in order to be non-negative everywhere.  

♦ Closure. By applying this constraint, the total concentration (the sum of the concentrations 

of each component) is constant throughout all the samples, acting as a mass balance of the 

system. 

♦ Unimodality. Applied to the concentration profiles, allows for the existence of only one or 

no local maxima.  

♦ Hard modelling. Concentration data are modelled according to rigid models built from 

mathematical expressions describing a specific physicochemical behaviour. 

 

 

 

 

 

Figure 1.1.7 – Commonly employed constraints for MCR-ALS. Reproduced from ref. [50] 
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1.1.4 Contrast Agents in Preclinical Photoacoustic Imaging [12] 

Photoacoustic Imaging (PAI) is growing quickly as a molecular imaging technique, being 

rapidly adopted for a wide range of applications in preclinical in vivo imaging of small animals. 

Its principal applications are directed towards cancer research, where PAI can be exploited 

for primary tumour identification, molecular characterization, and detection of metastatic 

lymph nodes. [56] The photoacoustic signal can be originated by both endogenous and 

exogenous sources in a living system usually the latter being the one investigated by research 

and development, while the former generates the background that needs to be overwhelmed 

by the much more intense and specific exogenous contrast. 

Endogenous contrast 

Endogenous PAI allows for retrieving structural and functional information of light 

absorption-based systems, such as haemoglobin, lipids, water, and melanin (Figure 1.1.8). 

Haemoglobin is an iron-based metalloprotein responsible for the delivery of molecular oxygen 

throughout the body: it undergoes structural and electronic modifications upon O2 binding, 

which result in a modification of its absorption spectrum. This makes it possible to measure 

total haemoglobin concentration and oxygen saturation, which are helpful information for the 

 
 

 

Figure 1.1.8 - Absorption spectra of the main endogenous chromophores. At long wavelengths, the 
contribution of oxy- and deoxy-haemoglobin is negligible but the interference of water and fat is 
increasing. Melanin covers the whole spectral range, strongly reducing the optical penetration depth in 
melanin-rich regions. Reproduced from ref. [57] 
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study of tumour angiogenesis.[58] It is also worthwhile to exploit the absorption behaviour of 

lipids at long wavelengths (930 and 1210 nm), related to the second overtone of the C-H 

stretching which is abundant in fatty acid chains.[59] Water can be identified by excitation at 

975 nm, whereas melanin absorption allows for the detection and characterization of primary 

melanoma and metastatic melanoma cells.[60] Anyways, intrinsic chromophores only give 

access to a limited number of applications in biological processes. In molecular PAI these 

absorptions represent the background that must be overcome by designing efficient contrast 

agents able to highlight specific features of the investigated biological system. 

Exogenous contrast 

The ideal exogenous signalling structure has to own a very intense, narrow, and characteristic 

absorption behaviour (in terms of absorption wavelengths), to allow for unambiguous 

contrast even at low molar concentrations. Moreover, its absorption must be located in the 

NIR window of the electromagnetic spectrum, to ensure high tissue penetration, but avoiding 

the wavelength ranges in which the endogenous chromophores have their absorption maxima. 

This limits the exploitable NIR energy range to wavelengths higher than 800 nm, for the 

purpose of avoiding interferences with the intense signal originated from the two forms of 

haemoglobin. Moreover, it is required that the light-absorbing system shows high 

photostability (it needs to be stable under prolonged light irradiation), low fluorescence 

quantum yield (to maximize the amount of absorbed energy converted to heat), and efficient 

conversion of energy to acoustic waves.   

Metallic or semiconducting nanoparticles are characterized by high flexibility from the 

chemical, physical, and biological point of view, together with very high extinction coefficients 

compared with the ones of NIR dyes. They are nowadays the widest class of PAI contrast 

agents and they can be made of a great variety of materials, shapes, and sizes, with tuneable 

surface and optical properties. They are mainly represented by gold and carbon nanosystems, 

able to absorb NIR light and to convert it into acoustic waves.  
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1.1.5 Optical Properties of Gold Nanostructures 

Nanostructured metals have shown interesting optical, electronic, and catalytic behaviours, 

when compared to their bulk counterparts, since the early 5th century BC. Gold, platinum, and 

silver, when finely ground into nanocrystals, are able to be dispersed in aqueous media 

showing characteristic and very intense colours: gold nanocrystals, for example, show a strong 

absorption band in the blue which moves towards the red as the size of the crystals increases. 

Furthermore, when the size is reduced below 3 nm, the incredibly high surface-to-volume 

ratio makes the gold lose the inertness that made it be called “noble metal”, and it acts as a 

catalyst for reactions on its surface. These chemical and optical features arise from the fact 

that the particles are so small that they mostly behave as quantic systems with well-defined 

energy levels, whose gaps correspond to the wavelengths of the visible light. Let’s consider a 

spherical gold nanoparticle of radius 𝑟 irradiated by 𝑧-polarized light of wavelength 𝜆. If the 

dimension of the particle is much smaller than the wavelength of light, i.e. 𝜆/𝑟 > 10, the 

electric field appears to be static to the nanoparticle (Figure 1.1.9). Because of this 

phenomenon, Maxwell’s equations can be solved using a quasi-static approximation, leading 

to the final expression for the intensity of the electromagnetic field outside the particle, 𝐸𝑜𝑢𝑡, 

given in Equation 1.1.6. 

 

𝐸𝑜𝑢𝑡(𝑥, 𝑦, 𝑧) = 𝐸0�̂� − [
𝜀𝑖𝑛−𝜀𝑜𝑢𝑡

𝜀𝑖𝑛+2𝜀𝑜𝑢𝑡
] 𝑟3𝐸0 [

�̂�

𝑟3 −
3𝑧

𝑟5
(𝑥�̂� + 𝑦�̂� + 𝑧�̂�)]   Equation 1.1.6 

 

 

Figure 1.1.9 - (a) Schematic representation of the localized surface plasmon resonance phenomenon 
and (b) the typical extinction spectrum for AuNPs. 

 

 

a)              b) 
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Where 𝜀𝑖𝑛 is the electric permittivity of the nanoparticle and 𝜀𝑜𝑢𝑡 is the one of the dispersant 

medium. 𝜀𝑖𝑛 is strongly dependent on the wavelength of the incoming radiation: the term 

containing permittivity mostly determines the resonance condition, that is the resonant 

wavelength, which clearly depends on the material. For gold and silver, this is accomplished 

in the visible region of the electromagnetic spectrum, explaining the differences in 

optoelectronic properties compared to the bulk material. Also, the size of the particle and the 

permittivity of the solvent (𝑟 e 𝜀𝑜𝑢𝑡) contribute to the LSPR position, making it possible to 

tune the macroscopic optical properties along the visible spectrum. It is possible, then, to 

derive an expression for the extinction spectrum of a metal nanosphere as a function of its 

size and dielectric constant, together with the one of the dispersant medium (Equation 1.1.7): 

 

𝐸(𝜆) =
24𝜋2𝑁𝑎3𝜀𝑜𝑢𝑡

3/2

𝜆 ln(10)  

𝜀𝑖(𝜆)

(𝜀𝑟(𝜆)+𝜒𝜀𝑜𝑢𝑡)2+𝜀𝑖(𝜆)2      Equation 1.1.7 

 

Where 𝜀𝑟and 𝜀𝑖 are real and imaginary parts of the electric permittivity, respectively. 𝜒 is a 

constant that depends on the shape of the particle: for a sphere 𝜒 = 2, but it can reach much 

higher values (up to 𝜒 = 20) for particles with elongated geometry like ellipsoids or rods. In 

1912, Gans calculated the 𝜒 value for an ellipsoid, predicting that for metallic nanorods, in a 

good approximation, the LSPR band would split into two distinct bands, due to the anisotropy 

of the structure (Figure 1.1.10 and Equation 1.1.8).[61] An analytical solution cannot be 

obtained for the actual shape of synthesizable nanorods, which is more likely to be a doubly 

half-sphere-capped cylinders than actual ellipsoids. 

 

 

 

 
Figure 1.1.10- (a) Schematic representation of the localized surface plasmon resonance phenomenon 
for a metallic rod and (b) the typical extinction spectrum for GNRs 

 

a)                b) 
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𝐸(𝜆) =
2𝜋𝑉𝑁𝜀𝑜𝑢𝑡

3/2

3𝜆  
∑

𝜀𝑖(1/𝑃𝑗
2)

(𝜀𝑟+((1/𝑃𝑗)/𝑃𝑗)𝜀𝑜𝑢𝑡)2+𝜀𝑖
2𝑗        Equation 1.1.8 

 

Where 𝑉 is the volume of the particle. 𝑃𝑗 , is defined as the depolarization factor; it can assume 

two different values: one related to the length and one to the width of the rod. One of the 

two – the longitudinal one – is a function of the ellipticity of the particle, 𝑒, a geometrical 

parameter strictly related to the aspect ratio of the rod, 𝐴𝑅, defined as the ratio between its 

length and width (Equation 1.1.9). 

 

𝑒2 = 1 −
1

𝐴𝑅2
          Equation 1.1.9 

 

Many years later, in 2005, Murphy et al. verified these equations by measuring the position of 

the longitudinal LSPR peak for different preparations of gold nanorods (GNRs) with different 

aspect ratios.[62] They showed how the low energy band was moving towards the NIR by 

increasing the rod’s aspect ratio, quite confirming Gans’s predictions and revealing the 

applicability of the ellipsoid approximation to GNRs (Figure 1.1.11). LSPR greater than 800 

nm, well suitable for PAI, has been obtained for GNRs with an aspect ratio of around 4. As 

it is shown in Equation 1.1.8, not only the shape of the particle influences the longitudinal 

LSPR position: the dependence on 𝜀𝑜𝑢𝑡 conceal a variation of the peaks position in relation 

with the dielectric constant of the surrounding medium. This it is strictly connected to the  

 

 

 

Figure 1.1.11 - Transmission electron micrographs (top), optical spectra (left), and photographs of 
(right) aqueous solutions of gold nanorods of various aspect ratios. a) aspect ratio 1.35; b) aspect ratio 
1.95; c) aspect ratio 3.06; d) aspect ratio 3.50; e) aspect ratio 4.42 [62] 
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refractive index (being 𝜀 = 𝑛2), therefore changes in the local environment, which modifies 

how fast light, travels in the proximity of the particle (like molecules adsorbed on its surface) 

cause a shift in the absorption maximum, following Equation 1.1.10. 

 

∆𝜆𝑚𝑎𝑥 = 𝑚∆𝑛[1 − exp(−2𝑑/𝑙𝑑)]      Equation 1.1.10 

 

Where 𝑚 is the sensitivity upon refraction index variation; ∆𝑛 is the variation in refractive 

index induced by the adsorbate; 𝑑 is the adsorbate layer thickness and 𝑙𝑑 is the penetration 

depth of the electromagnetic field, characteristic for the material (for gold it is of the order of 

few nanometers). It has moreover been observed that the actual refractive index felt by the 

nanostructure in water is slightly higher than the one of pure water: El-Sayed and co-workers 

propose that this is originated from the fact that the water layer around the rod is polarized 

by the plasmon and therefore it substantially shows higher refractive index than pure 

water.[63]  
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1.1.6 Synthesis of Gold Nanorods 

The first reported procedure for growing colloidal gold dates back to 1857 when Michael 

Faraday found that gold chloride could be reduced by phosphorus forming a ruby suspension 

of gold nanoparticles.[64] Since then, a great number of methods have been developed for the 

fabrication of gold nanocrystals: chemical, electrochemical or photochemical reduction and 

different physical methods. These allow for the production of nanostructures with various 

architectures: nanospheres, nanorods, nanoplates, nanocubes, nanoshells and anisotropic 

nanostructures with protrusions can be obtained. For gold nanorods (GNRs) there are mainly 

two synthesis approaches, which are defined as bottom-up and top-down: the bottom-up 

approach is based on the nucleation and growth of the rods from salt precursors, while in the 

top-down one GNRs are obtained by a combination of Au deposition with different physical 

lithographic processes. 

Bottom-up methods  

In these methods, aqueous solvated Au(III) salts are reduced by various reducing agents (like 

citric acid, ascorbic acid, sodium borohydride, or small Au clusters) under different external 

stimuli. In order to break the anisotropy of the system to form a rod-like particle, a template 

is needed to confine the growth of the rod along one direction only during the reduction: the 

most widely used hard template for synthesis of one-dimensional nanostructures is anodic 

aluminium oxide, which displays randomly oriented cylindrical pores with high density and 

controllable size.[65] Although this approach leads to monodisperse nanorods with high yield, 

it needs complex techniques to release the nanorods from the alumina template for further 

applications. Besides, the rods have a very large diameter (> 100 nm), which abates their 

optical properties due to retardation of the plasmon wave. A second approach has been 

developed to overcome the problems with the hard-templating methods: the use of 

surfactants that are able to form micelles to direct the longitudinal growth of GNRs in 

solution. These surfactants are also known as soft templates; amongst them, the most commonly 

used is CTAB (cetyltrimethylammonium bromide) which acts both as a stabilizer for the 

growing rods and as a face-specific capping agent allowing for anisotropic growth of gold in 

solution. The most promising method which applies the use of soft templates in the seed-

mediated growth approach, developed independently by Murphy and El-Sayed in the early 

2000s.[62,66] In a typical procedure, small Au seeds of around 3.5 nm in size are prepared by 

reduction of diluted Au(III)-Br complexes in CTAB aqueous solution with a strong reducing 

agent such as NaBH4. An aliquot of this solution is then added into a growth solution prepared  



CHAPTER 1  NANO-THERANOSTICS 

- 28 - 

 

 

Figure 1.1.12 - Schematic representation of the main steps in the seed-mediated growth of GNRs 
 

 

by reduction of Au(III) complex ions to Au(I) with ascorbic acid or other mild reducing agents 

in an aqueous CTAB solution (Figure 1.1.12). The added seeds catalyze the disproportion of 

Au(I) to metal gold and Au(III), the first adsorbed onto their surface, resulting in the growth 

of the seed to a rod. Au(III) is then converted back to Au(I) by the unreacted ascorbic acid in 

solution, generating a cycle that is stopped only when gold ions or ascorbic acid molecules are 

depleted. Silver ions play an important role in the improvement of shape selectivity (lesser 

production of other shapes like cubes or spheres) and reaction yield. Moreover, the presence 

of Ag+ allows for fine control of the optical properties due to its influence on the aspect ratio 

of the rod. While the role of silver in the anisotropic growth is not clearly understood yet, two 

mechanisms have been proposed for explaining the symmetry breaking phenomenon. El 

Sayed proposed a first mechanism by which the surfactant forms a soft-templating micelle 

formed by a double layer of CTAB molecules, with a size that depends on CTAB 

concentration and ionic strength of the solution.[66] When ascorbic acid is added to the 

growth solution gold ions are reduced, but since silver can be reduced by ascorbic acid only 

at basic pH values, it is not reduced here; silver ions are located between neighbouring head 

groups of the templating surfactant (CTAB) generating Ag-Br pairs, decreasing charge density 

on the bromine atoms and thus reducing repulsion forces between CTAB head-groups, 



CHAPTER 1  NANO-THERANOSTICS 

- 29 - 

leading to micelle elongation. This is supported by the strong affinity of CTAB for the high-

energy {100} side facets compared to the low energy {111} end facets of the growing Au 

crystal. The second mechanism involves a rigid structure of CTAB monomers that maintains 

a one-dimensional shape and serves to control the reduction rate of Au(I). Silver ions will not 

be reduced by ascorbic acid but will rather form solid silver bromide. Murphy proposed a 

model in which silver bromide is absorbed on the {100} side facets of the nanocrystal surface, 

slowing down gold reduction on the sides and inducing single-crystalline growth along 

the{111} end facets (Figure 1.1.13).[62] In any case, the effects of the amount of silver ions 

in the growth solution allow for regulation of the longitudinal LSPR band from 650 nm to 

850 nm. Longer GNRs (with aspect ratio > 5) can be obtained by adding a second surfactant, 

BDAC (benzyl cetyl dimethylammonium chloride). BDA+ ions intercalate CTAB in the 

anisotropic growth, stabilizing higher aspect ratio micelles by π-stacking of the intercalating 

benzyl groups.[66] With this approach, it is possible to synthesize GNRs with plasmon 

absorption wavelengths up to 1400 nm. The bottom-up methods can allow for the production 

of nearly monodisperse GNRs with small diameter and high uniformity, but some 

disadvantages hamper their potential device applications: the shape and size of GNRs vary 

among different batches, it is really difficult to finely reproduce it, even following the exact 

same procedure. 

 

 

 

Figure 1.1.13- Mechanism for surfactant-directed metal growth proposed by Murphy et al. [62] 
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Top-down methods 

Two types of top-down methods have been developed, mostly: the first involves the removal 

of gold from pre-deposited films according to specifically designed patterns using focused ion 

beams or other etching techniques, the second employs lithographic techniques to make 

masks on which gold is deposited.[67,68] The size of these structures is often limited by the 

resolution of the lithography, but GNRs with small size can be obtained by electron-beam 

lithography, down to 10 nm. Nevertheless, top-down approaches are generally time-

consuming and expensive. Nanorods obtained by vapour deposition techniques are usually 

composed of polycrystalline nanoparticles: this causes the degradation of the optical 

properties of the nanorods because of electron scattering at the grain boundaries.    
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1.1.7 Aim of the work 

This chapter recaps the main achievements of the first year of my PhD studies related to the 

applications of gold nanorods (GNRs) for tumour theranostics. As widely discussed in this 

introduction, theranostics represent the frontiers of nanomedicine, and gold nanorods can 

serve as biomedical payload for the purpose under several aspects.  

In particular, this thesis will firstly describe the project EDIT (Chapter 1.2), funded by the 

European Commission, that involves the implementation of active-targeted chitosan-coated 

GNRs for diagnosis and therapy of bladder cancer in its earliest stages.  

Successively, a gold nanorods- and adriamycin-loaded polymeric nanomicelle targeted with an 

antibody (anti-epidermal cell adhesion molecule, anti-EpCAM) able to perform active targeting 

towards hepatocellular carcinoma (liver cancer) stem cells (Chapter 1.3). In both cases, 

theranostics is achieved by exploiting the diagnostic capabilities related to the photoacoustic 

imaging contrast properties of NIR-light absorbing GNRs, while the therapeutic effect is 

obtained by the photothermal effect (combined with the presence of adriamycin as a 

therapeutic agent in the case of hepatocellular carcinoma). In both cases, GNRs are embedded 

in a polymeric carrier, but while the EDIT study involves the application of mucoadhesive 

water-soluble chitosan as a carrier, we developed stabilized and functionalized PLGA-b-PEG 

nanomicelles for applications against liver cancer.   

Finally, in Chapter 1.4, a Matlab-supported chemometric tool will be employed to perform 

spectral unmixing on photoacoustic imaging to separate the spectral contribution of different 

populations of PEGylated GNRs in biological tissues. The nanosystem will be studied in terms 

of its diagnostic potential by photoacoustic imaging, but the focus of the work will be directed 

towards the multivariate data analysis that will allow for unambiguous spatial separation of PA 

signals coming from different chromophores.  
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1.1.8 Other publications in the field 

During my PhD career, I had the chance to widely explore other possible nanoplatforms for 

applications in nanomedicine. These works will not be discussed in detail since they mostly 

focus on the applications in diagnostics, without investigations towards the possible 

therapeutic properties. 

This is the case for ref. [15] and [69], where we developed several different diagnostic 

nanosystems as summarized in the abstracts here reported: 

 

 

Smart assembly of Mn-ferrites/silica core-shell with fluorescein and gold 

nanorods: robust and stable nanomicelles for in vivo triple modality imaging 

Monaco I., Armanetti P., Locatelli E., Flori A., Maturi M., Del Turco S., Menichetti L. and 

Comes Franchini, M.* J. Mat. Chem. B 2018, 6 (19), doi: 10.1039/c8tb00453f 

Abstract: 

Herein we report the synthesis of a resilient nanosystem based on silica-coated magnetic 

MnFe2O3 nanoparticles conjugated to fluorescein and PEGylated gold nanorods embedded 

in polymeric micelles (MnFe2O4@SiO2@GNRs@PMs), for magnetic–photoacoustic–optical 

triple-modality imaging. The magnetic relaxivity of the nanosystem has been evaluated, 

revealing high r2/r1 ratios that suggest the effectiveness of the nanosystem as the T2-contrast 

agent. In addition, contrast-based fluorescence imaging has been tested both in vitro and ex 

vivo, showing that the nanosystem exhibits the suitable optical properties of fluorescein, with 

contrast intensities comparable with previously reported results. Finally, photoacoustic, due 

to gold nanorods, performances of the nanosystem have been evaluated, revealing good 

linearity between concentration and photoacoustic response in the 25–250 nM concentration 

under irradiation at 690 nm. The results showed a contrast-to-noise ratio (CNR) as high as 60 

in a mouse leg subcutaneously injected with the nanosystem. Biocompatibility studies revealed 

no hemolytic effect induced by the nanoconstruct, revealing the applicability of the studied 

diagnostic tool for medical studies. 
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Phosphorescent iridium-containing nanomicelles: synthesis, characterization 

and preliminary applications in nanomedical imaging 

Monaco I., Maturi M., Matteucci E., Locatelli E., Baschieri A., Zani P., Armanetti P., 

Menichetti L., Sambri L. and Comes Franchini M.*; RSC Adv. 2018, 8 (59), 34162–34167, doi: 

10.1039/C8RA05368E  

Abstract: 

Diagnostic nanomedicine constantly requires the development of novel contrast agents with 

intrinsic imaging capabilities. Phosphorescent Ir(III)-complexes represent good candidates 

when delivered through polymeric nanoparticles. In this work, we propose a biocompatible 

nanoparticle made from an intrinsically phosphorescent copolymer, synthesized directly with 

an imaging tag present on its backbone. Polymeric nanoparticles can be obtained with the 

exact amount of phosphorescent moieties needed to maximize their output signal. Complete 

characterization and ex vivo studies confirmed that this nanosystem is suitable as a future 

diagnostic tool. 

 

 

Photoluminescent decoration of iron oxide magnetic nanoparticles for dual-

imaging applications 

Piccionello A. P., Menichetti L., Armanetti P., Flori A., Maturi M., Pace A., and Locatelli E.*; 

Photoluminescent Decoration of Iron Oxide Magnetic Nanoparticles for Dual-Imaging 

Applications. J. Nanoparticle Res. 2018, 20 (259), 1–7, DOI: 10.1007/s11051-018-4365-5  

Abstract: 

Diagnostic nanomedicine constantly requires the development of novel contrast agents with 

intrinsic imaging capabilities. Phosphorescent Ir(III)-complexes represent good candidates 

when delivered through polymeric nanoparticles. In this work, we propose a biocompatible 

nanoparticle made from an intrinsically phosphorescent copolymer, synthesized directly with 

an imaging tag present on its backbone. Polymeric nanoparticles can be obtained with the 

exact amount of phosphorescent moieties needed to maximize their output signal. Complete 

characterization and ex vivo studies confirmed that this nanosystem is suitable as a future 

diagnostic tool. 

 

 

 

Finally, our research group focuses its attention on nanocellulose, as a versatile material for 

biomedical applications. In this field, we published a first work followed by a review paper 

on surface modification of nanocellulose for applications in nanomedicine: [70,71] 
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Surface modification of nanocellulose through carbamate link for a selective 

release of chemotherapeutics 

Tortorella S., Maturi M., Dapporto F., Spanu C., Sambri L., Comes Franchini M., Chiariello 

M. and Locatelli E.*. Cellulose, 2020, 27, 8503–8511, doi: 10.1007/s10570-020-03390-5 

Abstract: 

Herein we report the synthesis of cellulose nanocrystals covalently bound to a model 

chemotherapeutic drug (DOXO) via a novel spacer arm, which acts both as linker and as 

selective releasing agent. The carbamate linkage present in the linker, shows stability in 

aqueous environments for a wide range of conditions and can only be hydrolyzed in the 

presence of cells, freeing the active drug, with unmodified chemotherapeutic properties. 

 

 

 

Surface-Modified Nanocellulose for Application in Biomedical Engineering 

and Nanomedicine: A Review 

Tortorella S., Vetri Buratti V., Maturi M., Sambri L., Comes Franchini M. and Locatelli E.*. 

Int. J. Nanomed, 2020, 15, 9909-9937, doi: 10.2147/IJN.S266103 

Abstract: 

Presently, plenty of concerns related to the environment are due to the overuse of petroleum-

based chemicals and products; the synthesis of functional materials, starting from natural 

sources, is the current trend in research. The interest in nanocellulose has recently increased 

in a huge range of fields, from material science to biomedical engineering. Nanocellulose 

gained this leading role because of several reasons: its natural abundance on this planet, the 

excellent mechanical and optical features, the good biocompatibility, and the attractive 

capability of undergoing surface chemical modifications. Nanocellulose surface tuning 

techniques are adopted by the high reactivity of the hydroxyl groups available; the chemical 

modifications are mainly performed to introduce either charged or hydrophobic moieties that 

include amination, esterification, oxidation, silylation, carboxymethylation, epoxidation, 

sulfonation, thiol- and azido-functional capability. Despite the several already published 

papers regarding nanocellulose, the aim of this review involves discussing the surface chemical 

functional capability of nanocellulose and the subsequent applications in the main areas of 

nanocellulose research, such as drug delivery, biosensing/ bioimaging, tissue regeneration and 

bioprinting, according to these modifications. The final goal of this review is to provide a 

novel and unusual overview on this topic that is continuously under expansion for its intrinsic 

sophisticated properties.
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1.2 Novel precision technologies for nanomedicine approach to 
promote non-invasive early diagnosis, eradication and prevention of 
cancer relapse: proof of concept in the bladder carcinoma 
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1) A manuscript is under preparation together with co-workers of San Raffaele Hospital, but 

before that, the two affiliations (UNIBO and OSR) are making an agreement for a common 

patent application. 

2) During the first year our group in Bologna prepared the below-reported review: 

 

Current concepts in nanostructured contrast media development for in 

vivo photoacoustic imaging 

Maturi M., Locatelli E., Monaco I., and Comes Franchini M.*. Biomaterials Science, 2019, 7, 

1746–1775 DOI: 10.1039/c8bm01444b  

 

Abstract: 

Photoacoustic (PA) imaging is indeed one of the most promising bioimaging techniques for 

theranostics applications in humans, allowing for the visualization of blood vessels and melanomas 

with high spatial resolution. However, in order to overcome the endogenous contrast arising from 

interfering endogenous species such as haemoglobin and melanin, specific contrast agents need to be 

developed, allowing PAI to successfully identify targeted contrast in the range of wavelengths in which 

interference from the biomatrix is minimized. This has been first performed by small-molecule dyes, 

which, however, suffer from some important limitations such as low hydrophilicity and short 

circulation times. For this reason, scientific research has recently directed its efforts towards the 

development of nanostructured contrast agents capable of providing efficient PA contrast at low 

concentrations with low toxicity and high biocompatibility. The principal nanostructures are based on 

(1) metal and semiconducting nanoparticles, amongst which variously shaped nano-gold plays the main 

role, (2) carbon nanomaterials, such as carbon nanotubes and graphene, and (3) conjugated polymer 

nanoparticles. In this review, the principal characteristics of this class of materials are reported and 

greater focus is directed towards in vivo studies. A detailed analysis is performed on various physical-

chemical parameters that define the PA response of reported contrast agents, like absorption 

coefficients and photoacoustic efficiencies. By comparing the experimental data, this review provides 

a comprehensive tool for the evaluation of new nanostructured contrast agents for PA imaging. 

https://www.edit-h2020.eu/
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1.2.1 Introduction 

EDIT project aims to develop a novel technological platform for the early detection of pre-

neoplastic modifications and early treatment of solid cancers by exploiting the acoustic and 

heat-releasing properties of gold in the form of targeted nanorods. Proof of concept of the 

EDIT platform will be first validated on bladder cancer. Identifying and treating developing 

lesions at an early stage is critical for improving therapeutic outcomes. A novel modality for 

detecting such changes through visualizing nanosized contrast agents is photoacoustic 

ultrasound (PAUS) imaging. So far PAUS is a research modality. EDIT is aiming to implement 

and utilize this non-invasive, non-ionizing technology as an everyday clinical practice. 

PAUS imaging relies on the combination of optical and acoustic imaging where a pulsed laser 

light penetrates tissue and causes a thermoelastic expansion of an absorber. This expansion 

results in acoustic waves that are detected by the ultrasound transducer. Gold nanorods 

(GNRs) have emerged in recent years as specific and customizable agents detectable by PAUS. 

The combination of targeted GNRs and PAUS allows for detecting the anatomical details 

with high spatial resolution. In preclinical cancer research, progress has been made to monitor 

tumour oxygenation and response to therapy [72] and tracking of cells [73] by PAUS imaging. 

Worldwide prevalence of bladder cancer (BCa) is reported to be 2.7 million with an incidence 

of 350,000. [74] BCa is characterized by high unmet medical need due to a lack of effective 

clinical and therapeutical approaches, dating back to the early ‘70s. The main problem in the 

management of BCa is the incapacity to prevent the relapse and progression of the non- 

infiltrating aggressive form that is the bladder Carcinoma in situ (Cis/Tis, Figure 1.2.1). Current 

diagnosis and methods of an oncologic outcome evaluation of bladder Cis of less than 1 mm 

are limited by the flat appearance of the tumour and by the presence of few neoplastic cells 

that are not recognized by means of either photodynamic diagnosis (performed using blue 

light after preoperative intravesical instillation of 6-aminolaevulinic acid) or echography. Most 

patients with detectable Cis undergo repeated surgeries, each time followed by weekly bladder 

instillation of adjuvant therapy (failing in ca 50% of the patients). In patients with multiple Cis 

or where Cis is progressing and invading the muscle bladder (muscle-invasive bladder cancer, 

MIBC; T2-T4 in Figure 1.2.1) radical cystectomy is the only option. As a consequence of 

technological limitations, patients undergo frequent and endless follow-up and weekly 

treatments, or radical cystectomy, with a consequent poor quality of life and the highest cost 

per patient among all cancers. To overcome clinical and therapeutic limitations in the 

management of Cis, the approaches, technologies, and visualization platform proposed in this 

study for detecting pre-neoplastic areas and eradication of only a few cells with high sensitivity  
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Figure 1.2.1. Overview of the staging of tumours arising from the urinary bladder, diverticulum, and 
urachal remnants. Reproduced from reference [75] 
 

 

and specificity have not been attempted so far. Combining high-frequency ultrasound 

spectroscopy and photoacoustic principles on the bladder instilled with gold nanorods, EDIT 

will provide fast, non-invasive, and non-ionizing novel technologies for early prognosis, 

diagnosis, and treatment of the aggressive form of bladder Cis, by recognizing fibrotic tissue 

areas with a lateral resolution down to 30 μm. With an estimated 2.7 million people over the 

world having a history of BCa, and a cost of tens of thousands Euro/year per patient, [76] the 

outcomes of the project will improve the quality of life of millions of people while reducing 

social costs. The targeted breakthrough of the project is to provide preclinical platforms 

(Figure 1.2.2) and proof of principle of a novel and never previously attempted theranostic 

nanomedicine approach for early diagnosis and eradication of the aggressive bladder Cis, that 

is not detected/eradicated by the current technologies, by developing and applying engineered 

gold nanorods ligands (GNRs@Chit-Lig), further used as a nanoantenna network for high 

lateral resolution imaging of pathophysiological bladder ECM by ultrasound spectroscopy. 

These nanorods will be also used for the eradication of the tumour cells. Furthermore, the 

localized photothermal therapy a) will reduce side-effects related to standard and repeated 

mechanical removal of the malignant tissue or complications during/following surgery, b) 

drug-resistance is not expected with the proposed approach, as observed in 50% of individuals 
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treated with intravesical chemotherapy, [74] c) drug toxicity is not expected as the GNR will 

remain on the outer bladder wall and will be eliminated in the urine. 

Long-term vision stands in the innovative strategies, technologies, and visualization platform 

that will allow unprecedented early diagnosis and eradication of malignant cells, i.e. in Cis. 

EDIT aims to revolutionize the management of BCa patients, where ongoing clinical 

guidelines and therapies are old and still not efficient. Tumour thermoablation will overcome  

 

 

 

 

Figure 1.2.2. Schematic representation of the preclinical platform of the EDIT study.  
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chemoresistance, weekly adjuvant therapy, and multiple cycles of adjuvant(s), thus the 

theranostic approach together with early prognosis will i) reduce the occurrence of tumour 

invasion and relapse of chemorefractory neoplasia and ii) increase patients’ survival and quality 

of life while reducing health care costs. The genesis of EDIT is based on unmet needs related 

to early prognosis, diagnosis, and treatment of bladder Cis. The project will deliver the proof 

of principle and preclinical validation of novel technologies for early prognosis, diagnosis, and 

treatment of the aggressive form of bladder Cis. Not only against bladder Cis but will our 

theranostic approach also be exploitable against chemoresistant relapsing bladder tumour Ta 

and T1. Clinical translation of our findings will revolutionize the management of bladder 

cancer, with its outcomes lasting for the many decades to come. In 2016 it has been reported 

linearization of the texture of collagen fibres pattern (vs random orientation in non-neoplastic 

tissue) and increased stiffness in colorectal cancer and bladder tumour (partners OSR, UniMi 

and Weizmann [77–79]), recently confirmed for the invasive phenotype of prostate cancer.[80] 

The strategies and platforms established in EDIT against BCa and the non-ionizing nature of 

the proposed approach will set the ground for a novel, non-invasive and earlier diagnosis and 

treatment of other diseases affecting organs such as colon, prostate, and brain, contributing 

to strengthening the long-term vision of the study. 

Objective 1: Early eradication 

Early eradication will exploit the superior targeting properties of locally delivered GNRs able 

to target and eliminate cancer cells in Cis. Diagnosis will be performed upon bladder 

instillation of GNRs functionalized with ligand (Lig) selectively recognized by BCa, thus 

resulting in the new complex named GNRs©Chit-Lig; ligands are RGD and isoDGR peptides 

with different integrin selectivity, already used by the partner OSR for delivering cytokine-

loaded gold nanoparticles to tumours.[81,82] The GNRs will be used as sources of ultrasounds 

generated by resonant laser light irradiation (photoacoustic effect). Pulsed laser light will allow 

for the detection and diagnosis of malignant cells. The same nanorods can be used for the 

eradication of tumour cells since they can act as a very powerful nano-heater: excitation by 

continuous laser light will induce the metal to release energy (heat) thus giving selective 

thermo-ablation of the cancerous cells, as we reported in the preclinical model of Barret 

Oesophagus. [83] Heat transfer model will be employed to estimate the required concentration 

of GNRs on the interior bladder wall, which will enable the diagnostics and therapy while 

reducing the negative impact on the surrounding healthy tissue.  
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Objective 2: Early prognosis 

Early prognosis is based on the leading hypothesis that pre-conditioning of the extracellular 

matrix (ECM) predisposes a soil (in the form of a fibrillary collagen-rich matrix) needed for 

the onset/progression/relapse of bladder cancer. Increased stiffness of ECM associates with 

the progression of breast cancer and correlates with poor survival of breast cancer individuals. 

[84] High resolution (down to 30 μm) of high-frequency ultrasounds are used to record 

stiffness of breast tumour, however spatial resolution with the same approach applied to the 

human bladder is not sufficient to image the bladder cancer in the early stage. [85,86] EDIT 

will pursue an innovative application of novel functionalized GNRs, to be employed as an 

intravesical source of ultrasound through photoacoustic effect. An innovative strategy is 

designed in order to enhance the ultrasound signal in the bladder wall, by exploiting 

intravesical GNRs for their applications as a photoacoustic antenna. We will assess the 

structural and mechanical modification of pathological collagen build-up within the bladder 

ECM as a unique biomarker of the early onset/progression/relapse of carcinoma, monitoring 

for the increased stiffness in pre-neoplastic areas, by taking advantage of sound beam 

attenuation and backscatter power spectrum of the tissue. The data obtained from the 

backscattered power spectrum of the radio frequency echoes and sound beam attenuation will 

be used with machine learning algorithms to identify the tissue changes related to Cis, and 

calibrated against measurements evaluated by means of state-of-the-art atomic force 

microscopy. High spatial resolution topographic maps of collagen rich ECM stiffness will be 

obtained by the use of engineered GNRs topically delivered to decorate the bladder inner 

surface. We will use GNRs for their original application as photoacoustic antenna to visualize 

the entire bladder mucosa, upon intra-vesical delivery of GNRs functionalized with highly 

specific evolutionary derived ECM decoy (GNRs@Chit-Dec). We will engineer and utilise 

enzymatically inactive matrix-metalloprotease 1 (MMP1, Decoy; partner Weizmann [87]) 

retaining high affinity and specificity for binding to collagen, used to anchoring the GNRs to 

specific dense/linearized collagen-rich sites within the pre-neoplastic tissue. With spectral 

unmixing photoacoustic signals will be used for monitoring tissue stiffness (GNRs as 

nanoantenna) and oxygenation (haemoglobin is the main natural photoacoustic chromophore 

in the tissues), coupled with 3D mapping of the bladder anatomy by high-frequency 

ultrasound providing up to 30 μm spatial resolution (partner FFSS [88]).  

A platform will be developed to manage, visualize, and interpret 3D maps of the bladder 

stiffness, and to highlight pre-neoplastic and neoplastic areas with increased stiffness index. 

The innovative aspect of the visualization platform relies on its ability to overlay images 
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acquired at follow-up. The outcome of this specific aim is being able to apply innovative 

strategies and technologies for monitoring changes of bladder stiffness over time, either as i) 

preventive measures in healthy individuals or as a follow-up for detecting; ii) tumour relapse; 

and, iii) tumour progression toward the invasive phenotype. The bladder in three-dimensional 

space has been reproduced by using MRI, CT, and WLC videos [89–91], but the visualization 

platform proposed by the EDIT will be able to overlay the three-dimensional objects in 

follow-up visits as well, with a colour map of the stiffness index of the three-dimensional 

objects. 

Objective 3: Biomarkers 

i) characterization of markers that identify pre-conditioning of the ECM allowing the seed of 

cancer cells (onset, relapse, and tumour progression), ii) novel targets for the identification of 

Cis cells (specific integrins and cellular markers), and iii) new ligands for expanding the 

armamentarium for targeted delivery of gold nanorods. Findings from these sub-aims will 

increase the opportunities for the “bench to bedside” translational approach of the EDIT 

study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 1  NANO-THERANOSTICS 

- 42 - 

1.2.2 Research methodologies 

Objective 1: Early prognosis of the onset/progression/relapse of bladder cancer 

Our protocol for GNR production [83,92] is compatible with Good Manufacturing Practice 

and scale-up production. Urine-stable GNRs capped with Chitosan (GNRs@Chit) will be 

functionalized with recombinant high-affinity catalytically inactive metalloprotease-1 variant 

retaining ability to specifically bind to fibrillar collagen (decoy matrix metalloproteinase-1) [93] 

(GNRs@Chit-Dec) expressed in the bladder mucosa, thus to recognize and decorate the 

entire luminal area of the bladder. The function of GNRs@Chit-Dec is to anchor the GNRs 

to collagen-rich tissue. This aim will be pursued in two animal models currently in use at OSR; 

i) a murine model of orthotopic bladder tumour established after intravesical instillation of an 

aggressive tumour cell line (developing Cis 4 days after instillation and progressing to MIBC 

very rapidly) and ii) rat model of spontaneous bladder carcinoma mimicking the human 

situation in which chronic inflammation sets the soil (e.g., tissue stiffness) for the onset, 

progression, and relapse of Cis. This model uses radiation-induced chronic inflammation and 

sub-optimal concentration of organ-specific bladder carcinogen nitrosamine. 

An external probe is used to generate laser light in the biological window (near-infrared light 

at wavelengths of 680-970 nm), with an energy level of ≤ 20 mJ/cm2 of skin, approved for 

clinical practice by the American National Standards Institute (ANSI). After instillation of 

GNRs@Chit-Dec in the bladder of the two animal models, a pulsed laser light will be used to 

generate ultrasounds from GNRs, thus monitoring for bladder stiffness. Setup of the 

photoacoustic imaging platform VevoLAZR is composed of a tunable laser unit and the 

photoacoustic transducers LZ550 (40 MHz central frequency) and LZ400 (30 MHz central 

frequency) and the beta version of the latest software under development; laser wavelength-

specific ultrasound responses and signal processing bandwidth will be used to discriminate 

echo signal of GNR-generated ultrasound from the tissue-generated ultrasounds. Research 

efforts have focused on the ultrasound tissue backscatter analysis of power spectra of the 

radiofrequency echoes in order to obtain information on the characteristic size of the tissue 

microstructure, which can be used to assess the pathology of the imaged region. [94] 

The EDIT approach is expected to provide visualization of the bladder with a spatial 

resolution never achieved before because i) urine inside the bladder is acoustically clear, ii) 

ultrasounds from laser pulses exciting GNRs are unmixed from tissue-generated ultrasounds 

because a time difference in the two ultrasounds and iii) echo-signal from GNR will be used 

as a contrast agent in order to normalize tissue stiffness to the amount of GNRs bound to the 

different bladder luminal areas. 
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The outcome of Objective 1 is the preparation of an innovative prognostic tool for the 

identification of pre-neoplastic regions, to predict tumour onset, tumour relapse, and 

progression based on the overlay of normalized 3D maps of the stiffness index over time, 

taking into account the bladder volume and the echo-signal of GNR in the algorithm. This 

strategy will also bypass the semi-quantitative nature of measurements, allowing to evaluating 

variations of stiffness within the same tissue over time. 

Objective 2: Theranostic nanomedicine against bladder carcinoma in situ (Cis) 

This aim takes advantage of very high absorption of energy and efficient photothermal 

conversion of GNRs, exploitable for application in photothermal therapy. GNRs@Chit will 

be functionalized with ligand (Lig; GNRs@Chit-Lig) discovered by OSR, containing Arg-Gly-

Asp (RGD) or the related isoAsp-Gly-Arg (isoDGR) motif capable of binding to RGD-

binding site of integrins αvβ3, α5β1, and αvβ6 overexpressed by urothelial cell lines derived 

from human BCa patients (Figure 1.2.3). In particular, GNRs@Chit-Lig will be tagged with 

a) n GD-containing peptide derived from human chromogranin A (CgA38-63) [95] capable 

of binding αvβ6 on bladder cancer cells with high affinity and selectivity (1.6 nM), b) a head-

to-tail cyclized isoDGR hexapeptides [81] capable of binding αvβ3 (5 nM, called isoDGR1) 

or α5β1 (15 nM, called isoDGR4) with good selectivity, and c) a non-selective isoDGR peptide 

capable of recognizing αvβ3, αvβ5, αvβ6, and α5β1 will be also included (called isoDGR3). In 

addition to divalent metal ions (Mn2+, Mg2+, and Ca2+), acidic extracellular pH promotes 

activation of integrins,[96] suggesting that the urinary environment will be the ideal condition 

 

 

 

Figure 1.2.3. Structures of the isoDGR cyclic peptides and RGD-tagged CgA that are employed in 
this study. All compounds bear a thiol group from cysteine amino acids, which will be exploited for 
chemical conjugation with GNRs@Chit. 
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for RGD/isoDGR mediated delivery of GNRs@Chit-Lig. GNRs@Chit-Lig nanoparticles 

administered in the animal bladder are recognized upon pulsed laser light, and by switching 

the laser source to a continuous laser the excited GNRs produce heat, thereby allowing for 

targeted thermo-ablation of cancer cells. The outcome of Objective 2 is the superior targeting 

properties of single instillation of locally delivered GNRs@Chit-Lig able to target and 

eradicate the few bladder cancer cells forming the aggressive Cis. Combining all the above 

findings the study will provide information i) on the light energy required to detect the Cis, ii) 

the heat generated from the GNR and iii) the ultrasound frequencies needed to provide 

reliable and reproducible PAUS images. Together the information can be used for designing 

a clinical PAUS transducer for an effective theranostic approach. 
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1.2.3 Synthesis and characterization of GNRs@Chit-based nanoplatforms 

CTAB-coated GNRs (GNRs@CTAB) 

CTAB-coated Gold Nanorods (GNRs@CTAB) have been prepared following two very 

similar procedures in order to produce two populations of GNRs: one displaying the 

absorption band at around 800 nm (GNRs800@CTAB), and another with maximum 

absorption band at around 950 nm (GNRs950@CTAB). Both syntheses imply the preparation 

of a solution of small CTAB-capped Au nanoparticles (the seed solution), a portion of which 

is injected into a growth solution, in which the seeds are allowed to anisotropically grow 

forming rods. Firstly, the growth solution is prepared by dissolving 5.19 g of 

cetyltrimethylammonium bromide (CTAB) and 713 mg of sodium oleate in 300 mL of warm 

water (~ 50°C) in a 500-mL round-bottomed flask. This solution is then allowed to cool down 

by placing the flask into a thermostatically controlled bath set at 30°C. When thermal 

equilibrium is reached, 135 µL of a 0.4 M solution of AgNO3 are injected. The solution is left 

unstirred for 15 min, then 1.442 mL HAuCl4 0.1 M are added with continuous stirring at 700 

rpm. Au(III) is allowed to be reduced to Au(I) by sodium oleate for 90 min, after which 593 

μL (for GNRs800) or 1.2 mL (for GNRs950) of HCl 37%w/w and 600 μL of ascorbic acid 0.079 

M are added to adjust pH and to ensure complete reduction of gold precursor, respectively. 

By varying the pH of the growth solution, the redox potential of ascorbic acid is modified, 

allowing for tunability of the aspect ratio of the growing nanostructures. Later, the seed 

solution is prepared by dissolving 364 mg of CTAB in 10 mL of warm water in a 50-mL 

round-bottomed flask. After it cools down to room temperature, 25 µL of HAuCl4 are added 

under stirring conditions. The seeds are formed by quickly injecting into this solution 600 µL 

of an ice-cold 0.01 M sodium borohydride (NaBH4) aqueous solution. The solution turns 

immediately from yellow to brown suggesting the formation of ultra-small gold seeds. Finally, 

after 30 minutes from the addition of the reductant to the seed solution, 115 µL of it are added 

to the growth solution, which is vigorously stirred for 30 s then left undisturbed overnight at 

30°C to allow GNRs growth. After establishing this consolidated protocol for GNRs 

synthesis, the process has been scaled up to fill a 2.5 L reactor, using the same experimental 

conditions but increasing all the relative amounts of reagents by a factor of 6. This allowed 

for the preparation of uniform batches of GNRs800@CTAB and GNRs950@CTAB, suitable 

for PA imaging. There are no more differences in the experimental procedures leading to 

GNRs800@Chit and GNRs950@Chit since only the position of the absorption band is 

influenced by the aspect ratio of the particles. To avoid any contamination and ensure the 

lowest level of endotoxins, all the procedures have been conducted under a sterile hood using 
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sterile glassware and plastics. All aqueous solutions have been prepared with sterile water for 

molecular biology. 

After purification of the synthesized GNRs@CTAB, the concentration of atomic gold has 

been determined by flame atomic absorption spectroscopy (FAAS). Good linearity is obtained 

for the detected atomic line, allowing for efficient quantitative analysis. The small-scale 

synthesis produced 30 mL of 2.51 mM GNRs800@CTAB, (Yield = 53%) and 30 mL of 2.34 

mM GNRs950@CTAB (Yield = 49%), while the scale-up produced 200 mL of 2.09 mM 

GNRs800@CTAB (Yield = 49%) and 200 mL of 1.99 mM GNRs950@CTAB (Yield = 47%). 

In addition, the total dry matter has been measured to be equal to 0.8 mg/mL for all 

preparations, which reveals that gold content is around 60% of the nanosystem mass. That is 

not surprising, since the organic portion (mostly CTAB) completely covers the gold core with 

a double bilayer, and an excess of surfactant in solution is required to keep the nanosystem 

stable. In fact, if CTAB concentration is reduced below its CMC (critical micellar 

concentration, which is around 0.9 mM for CTAB) [97], assemblies are no longer stabilized 

and the nanoparticles aggregate irreversibly. Moreover, surface zeta potential has been 

measured to be equal to + 29.8 mV, in agreement with the model of CTAB-capped gold 

nanosystems. [98] Primary evaluation of the geometrical anisotropy of the synthesized 

nanostructure has been performed by UV-VIS spectroscopy, measuring light absorption 

properties of the GNRs solution from 400 to 1100 nm (Figure 1.2.4). The presence of two 

distinct absorption bands proves the success of the synthesis, revealing that GNRs have been 

obtained with a longitudinal-LSPR peak at 798 and 945 nm, which corresponds to the 

 

 

 

Figure 1.2.4 – Overlap of normalized UV-VIS spectrum of the synthesized GNRs800@CTAB and 
NRs950@CTAB. 
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longitudinal coherent electron oscillation of gold nanorods with an aspect ratio of around 3.5 

and 5, respectively. 

The obtained GNRs@CTAB have been studied by transmission electron microscopy to 

extract information on the morphology of nanoparticles and the shape selectivity of the 

syntheses (Figure 1.2.5a,d). TEM analysis confirmed the expected features of the 

nanosystem: the size of a total of 300 nanorods have been measured, leading to length and 

width distributions centred at 90.2 and 24.9 nm respectively, revealing an average aspect ratio 

of 3.6 for GNRs800@CTAB (Figure 1.2.5b,c) and 75.0 and 14.9 nm respectively for 

GNRs950@CTAB, leading to an aspect ratio of 5 (Figure 1.2.5e,f). This result is coherent with 

the previously observed optical behaviour of the systems. Figure 1.2.5g shows the EDX 

spectrum (energy-dispersive X-ray spectroscopy) which reveals gold as the principal 

component of the identified structures. Then, SAED (selected area electron diffraction) 

allowed for cross-validation of the expected crystalline structure of the particles (Figure 

1.2.5h). Two diffraction spots are present: by calculating the corresponding interplanar 

distances in GNRs electron diffraction, of 2.04 and 1.19 Ǻ have been determined. These 

correspond to distances between specific planes in gold FCC crystal structure (space group 

Fm3m), the [200] and [222] sets of planes, respectively. The overall TEM experiments allow 

stating the efficient synthesis of single-crystalline gold nanorods of the appropriate aspect 

ratio. 

Thermogravimetric analysis (TGA) has been performed on CTAB and freeze-dried 

GNRs@CTAB in nitrogen atmosphere: the experiment on CTAB alone showed that between 

160°C and 220°C it undergoes complete gasification due to thermal decomposition. Similar 

results are observed for GNRs@CTAB, which lost 25.6% of the mass in the same temperature 

range, followed by a further loss of 5.1% reaching 440°C. At 600°C, the residual non-volatile 

material is then quantified as 67.6%, comparable with the percentage of gold determined by 

the dry matter measurement. 

Thiolated Chitosan (Chitosan-TGA) 

The insertion of a thiol group on chitosan monomers have been performed by carbodiimide-

assisted coupling between amino groups on chitosan and the carboxylic acid moiety on 

thioglycolic acid, TGA (Figure 1.2.7). Both reactant and product of the reaction have been 

studied by mean of proton nuclear magnetic resonance, with the aim of assessing the outcome 

of chitosan thiolation (Figure 1.2.6). Full assignment of spectral features has been performed 

by evaluating peak positions and intensities. Multiplicities are not resolved because each 

glucosamine monomer is magnetically different from the others to a really small extent, giving 
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Figure 1.2.5 – TEM experiments. (a) Representative TEM images of GNRs800@CTAB, with (b) the 
corresponding size distribution (n = 300) and (c) the corresponding Gaussian fit. (d) Representative 
TEM images of GNRs950@CTAB, with (e) the corresponding size distribution (n = 300) and (f) the 
corresponding Gaussian fit. (g) EDX of the selected GNRs800. Unassigned peaks are related to the 

emission from copper atoms composing the sample grid. (h) SAED diffraction pattern. 
 

 

rise to broad unresolved peaks. By comparison, the obtained spectrum with the ones reported 

in the literature, the unambiguous assignment of peaks is possible.[99] A broad peak from 3.5 

to 4 ppm has been assigned to protons in positions 3, 4, 5, and 6 of chitosan monomers, while 

a peak at 3.0 ppm has been related to proton 2, more upfield than the others due to lower 

electronegativity of nitrogen compared to oxygen. Chitosan proton 1 is not observed: it should 

appear as the most deshielded signal due to the presence of two oxygen atoms on the anomeric 

carbon. We concluded that its resonant peak is hidden under the extensively more intense 

signal of monodeuterated water (DOH) at 4.8 ppm. The most upfield signal has been then  
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Figure 1.2.6 – 1H-NMR analysis of Chitosan and Chitosan-TGA. (A) 1H-NMR (600 MHz, 
CH3COOH 1% in D2O) of chitosan before the reaction. (B) 1H-NMR (600 MHz, D2O) of the 
obtained thiolated chitosan. The peaks corresponding to bound thioglycolic residues (7) are located at 
3.2 and 3.5 ppm. 
 

 

assigned to the CH3 of the acetyl moieties, residuals of incomplete deacetylation of chitin. 

After conjugation with thioglycolic acid, sharp singlet peaks appear at 3.20 and 3.50 ppm. 

this has been related to the CH2 residue of the thioglycolic moiety attached to the chitosan 

amino group, which splits upon partial deprotonation of the thiol group in a neutral aqueous 

environment. Moreover, by the integration of the NMR signals, it has been possible to 

determine the substitution degree of Chitosan-TGA, revealing that 9% of the monomers are 

N-acetylated, 71% are N-thioglycolate and 20% display the free amino group. 

The thiolated product underwent thermogravimetric analysis (TGA) after freeze-drying in 

order to study its thermal behaviour. Firstly, a small weight loss in the range 20-130°C has 

been attributed to the loss of physisorbed water, strongly attached to the macromolecules via 

hydrogen bonding with the abundant -OH groups of the polysaccharide. A second loss of 

about 11.9% of the total mass is observed between 130°C and 220°C. This is most probably 
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related to the loss of acetic acid and thioglycolic acid bound to the amino groups on chitosan 

monomers, which requires higher temperatures. Then, reaching 600°C, further weight loss of  

48.6% is observed and attributed to the overall degradation of the polymer matrix. Residual 

30% of the mass is expected to represent the carbonaceous residue that cannot be gasified in 

the absence of oxidizing species such as O2.  

Chitosan-coated GNRs (GNRs@Chit) 

Ligand exchange reaction has been performed as reported: due to the strong affinity of gold 

for thiol groups, the reaction takes place just by dropping GNRs-CTAB solution into a diluted 

solution of chitosan-TGA in water (Figure 1.2.7). After purification, nanoparticle surface 

potential has been measured to be ranging from + 35 to + 45 mV. The increase in zeta 

potential suggests a good replacement of CTAB: residual non-functionalized amino groups of 

chitosan preserve their cationic nature in water, leading to a high positive surface charge. UV-

VIS spectrophotometry has been applied to assess the extent of conservation of the optical 

properties of the nanostructure after ligand exchange reaction. As it is shown in Figure 1.2.8, 

the position of the longitudinal-LSPR peak only slightly moved from 798 to 802 nm for 

 

 

 

 

Figure 1.2.7 – Schematic representation of the synthesis of thiolated chitosan and its conjugation 
onto GNRs surface by the interaction of the free thiol groups with the gold surface.  
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Figure 1.2.8 – UV-VIS spectra of GNRs@Chit compared to GNRs@CTAB for GNRs800 (top) and 

GNRs950 (bottom). 

 

GNRs800@Chit and from 945 to 949 for GNRs950@Chit, sign of a small variation of the 

nanoparticle chemical environment. Reduction of the intensity of the main LSPR band is 

observed after replacement of CTAB with thiolated chitosan, probably due to little 

aggregation phenomena. 

Transmission electron microscopy has been exploited to assess the conservation of the 

particle shape and dispersion, revealing no significant differences between CTAB- and 

chitosan-coated gold nanostructures (Figure 1.2.9a,b). Chitosan is not observed in TEM 

images because light atoms like C, N, O, and H which have too few electrons do not 

appreciably scatter accelerated electrons, therefore generating little or no contrast. Complete 

removal of CTAB from GNRs surface has been successfully assessed by 1H nuclear magnetic 

resonance. The obtained spectrum resembles all the features of the chitosan spectrum (Figure 

1.2.9c). The absence of signals coming from CTAB allows to state the success of the ligand 

exchange reaction. Moreover, it is clearly noticeable that the sharp peak corresponding to the 

CH2 on thioglycolic moieties does not display splitting due to thiol deprotonation equilibrium. 

This can be directly connected with the efficient attachment of chitosan on GNRs surface 

since the thiol group is now bound to gold atoms and protonation equilibrium is not allowed.  
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Figure 1.2.9 – TEM and 1H-NMR analyses. TEM images of (a) GNRs800@Chit and (b) 
GNRs950@Chit. (c) 1H-NMR spectrum of the synthesized GNRs@Chit (D2O, 600 MHz). 

 

 

Besides, the freeze-dried product underwent thermogravimetric analysis to study its thermal 

behaviour. The TGA profile mostly resembles the one of thiolated chitosan: 8.8% loss due to  

water desorption at low temperature and further 10.2% loss for detachment of acetyl and 

thioglycolic groups, with a residual mass at 600°C of around 33%.  

Binding of tumour-targeting cyclic peptides 

By integration of the 1H-NMR spectrum of thiolated chitosan, it is possible to calculate that 

around 20% of the amino groups on chitosan have not reacted with thioglycolic acid, therefore 

the nucleophilic functionality is still available.  In order to perform the conjugation of cyclic 

peptides on the GNRs@Chit nanosystem, we decided to exploit the reactivity of a synthetic 

PEG linker composed of 12 ethylene glycol units which shows at its ends an N-

hydroxysuccinimidyl (NHS) carboxylic ester and an N-maleimide functionality (1-maleimide- 

3 - oxo - 7,10,13,16,19,22,25,28,31,34,37,40 - dodecaoxa- 4 - azatritetracontan - 43 - oic acid 

succinimidyl ester, named NHS-PEG12-maleimide, MW = 865.9 g/mol). The NHS ester 

terminus reacts with free amino groups on chitosan ensuring the binding of the linker to 

chitosan, while the maleimide group is available to react with the cysteine residues on the 

cyclic peptides (Figure 1.2.3). The conjugation is performed as follows (Figure 1.2.10):  
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Figure 1.2.10 – Reaction scheme for the attachment of targeting peptides on GNRs@Chit. Firstly, 
the residual non-thiolated amino groups on chitosan have been reacted with NHS-PEG12-maleimide 
to afford GNRs@Chit-PEG12-maleimide, which is then purified and further conjugated to integrin-
targeting peptides at the maleimido terminus of the PEG12 linker leading to the final GNRs@Chit-Lig 
nanoplatform. 

 

 

a. Freeze-dried GNR@Chit, prepared as described in the previous paragraphs, is dissolved 

in water to achieve a final gold concentration of 500 μM, then the NHS-PEG12-maleimide 

is added as an aqueous solution under stirring. The binding of the linker is allowed to take 

place by stirring overnight at room temperature. Before proceeding with the next 

conjugation step, the nanosystem (GNRs@Chit-PEG12-maleimide) is purified by dialysis 

to remove any unreacted linker molecule.  

b. The so obtained GNRs@Chit-PEG12-maleimide is then reacted with the targeting ligands 

via thiol-ene click chemistry. After reacting at room temperature for 24 h, all unreacted  
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Parameter 
Acceptability 

Range 
Characterization 

Technique 

GNRs800 λmax (nm) 770-830 UV-Vis 

GNRs800 aspect ratio 3.7-4.3 TEM 

Gold concentration (mM) 0.95-1.05 FAAS 

Thiolation efficiency of Chitosan (% SH/NH2) 65-85 1H-NMR 

Gold content in freeze-dried samples (wt%) 2-4 Gravimetric analysis 

 

Table 1.2.1 – Acceptability ranges for the parameters that describe different batch properties of 
GNRs800@Chit-Lig.  

 

 

maleimide groups are quenched by adding an excess of cysteine. The final nanosystem 

is then purified by dialysis, chemically characterized, and freeze-dried in order to 

obtain single-use vials containing the right amount of nanomaterial to achieve 1 mM 

gold concentration when dissolved in 0.5 mL of water.  

After the synthesis, the nanosystem is characterized to assess the integrity of the plasmonic 

properties of GNRs and the reproducibility of the preparations. Table 1.2.1 shows the several 

physical-chemical parameters evaluated for each batch and, for each parameter, the range of 

values for which the batch is accepted for the successive tests. If the batch is accepted, it is 

then shipped to OSR partners for in vitro binding assays on tumour-expressed integrins and 

for in vivo theranostic studies on tumour-bearing mice.  

As already anticipated in the previous sections, the EDIT project involves the study of four 

different targeting peptides: Iso1, Iso3, Iso4, and CgA, leading to four different biopolymer 

nanocomposites named, respectively, GNRs@Chit-Iso1, GNRs@Chit-Iso3, GNRs@Chit-

Iso4, and GNRs@Chit-CgA. Parallelly, as a negative control, GNRs@Chit loaded with non-

targeting in place of the targeting peptide (called GNRs@Chit-Cys) are prepared. 

Attachment of MMP1 decoys 

The strategy involved for the conjugation of isoDGR and RGD cyclic peptides could not be 

applied to matrix metalloproteinase 1 decoys since they do not display any cysteine residue to 

be exploited for maleimide-based linkers. Therefore we identified possible alternative proteins 

and enzymes with Ni(II)-nitrilotriacetic acid in water (the so-called His tag) [100,101]. With 

this approach, engineered MMP1 decoys bearing the His-tag (H-H-H-H-H-H) motif are 

able to strongly interact with GNRs@Chit bound to an appositely selected linker. In this case, 

the employed linker is N-[5-(4-Isothiocyanatobenzyl)amido-1-carboxypentyl] iminodiacetic 

acid (Isothiocyanobenzyl-NTA), which is able to bind to chitosan by amine-isothiocyanate 
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click chemistry forming stable thiourea bonds. At the other end of the linker, the 

nitrilotriacetic acid (NTA) residue can chelate Ni2+ ions in water forming the Ni[NTA(H2O)2] 

complex. This species is then able to bind adjacent histidine residues on polypeptides by the 

interaction between the Ni-NTA complex with imidazole residues on histidine (Figure 

1.2.11). Each conjugation step is followed by extensive purification and lyophilization.  

We tested the NTA-mediated conjugation protocol on His-tagged green fluorescent protein 

(GFP) as a model substrate. We selected GFP since it displays intense green fluorescence that 

allows for easy assessment of the reaction outcome. We performed the conjugation in the 

exact conditions planned for the binding of MMP1, for which it was estimated the effective 

dose of the decoy as 6000 decoy molecules per GNR: 

 

a. GNRs@Chit are dissolved in sterile H2O to a final gold concentration of 0.25 mM; 

b. 1 mg of Isothiocyanobenzyl-NTA is dissolved in 50 μl of DMSO; 

c. The two solutions are mixed in a 10:1 volume ratio and incubated at 37°C for 1 h; 

d. The GNRs@Chit-NTA nanosystem is purified by centrifugation over membranes with 

molecular weight cut-off (MWCO) of 300 KDa; 

e. GNRs@Chit-NTA are added to 2 mM NiCl2 solution in 1:5 volume ratio and incubated 

at room temperature for 90 min; 

f. After purification by centrifugation over membranes with MWCO of 300 KDa, the 

nickel-activated GNRs@Chit-NTA-Ni is freeze-dried; 

g. GNRs@Chit-NTA-Ni are dissolved in the required amount of water to achieve a gold 

concentration of 0.25 mM, then a solution containing the His-tagged protein is slowly 

added; 

h. After incubation at +4°C for 60 min, unbound protein is removed by centrifugation over 

membranes with MWCO of 300 kDa. The final nanosystem GNRs@Chit-Dec is then 

freeze-dried and shipped to EDIT partners at the WIS for in silico and in vivo experiments 

to assess the binding efficiency of the nanosystem towards specific linearized collagen-

rich sites within the pre-neoplastic tissue. 

 

When testing the protocol using GFP as a model protein, the waste solution from step h (that 

should contain unbound protein) was analyzed by fluorescence spectroscopy compared to the 

synthesized GNRs@Chit-GFP. The analysis revealed the absence of fluorescence signals on 

the waste solution a strong green emission from the GNRs solution (Figure 1.2.12). These 

results suggest that the His-tagged protein was quantitatively conjugated on the nanosystem  
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Figure 1.2.11 – Reaction scheme for the attachment of His-tagged MMP1 decoys on GNRs@Chit. 
The isothiocyanobenzyl linker is firstly coupled to free amino groups on chitosan forming thiourea 
linkages, then Ni(II) is chelated by the NTA end of the linker. The NTA-Ni complex is now reactive 
towards histidine-tagged proteins and allows for the conjugation of MMP1 decoys to form 
GNRs@Chit-Dec. 
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Figure 1.2.12 – Fluorescence emission spectra of GNRs@Chit-GFP (green line) compared to the 
spectrum of wastewaters (blue line), which reveals the absence of unbound GFP and therefore the 
quantitative yield of the performed His-tag-mediated protein conjugation. The excitation wavelength 
was 395 nm.  
 

 

since simple aqueous solutions of GFP can pass the centrifugal membranes in the absence of 

GNRs@Chit-NTA-Ni. The protocol is then validated and ready to be applied for the binding 

of MMP1 decoys before being employed for pre-clinical tests.  

Stability of GNRs@Chit in human urine 

Stability tests have been conducted by placing a defined amount of GNRs950@Chit and 

GNRs950@Chit in mixed urine samples and incubating them at 37°C for 2 hours. At 

predetermined time steps, portions of the mixtures are withdrawn, quenched in cold water, 

and underwent UV-VIS and SEM analysis. Any variation in the spectral features or the 

morphology of the nanosystem would suggest some kind of destabilization of the structures. 

For GNRs950@Chit, VIS-NIR analysis (Figure 1.2.13) revealed a 13% reduction in the 

intensity of the absorption maximum at t = 0 for samples diluted in urine compared to samples 

diluted in water. This is probably due to a partial destabilization of the nanostructure upon 

mixing with urine, due to pH variations that can reduce the particles' surface potential and 

induce little aggregation. At the end of the experiment, a maximum reduction by around 20% 

of the absorption maximum is observed: therefore, the plasmonic properties of 

GNRs950@Chit have been shown to be mostly preserved in urine environment for 2 h, as well 

as for GNRs800@Chit. In fact, in the case of GNRs800@Chit, after 2 h of incubation in urine 

environment, the main absorption peak intensity decreased by 18%, but more slowly than for 

GNRs950@Chit. The stability of the nanosystem in urine environment is also confirmed by 

SEM analysis (Figure 1.2.13a-c), which displays no modification whatsoever in the particle’s 

morphology or degree of aggregation over time.  
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Figure 1.2.13 – Top: GNR@Chit stability in human urine. VIS-NIR spectra have been recorded to 
evaluate the integrity of the GNRs plasmonic properties in urine environment over a period of 2 h.  
Bottom: Scanning Electron Microscopy analysis of GNRs stability in urine. GNRs@Chit maintain 
their morphological characteristics as well as their dispersibility from (a) t = 0 through (b) t = 60 min 
to (c) t = 120 min.  
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1.2.4 Future Perspectives 

In the first two years of the EDIT project (2018-2020) we developed a stable, robust, and 

reproducible sequence to perform the synthesis and chemical modification of ready-to-use 

freeze-dried targeted chitosan-coated gold nanorods represented in Figure 1.2.14. 

 

 

 

 
 

Figure 1.2.14 – Structure of the final targeted nanosystems employed in the EDIT study.  

 

 

Presently, the EDIT project is still ongoing and it will end by September 2022. Currently, 

GNRs@Chit-Lig is under evaluation by the partners at San Raffaele Hospital (OSR) for in 

vitro and in vivo binding to integrins overexpress in bladder cancer. Parallelly, GNRs @Chit-

Dec binding to stiffer collagen regions in the pre-neoplastic areas is being evaluated at the 

Weizmann Institute of Science (WIS).  

The main tasks of the project partners are: 

♦ In vitro and ex-vivo approaches for establishing the binding of GNRs@Chit-Dec and 

GNRs@Chit-Lig in presence of urine. (OSR and UNIBO). Binding of GNRs@Chit-Dec 

and GNRs@Chit-Lig will be evaluated in vitro using purified receptors immobilized to 

microtiter-plates and nitrocellulose filters and ex-vivo on fresh explanted mouse bladder 

(healthy or tumoural tissues) in presence of various amounts of urine in the binding buffer 

(mimicking the instillation process occurring in vivo). Optimization of buffer composition 

for delivering the nanoparticles, such as ionic strength, divalent ions, and pH, will be carried 

out in order to optimize for the presence of urine. The binding of GNRs@Chit-Dec and 
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GNRs@Chit-Lig will be quantified exploiting the physical-chemical properties of the gold 

such as total content of metal in the tissue/cells after metal extraction and/or by dark-field 

microscopy for nanoparticles visualization. 

♦ Establish the minimal amount of GNRs@Chit-Lig and photoacoustic parameters 

necessary for the diagnosis of Cis. (OSR, UNIMI, and FFSS). We will combine the 

histological determination of healthy tissue and tumour with ultrasound detection of 

GNRs@Chit-Lig.  

♦ Specificity, efficacy, and safety of the theranostic approach. (OSR and UNIMI). In the 

orthotopic animal model of Cis, the specificity of thermoablation will be assessed using the 

bioluminescent tumour model (intravesical instillation of cancer cells stably transfected 

with firefly luciferase reporter gene). Detection of in vivo bioluminescence will be before 

and once a week for 6 weeks after thermoablation. Efficacy of the theranostic approach 

will be further implemented by histological analysis at the end of the follow-up. The 

efficacy of the theranostic approach (single treatment) will be compared with the effect of 

6 weekly instillations of BCG, which is the typical intravesical therapy for high-risk Cis. 

Safety of the thermo-ablation (i.e., the extension of the ablated area) will be estimated by 

immunohistochemistry. To identify if GNRs@Chit-Lig instilled in the bladder of healthy 

animals (mimicking patients testing negative for the presence of tumour at follow-up) can 

spread in the surrounding tissues; urine, urogenital tissues, liver, and blood will be analyzed 

at first. 

♦ Identification of clinical PAUS set-up (OSR). Pigs share with humans similar anatomic and 

physiologic characteristics, including bladder thickness, bladder volume, and the urinary 

apparatus. Swine will be used to adapt the size of the probe, the size of optic fibre laser 

parameters, and the amount of GNRs for future clinical application, by performing 

thermoablation and 3D visualization platform in human-like bladder instilled with. Six 

adult female swine of 30-40 kg will be exposed to PAUS before and after 1 hour of 

GNRs@Chit-Dec instillation. Second, in the same animal localized thermoablation will be 

produced, to induce and to monitor tissue changes (i.e., stiffness) by PAUS at 1 and 3 

months of follow-up; urine collected for 7 days following GNRs instillation, 

blood/bladder/liver collected at sacrifice monitoring for GNRs bio-distribution. Bladder 

collected at sacrifice will be used for 3D visualization of the stiffness of the entire organ.   
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1.3 A novel theranostic gold nanorods- and Adriamycin-loaded micelle 
for EpCAM targeting, laser ablation, and photoacoustic imaging of 
cancer stem cells in hepatocellular carcinoma 
Locatelli, E.; Li, Y.; Monaco, I.; Guo, W.; Maturi, M.; Menichetti, L.; Armanetti, P.; 

Martin, R. C.; Comes Franchini M., Int. J. Nanomedicine 2019, 14, 1877–1892. 

 

 

1.3.1  Introduction  

About 90% of therapeutic failures in cancer patients are attributed to chemoresistance. 

Conventional therapeutic strategies, such as chemo-agents killing rapidly growing cancer cells, 

may exhibit an initial success, but the eventual relapse of the tumour, due to the greater 

resistance of some cells is a critical point. A certain type of cancer cells, such as progenitor 

cells/cancer stem cells (CSCs), renders the capability to this subset of cancer cells to evade 

slaughter from a variety of structural and functional chemo-agents, thus accounting for nearly 

all therapeutic failures. However, most chemotherapeutic agents aim to destroy rapidly 

dividing cancer cells other than undifferentiated CSCs. New types of therapeutic strategies for 

targeted drug delivery to cancer cells, especially to the CSCs, could be promising as a radical 

treatment for cancer. Finding the agents for CSC killing could be the key to eliminate these 

cancer-initiator / progenitor cell CSCs, thereby radically abolishing the tumours. Unlike the 

cancer cells that were rapidly dividing and differentiating, CSCs underwent continuous self-

renewal to avoid insult and chemo-killing. Targeting the CSCs would provide a novel 

therapeutic strategy, a shift away from traditional chemotherapy. To test this hypothesis, we 

first performed an in vitro study using a sphere-formation assay to enrich the CSCs. This 

sphere-formation assay was originally established as an in vitro culture system to enrich 

nervous stem cells[102] and was used latterly to enrich CSCs.[103] In this in-vitro culture 

system, two important growth factors used were the epidermal growth factor (EGF) and basic 

fibroblast growth factor (bFGF). The use of bFGF was critical to regulate the proliferative 

fate of unipotent and bipotent EGF-generated progenitor cells.[104] 

Hepatocellular carcinoma (HCC) is the fifth most common cancer and the third leading cause 

of cancer-related deaths worldwide.[105] HCC is often resistant to chemotherapeutic drugs, 

with only a few drugs eliciting a therapeutic effect in HCC patients.[106] 

The treatment results obtained with chemotherapeutic agents in advanced HCC have been 

disappointing. Adriamycin (Adr) has been commonly used for the comprehensive treatment 

of various cancers including HCC. Adr was one of the first chemotherapeutic drugs used for 
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HCC and showed interesting results;[107] however, the chemoresistance that developed its 

efficacy, with a marginal role in the treatment of HCC patients. The interest in Adr is growing 

again due to the technological advancements that now allows targeted release of the drug. In 

our previous study,[108] we demonstrated that Adr can decrease the expression of epithelial 

cell adhesion molecule (EpCAM). Recent finding demonstrated that EpCAM, an important 

CSCs surface marker, is overexpressed in the cancer cells contributing to 

chemoresistance.[106] Therefore, a targeted release of Adr could be a potential strategy to 

improve its chemotherapeutic efficacy.  

Gold nanorods (GNRs) have shown promising applications in imaging, therapy, and 

biological sensing, thanks to their peculiar geometry.[109] Significant biomedical applications 

based on targeted heat delivery, such as killing localized cancer cells by hyperthermia after 

optical excitation, become possible when GNR resonance is tuned to near-infrared (NIR), 

rays to which tissues are relatively transparent. Besides, under nanosecond-pulsed NIR laser 

irradiation, GNRs act as perfect contrast agents for photoacoustic (PA) imaging, a powerful 

diagnostic, non-invasive technique, which could be used for early cancer diagnosis.[110,111] 

Moreover, by employing continuous-wave NIR laser tuned in the region of GNR plasmonic 

absorption, they can increase the temperature of their surroundings up to several tens of 

degrees, enabling their employment for photothermal therapy (PTT) of cancer.[112,113] Many 

other nanostructured materials have been recently developed to efficiently convert NIR light 

into heat, but GNRs display higher photothermal conversion efficiencies and improved 

biocompatibility.[114,115] 

Recently, a simultaneous loading of lipophilic GNRs and curcumin into polymeric 

nanomicelles (GNRs-1/curc@PMs) made of biocompatible PLGA-b-PEG copolymer has 

been developed and used for in vivo treatment of premalignant oesophageal 

adenocarcinoma.[83] 

A similar strategy is exploited in the present work to create a drug delivery carrier able to host 

two different therapeutic agents, Adr and GNRs, simultaneously and to deliver them to the 

site of action, thanks to decoration with the EpCAM antibody on the surface of the 

nanosystem. When decorated with EpCAM antibodies, Adr/GNRs@ PMs-antiEpCAM 

could specifically target CSCs and enhance the concentration of drugs in the tumour site, 

thereby killing, especially under laser irradiation, the CSCs completely.[116] Moreover, the 

enhanced localization of GNRs on the tumour region could be efficiently detected by using 

photoacoustic imaging, thus allowing diagnosis and therapy by using a single drug. 
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1.3.2 Results 

Synthesis of Adr/GNRs@PMs-antiEpCAM  

GNRs were coated on their surface with ethyl 11-mercaptoundecanoate 1, obtained as 

previously reported[117] in order to make them lipophilic and stable in organic solvents, thus 

allowing their entrapment into the polymeric micelles. After incubation of GNRs coated with 

cetyltrimethylammonium bromide with ligand 1, lipophilic GNRs-1 were easily redispersed in 

DCM. Next, GNRs-1 were entrapped along with Adr into polymeric nanomicelles (PMs) 

using water-in-oil-in-water (W/O/W) double emulsion solvent evaporation technique: the 

amphiphilic PLGA-b-PEG-COOH and PLGA-b-PEG-NH2 copolymers were selected to 

create biocompatible, biodegradable, and water-soluble micelles able to circulate for long 

periods of time in the bloodstream.[32] Therefore, the organic solution composed of GNRs-

1 and copolymers was emulsified with a small amount of water phase containing Adr, and the 

so-obtained pre-micelles were stabilized by second emulsification with a larger amount of  

 

 

 
 

 
  

 
 

Figure 1.3.1 - Representative procedure for the synthesis of Adr/GNRs@PMs-antiEpCAM and 
TEM image of the final nanosystem. 
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 Adr/GNRs@PMs Adr/GNRs@PMs-antiEpCAM 

Size (nm, mean ± SD) 110.0 ± 0.7 117.1 ± 1.3 

PDI (nm, mean ± SD) 0.258 ± 0.04 0.270 ± 0.03 

ζpot (mV) - 30.8 - 27.4 

[Au] (mM) 1.2 1.1 

λmax (nm) 820 820 

[Adr] (μg mL-1) 62 55 

[anti-EpCAM] (μg mL-1) - 4 

 

Table 1.3.1 - Characterization of Adr/GNRs@PMs and Adr/GNRs@PMs-antiEpCAM. 
Abbreviations: λmax, maximum absorption wavelength; Adr, Adriamycin; EpCAM, epithelial cell 
adhesion molecule; GNRs, gold nanorods; PDI, polydispersity index; PM, polymeric nanomicelles; 
ζpot, Zeta-potential. 

 

 

an aqueous solution containing sodium cholate hydrate as a stabilizing agent (Figure 1.3.1). 

The resulting Adr/GNRs@PMs were partially kept as negative control and partially 

conjugated with the A complete characterization of the final micelles, before and after 

conjugation with antiEpCAM antibody, was carried out and reported in Table 1.3.1. Micelles 

showed a suitable size and polydispersity index for in vivo applications and excellent stability 

even after the conjugation procedure. Similarly, GNRs remained unaltered during the entire 

process as demonstrated by the maintenance of λmax. 

Identification of binary bomb-EpCAM in Hepa1-6 cell spheroids  

To determine if the synthesized Adr/GNRs@PMs-antiEpCAM can bind to HCC cell 

spheres, immunofluorescence staining was performed to identify the antiEpCAM in the 

micelles using donkey anti-mouse IgG1 PE-conjugated antibody. Positive staining (red spots 

in Figure 1.3.2) was found in the Adr/GNRs@PM-antiEpCAM-treated Hepa1-6 cell 

spheroids but not with Adr/GNRs@PMs-treated Hepa1-6 cell spheroids, thus confirming 

the importance of the targeting EpCAM on the surface of micelles to increase their binding 

affinity for the CSCs which are enriched in the Hepa1-6 cell spheroids. 

Cell viability  

Significant cell viability reduction was found in both cells and spheroids treated with 

Adr/GNRs@PMs-antiEpCAM. In particular, laser exposure produces a drastic decrease in 

the viability of cancer cells treated with the final nanosystems, thus demonstrating the 

advantages in terms of the binary bomb for releasing Adr in addition to thermal ablation 

properties  
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Figure 1.3.2 - Identification of Adr/GNRs@PM-antiEpCAM in Hepa1-6 cell spheroids.  
Notes: Blue: DAPI positive staining of nuclei in the spheroid. Red: positive staining of antiEpCAM 
which were labelled Adr/GNRs@PMs.  
 
 

derived from GNR particles (Figure 1.3.2). To determine whether the photothermal effect of 

the GNRs could affect cell viability, the temperature was determined in the Hepa1-6 cells with 

treatments of three GNR-based micelles (GNRs@PM, GNRs@ PMs-antiEpCAM, and 

Adr/GNRs@PMs-antiEpCAM). The temperature was significantly increased with laser 

exposure at 40 and 60 seconds, compared to the 0-second laser exposure. The cytotoxicity of 

GNRs@PMs and GNRs@PM-antiEpCAM was also determined by MTT assay. The result 

indicated that about 10% growth inhibition of Hepa1-6 cells was induced by the two micelles 

(GNRs@PMs and GNRs@PMs-antiEpCAM) with laser exposure, indicating that GNR-

derived thermal effect could also contribute to the cell death which was consistent with our 

previous report (Figure 1.3.3). [116] 

Orthotropic tumour model  

An orthotropic tumour model was established for further study. The animal surgery procedure 

was reported by our group previously.[118] Ultrasound imaging was performed weekly to 

measure the tumour size. The tumour size was measured as 2.2 mm in length and 1.5 mm in 

width. Then the animals were further treated with Adr/GNRs@PM-antiEpCAM.  

Identification of Adr/GNRs@PM-antiEpCAM in HCC tissues  

As described in the Experimental section, the tumour burden in the animals was treated with 

Adr/GNRs@PMs-antiEpCAM and laser. Three days after the treatments, the animals were 

sacrificed and the tumour tissues were harvested. In the frozen tissue, Adr/GNRs@PMs-

antiEpCAM binding to the tumour tissue was determined using immunofluorescence staining. 

Positive staining (green spots in Figure 1.3.4) identified antiEpCAM in the micelles using 

anti-mouse IgG1 FITC-conjugated antibody. This result provided evidence that Adr/ 

GNRs@PMs-antiEpCAM also had a high binding affinity with tumour tissue in vivo.  
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Figure 1.3.4 - Identification of binary bomb-EpCAM tumour tissues of mice.  
Notes: Blue: DAPI-positive staining of nuclei in the spheroid. Green: positive staining of antiEpCAM 
which were labelled Adr/GNRs@PMs.  

 

 

 

 

 

 

Figure 1.3.5 - Histology of Adr/GNRs@PMs-antiEpCAM treatment and Adr/GNRs@PMs-
antiEpCAM treatment with laser exposure.  
Notes: Left: normal liver tissue and HCC cell inoculation; Right: Adr/GNRs@PMs-antiEpCAM 
treatment only and Adr/GNRs@PMs-antiEpCAM treatment after laser exposure. Adr/GNRs@PMs-
antiEpCAM with laser exposure caused significant cell death in the tumour tissue.  
Abbreviations: Adr, Adriamycin; EpCAM, epithelial cell adhesion molecule; GNR, gold nanorod; 
PM, polymeric nanomicelles. 
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Histopathology  

Histology showed that the inoculated HCC tumour grew and invaded the hepatic parenchyma. 

Three days after treatments, it was observed that Adr/GNRs@PMs-antiEpCAM treatment 

caused tumour cell death and lymphocyte infiltration as well as haemorrhage in local regions. 

However, Adr/GNRs@ PMs-antiEpCAM treatment with laser exposure caused extensive 

tumour cell death, implying that most tumour cells were killed by the binary bomb by the 

release of Adr in addition to thermal ablation properties deriving from GNRs (Figure 1.3.5). 

 

 

 

 

Figure 1.3.6 - Upper: Quantification of HCC cell-killing in the tumour tissue by silver staining. 
Middle and lower: Identification and quantification of cancer stem cell surface markers EpCAM and 
CD133 by immunofluorescence staining. Blue: DAPI-positive staining of nuclei in the tumour tissue. 
Green: positive staining of EpCAM and CD133. B (bomb): Adr/GNRs@PMs; TB (targeting bomb): 
Adr/GNRs@PMs-antiEpCAM. *P,0.05, **P,0.01. 
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Evaluation of HCC cell killing and CSC surface markers  

To evaluate the tumour cell-killing effect in vivo, a silver staining assay was performed to 

determine the tumour cell-killing efficacy of Adr/GNRs@PMs-antiEpCAM and Adr/ 

GNRs@PMs. As shown in Figure 1.3.6, both of the two micelles showed excellent tumour 

cell-killing effects after laser exposure. Adr/GNRs@PMs-antiEpCAM with laser exposure 

showed a significant effect of tumour cell-killing compared with Adr/GNRs@PMs. To 

evaluate whether the binary bomb targeted the CSC, two CSC markers were determined in 

the tumour tissues. Both the micelles showed a significant effect for destroying the CSC 

markers in the tumour tissues.  

PA results  

We report the patterns and the PA images acquired on different slices in Figure 1.3.7A–C. 

The typical PA spectra show two peaks around 700 and 800 nm over an increasing trend (PA 

intensity was between 0.05 and 0.15 a.u.) with respect to the increase of the wavelengths. 3D 

PA-US reconstruction of the whole healthy liver is shown in Figure 1.3.7D.  

The assessment of PA readouts in different slices of liver samples with the tumour injected  

 

 

 

 

Figure 1.3.7 - (A) PA spectrum of healthy liver tissue; (B and D) two different PA-US slice images 
acquired from the healthy liver, where some ROIs (0.334 mm2) in which the PA signal was calculated 
are shown in (B); (C) the 3D PA-US render of healthy liver reconstructed from 176 slices of around 
150 μm, the intensity of ultrasound signal in grayscale and PA records in coloured bars. 
Abbreviations: PA, photoacoustic; PAS, photoacoustic signal; ROI, region of interest; US, ultrasound 
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with the functionalized nanoparticles, showed different PA spectral patterns and intensity, 

compared with healthy liver tissues. The mean PA spectrum calculated on the EpCAM 

samples presented a Gaussian trend with a peak at around 860 nm. The plot also reported the 

mean normalized signal of GNRs (non-functionalized nanoparticles) found in in-vitro charac-

terization. The spectral shift in corresponding phantoms (test object been used) could be 

explained by the interaction of the functionalized GNRs and the biological environment in 

which the nanoparticles are distributed after the injection, which modifies the original GNR 

spectrum in terms of peak shift and shape (wideness).  

By unmixing processing, we obtained a spatial distribution map of different spectral 

distributions that revealed the presence of PA signal of nanoparticles in the livers analyzed. 

Figure 1.3.8A–H reports two PA-US acquisition series of EpCAM1 (A–D) and EpCAM2 

(E–H) liver samples in which the PA signal distribution (A and E) and their related result after 

spectral unmixing processing (B and F) were shown. The PA unmixed images (Figure 

1.3.8B,F) showed the PA spectral contribution of deoxy-haemoglobin in blue colour, the PA 

spectral contribution of oxy-haemoglobin in red colour, and the PA distribution due to the 

nanoparticles in green colour. The 3D PA-US renders of the whole liver sample (Figure 

1.3.8D,G) were reported so as to better clarify the PA distribution inside the liver lobes.  

 

 

 

 
Figure 1.3.8 - PA signal distribution (A, E), spectral unmixed algorithm processing (B, F), and 3D 
PA-US render reconstructed by 145 slices of 150 μm thickness (C, G), and the photos of samples (D, 
H), for EpCAM 1 and EpCAM 2, respectively. The yellow circles were placed on the tumour regions 
where the signal was acquired. In the PA unmixed images (B, F), the spatial distribution of 
nanoparticles is represented in green colour, deoxy-haemoglobin chromophores in blue colour, and 
oxy-haemoglobin chromophores in red colour; grey scalebar for ultrasound signal intensity; coloured 
scalebar for PA signal intensity. 
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Figure 1.3.9 - Volumes of calculation of averaged PA signal in (A) EpCAM 2 and (B) EpCAM 1 
liver samples. 
 

 

Figure 1.3.8D and H show the photos of liver samples, where the yellow circle represents the 

region of PA and US acquisition.  

We examined the whole 3D PA-US acquisitions (Figure 1.3.9): the PA signal average on a 

3D volume representation of EpCAM 1 and EpCAM 2 found to be 0.132 and 0.534 au 

confirmed a similar trend with the ratio of the equivalent Au content found by ICP-MS assay.  

Although the number of samples was low, we tried to analyze the texture of the images to 

find a parameter that could describe the pattern of tumour tissue. The texture analysis, already 

tested in our previous work, was based on the study of 122 parameters. In this work, we 

applied the analysis on ten different slices of healthy, EpCAM 1, and EpCAM 2 liver samples.  

 

 

1.3.3 Discussion  

An ideal chemo-drug would not be toxic to normal cells but able to kill the cancer cells at the 

local tumour site. In this study, the Adr/GNRs@PMs-antiEpCAM was designed to release 

the Adr drug and GNRs under the control of NIR light exposure.  

In the literature, several studies describe the photothermal effect generated by the light 

irradiation of gold nanoparticles in tumours.[112,119,120] Indeed, the production of 

plasmonic resonances can be stimulated and used to increase the local temperature drastically 

to provide heating capabilities to the nanoparticles to kill the cancer cells, without damage to 
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the healthy tissue. This effect was extensively studied and demonstrated in different ways. In 

particular, Norouzi et al.[121] in 2018 reviewed the past studies of PTT using gold 

nanoparticles, underlining the efficacy of the methodology and how it is possible to apply PTT 

by manipulating the physical characteristics of gold nanoparticles, in terms of size, synthesis, 

and other reported parameters. The GNRs used in the present work, that is, 

Adr/GNRs@PM-antiEpCAM, have similar physical-chemical characteristics and optimized 

aspect ratio to those reported in the literature, leading to a comparable heating performances 

vs quantum yield.  

The important features of this nanosystem were biocompatibility and controlled release of the 

drug on to target CSCs leading to their elimination. Our in vitro data indicated that 

Adr/GNRs@PMs-antiEpCAM was effective to kill the CSCs which were enriched by the 

spheroid assay. When administrated locally into the tumour, this Adr/GNRs@ PMs-

antiEpCAM also showed a tumour-killing effect, evidenced by extensive cell death in the 

tumour. Adr/GNRs@ PMs-antiEpCAM could be more efficient to kill the CSCs via 

antiEpCAM targeting because EpCAM has been identified as a surface marker, which is 

associated with aggressive clinicopathological features and indicates poor prognosis in patients 

with HCC.[122] Furthermore, the increase of local concentration of Adr by 

Adr/GNRs@PMs-antiEpCAM would increase the efficacy in tumour cell-killing. Unlike tra-

ditional administration of chemo-agents, the unique aspect of Adr/GNRs@PM-antiEpCAM 

could be the reduced toxicity to benign cells because it is targeted to the EpCAM-positive 

tumour cells, other than those EpCAM-negative hepatocytes.[123] In addition, the GNRs in 

Adr/GNRs@PMs-antiEpCAM coupled with NIR light exposure could enable thermal-based 

ablation targeted specifically at the tumour site. Evidence has shown that cancer cells are more 

vulnerable to elevated temperatures (42°C–49°C) compared with healthy cells, due to the 

hypoxic environment and higher metabolic rates, which is supported by a previous 

report.[124,125] Taken together, our study shows that the combination of Adr/GNRs@PMs-

antiEpCAM with NIR exposure to treat liver cancer is technically feasible. Drug targeting 

using gold nanoparticles exhibit potential for use in the HCC patients who are not candidates 

for surgery and considerable study on this strategy remains to be carried out in the future. 
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1.4 An Application of Multivariate Data Analysis to Photoacoustic 

Imaging for the Spectral Unmixing of Gold Nanorods in Biological 

Tissues 

Maturi, M.*; Armanetti, P.; Menichetti, L.; Comes Franchini M.. Nanomaterials 2021, 

11, 142  

 

 

 

1.4.1 Introduction  

Nowadays, hyperspectral photoacoustic (PA) imaging of endogenous contrast in biological 

systems shows good potential as it is exploitable for the study of tumour angiogenesis and 

melanoma.[72,126] A relevant number of contrast agents for photoacoustic imaging (PAI) has 

been developed[12,127,128], and among them, plasmonic nanoparticles have gained 

considerable interest over the past few decades due to their tunable surface plasmon 

resonances, relative biological stability/biocompatibility, and easy functionalization. Indeed, 

GNRs represent an ideal contrast agent for PA since they can provide an enhanced optical 

absorption contrast against background tissue.[15,33,129] Their tuneable longitudinal surface 

plasmon resonance (LSPR) properties allow for the preparation of tissue-specific theranostic 

platforms exploiting the contrast they provide in photoacoustic imaging and their 

photothermal properties, which can be exploited for laser ablation-based therapeutic 

techniques. [130–132] The use of hyperspectral imaging coupled with multivariate resolution 

analysis techniques could represent a powerful approach in studying the biological variation 

of samples and developing new biomedical applications. Hyperspectral images combine the 

spatial information of optical microscopy and the biochemical information provided by a 

spectroscopic technique. In the case of biological samples, contributions of many different 

molecules (i.e. oxy- deoxy-haemoglobin), the variability of the biological components in-vivo, 

and the limited PA signal amplitude are often very critical to the interpretation of the PA 

spectra and the multivariate resolution image. To resolve this issue, the use of image 

resolution/unmixing methods can aid in recovering the single component of the spectra and 

defining the image constituents of the biological sample. Due to the high variability of in vivo 

micro-environment, the definition of the association between molecular absorption and image 

constituent is not straightforward as this heavily depends on the within-tissue compositional 

and molecular variability. 
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To extract the spectral information of biological samples, multivariate solution analysis 

techniques represent a powerful solution that can perform the spectral unmixing.[133] Several 

methods have been reported in the literature for multivariate analysis of hyperspectral data 

(principal component analysis, PCA, and principal component regression, PCR), which are mostly 

coupled to spectroscopic imaging techniques like fluorescence microscopy, NIR, and Raman 

imaging.[134–138] Among them, multivariate curve resolution – alternating least squares, MCR-ALS, 

became a popular chemometric tool for the resolution of multiple-component responses in 

complex mixtures when dealing with hyperspectral imaging data.[139–141] Up to date, the 

application of multivariate analysis in the PA field is still in the infancy and limited so far to 

the resolution of the different sources of endogenous contrast, even though its potential for 

discriminating between exogenous contrast agents is promising. [142–144] Recently, 

additional complex mathematical approaches were implemented for the study of PA imaging 

data (such as deep learning and neural networks) that apply non-linear models to perform 

spectral unmixing.[145–147] However, these approaches appear less versatile than linear 

models since they include much more information of the system, such as the modelling of the 

propagation of light inside the tissue, and are strongly dependent on the type of tissue and the 

instrumental parameters selected for the experiment.  

This work aims to report the performances of MCR-ALS analysis to PA real images: three 

distinct PEGylated synthetic GNRs with LSPR absorption peak ranging from 700 to 950 nm 

underwent PA imaging analysis ex vivo, and the multivariate approach was applied on the raw 

PA data to separate the spectral contributions arising from the different chromophores 

(Figure 1.4.1a,b). As a case study, MCR-ALS was used to analyze ex vivo imaging data recently  

published by our groups on active-targeted GNRs in mice liver.[33] The selection of biological  

test objects and real biological tissues ex vivo allowed us to validate the methodology and 

verify the performance of the method. In this case, the unmixing algorithm allowed for the 

separation of the spectral contribution of GNRs, related to the presence of hepatocellular 

carcinoma, to the contribution of blood, which represents the main interference when dealing 

with the PA imaging of living tissues (Figure 1.4.1c). Finally, the MCR-ALS results were semi-

quantitatively compared with the PA built-in unmixing tool to evaluate their performances. 
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Figure 1.4.1 - Schematic representation of the approach described in this work. GNRs with different 
absorption properties underwent multispectral PA imaging in polyethylene (PE) tubes and chicken 
breasts generating “TUBE” and “BIO” multispectral datasets (a, b). Then, the multivariate analysis 
was applied to the combined datasets generating spatial distributions of the different contrast agents 
in the imaged section. Then, as a case study, the algorithm was applied to the multispectral PA imaging 
data of GNRs in tumour-bearing mice liver, the “LIVER” data set (c). 
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1.4.2 Methods 

PA in a standard sample (“TUBE” data set) 

The PA tests were performed analyzing the PA multispectral signal amplitude of GNRs at 

different longitudinal surface plasmon resonances (LSPR) in the optical windows of near-

infrared I (NIR I), corresponding at the wavelength range between 680 and 970 nm. The 

GNRs were loaded in a coplanar net of polyethylene tubes inserted in a polypropylene box 

(PA panel I), then the PA probe was coupled to the samples by water to prevent possible 

artefacts. To avoid reshaping of GNRs under PA excitation, a homogeneous thin layer of 

biological tissue (chicken breast) was put on top of the tubes. The PA characteristics of GNRs 

were studied using PA multispectral analysis (Figure S3b-d) to find their specific spectral 

fingerprint and, under prolonged laser stimulation at their LPRS peaks, to assess the 

photostability of the PA signal over time (around 40 seconds, corresponding at over 200 laser 

shots). The data set produced with these acquisitions will be referred to as the “TUBE” data 

set.  

Ex-vivo PA evaluation in chicken breast 

As reported[148], a chicken breast sample injected with a standard solution of GNRs was 

produced (for simplicity, identified as “BIO” data set). A bolus of the order of 100 μL was 

prepared and injected ex-vivo in a chicken breast specimen. Then, the spectral distributions of 

the PA signals generated inside the chicken breast volume by laser stimulation were evaluated. 

Images were acquired using   PA multispectral analysis between 680 nm and 970 nm at 2 nm 

steps, generating 146 images per analyzed specimen. Since each image had a size of 503x647 

pixels, the total data set contained 325441 spectra for each acquisition. From the image size and 

the corresponding number of pixels, the pixel size was estimated to be around 36 μm. 

Ex-vivo PA evaluation in mice liver 

The PA images contained in this data set were acquired in ex-vivo samples obtained as reported 

previously. [6] Employed GNRs displayed a maximum absorption wavelength of 820 nm. PA 

images were acquired in the range 680-970 nm at 2 nm steps, generating 146 images per 

analyzed section. Since each image had a size of 505x648 pixels, the total data set contained 

327240 spectra for each acquisition. 

Multivariate Analysis 

The data post-processing was conducted on the Matlab R2018a platform, exploiting the MCR-

ALS toolbox developed by Jaumot et al. in 2005 and optimized in 2015.[149,150] An overview 

of the theory involving the MCR-ALS approach can be found in the Supplementary Materials. 
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Briefly, it involves an iterative calculation that employs least-squares approaches to solve 

Equation 1.1.2 under the obligation to comply with some mathematical constraint, generating 

the optimal results for C and ST and minimizing the matrix of residuals, E.  

 

𝑫 = 𝑪 𝑺𝑻 + 𝑬         Equation 1.1.2  

 

where D is the raw data set, C contains the distributions profiles of the modelled chemical 

species, ST is their corresponding PA spectra and E represents the residual, the portion of 

data that is not included in the model. Non-negativity of both concentration profiles and 

spectra was set as a constraint for the multivariate analysis. 

The result is formulated when convergence is achieved in two consecutive iterative cycles, 

with deviations of the residuals between experimental and ALS data less than 0.05%. The 

overall computing time required to run the algorithm on the input data set was lower than 5 

min employing an Intel®Core™ i7-7700 processor with CPU@3.60 GHz and 32 GB of 

RAM. 

 

 

 

1.4.3 Results and Discussion 

Synthesis of PEGylated GNRs  

CTAB-coated Gold Nanorods (GNRs) have been synthesized according to the previously 

reported seed-mediated growth method. [24,25] After ligand exchange with thiolated PEGs 

and purification, the three samples underwent VIS-NIR absorption analysis to assess the 

outcome of the syntheses in terms of their optical properties. The absorption analysis revealed 

the presence of high-intensity LSPR bands for GNRs A, B and C centred at 688, 820, and 940 

nm, respectively (Figure 1.4.2a). 

By adjusting the concentrations of surfactants, silver ions, and reducing agents, the aspect 

ratio of the prepared GNRs was 2.8, 4.2, and 5.5 for GNRs A, B, and C, respectively. These 

values were obtained from the wavelength of the longitudinal surface plasmon resonance 

(LSPR) peak according to the formula developed by Link et al [31] and showed herein as 

Equation 1.4.1: 

 

𝑨𝑹 =
𝝀𝒎𝒂𝒙−𝟒𝟗𝟓.𝟏𝟒

𝟓𝟑.𝟕𝟏∙𝜺𝒎
+ 𝟎. 𝟕𝟗       Equation 1.4.1 
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Figure 1.4.2. - Characterization of PEGylated GNRs. a) VIS-NIR extinction spectra of GNRs in 
water. Gold concentration was 100 μM for the three specimens. b) Summary of GNRs characterization 
parameters. Average TEM size has been obtained by measuring n=50 different GNRs for each 
synthetic batch. c-e) Representative TEM images of GNRs A, B, and C, respectively. 

 

 

Where 𝑨𝑹 is the aspect ratio of the GNRs sample, 𝝀𝒎𝒂𝒙 is the wavelength corresponding to 

their LSPR peak and 𝜺𝒎 is the refractive index of the medium (for water 𝜺𝒎=1.77). These 

results were also confirmed by electron microscopy (Figure 1.4.2c-e) from which aspect 

ratios were calculated by measuring different GNRs (n=50) as 2.6, 4.0, and 6 for GNRs A, B, 

and C respectively. The nanosystem size determined by DLS is in agreement with the size 

determined by TEM, with no signs of aggregation phenomena in solution. Finally, dynamic 

light scattering was used to determine the hydrodynamic radius of the nanosystem and surface 

zeta potential measurements were performed to assess the stability of GNRs due to 

electrostatic repulsion between different nanoparticles. Results are summarized in Figure 

1.4.2b, and they are compatible with the GNRs size determined by TEM and the presence of 

cationic amino groups on their surface.  

Photoacoustic Imaging analysis 

The PA signal of GNRs was stable during prolonged laser illumination at the LPSR peak 

wavelengths, with variation coefficients and signal-to-noise ratios ranging from 3.2% to 4.2% 

and 24 to 31, respectively.  
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Raw photoacoustic data were extracted from the Vevo platform as *.dicom files, containing the 

hypercubes for each selected projection in arbitrary units, co-registered with the US image.  

Multivariate analysis was performed twice: 

• TUBE and BIO data sets have been combined into a single matrix D1, in order for them 

to be modelled simultaneously. This can be performed since the source of contrast (i.e. 

GNRs) has the exact same spectroscopic properties amongst the two experiments; 

• For the LIVER data set, instead, the analysis was performed on a single data set, 

unfolded in the matrix D2.  

The MCR-ALS algorithm requires an estimate of the spectra of the pure components to 

proceed with the data compression. Since in the TUBE data set the three GNRs solutions 

were physically separated and distinguishable, their uncontaminated PA spectra were 

employed for such purpose. This was performed by extracting the average PA spectrum of 

representative regions (50 x 50 pixels) of the “TUBE” data sets containing the PA response  

 

 

 
 
Figure 1.4.3 - Top: ultrasound images of the analysed specimens showing the regions in which the 
three contrast agents (GNRs A, B and C) were injected. Bottom left: comparison between PA spectra 
of PEGylated GNRs before and after injection of the three solutions in PE tubes. The PA spectra 
were obtained by averaging the spectra recorded in 50x50 pixel regions. Bottom right: plot of PA 
spectral trends of the biological sample before and after the injection of the different GNRs. This plot 
underlines the important role of unmixing algorithm and reveals the specific spectral trend of each one 
colloidal solution inside the biological tissue 
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of the separated GNRs solutions and compared to the PA spectrum of the biological tissue 

recorded prior to injection (Figure 1.4.3) revealing strong contrast from the nanostructured 

materials with partial overlap between different contrast agents but a negligible contribution 

from the background. These were compared with the VIS-NIR absorbance spectra of GNRs, 

showing perfect similarity (Figure 1.4.3). The input spectra were firstly normalized, then 

collected in the second input matrix, x0_1, with size 146x3. 

Multivariate Analysis of TUBE and BIO data sets 

MCR-ALS was applied to the multivariate analysis of the sample as reported in Figure 1.4.4a. 

Since TUBE and BIO data sets were acquired by imaging identical sets of GNRs solutions, 

they were merged in order to model the two experiments simultaneously. The only applicable 

constraint of MCR-ALS to PA imaging was found to be the non-negativity of both 

concentration profiles and spectra. The unimodality constraint could not be applied since it 

forces the refined spectra to display only one local maximum, and this is misleading in the 

case of noisy spectra.[151,152] Besides, the closure constraint could not be applied: it acts as 

a mass balance and implies that the sum of the modelled concentration for all the modelled 

components is the same everywhere in the image. This is not applicable in multispectral 

imaging, whereas it finds useful applications in modelling chemical equilibria and reaction 

kinetics.[153] The intrinsic noise of the experimental technique does not allow for the 

implementation of unimodality constraints and the closure constraint had to be discarded 

because during the acquisition time, GNRs have the time to diffuse in and out from the 

sampled 2D section of the specimen, and a strict mass balance could not be applied. The 

output of the spectral unmixing was a 650882x3 matrix containing the whole distribution 

profiles of the three different GNRs in three separate images, C1. In addition, the algorithm 

generates the modified spectral profiles for the three contrast media, ST
1
 such as to satisfy 

Equation 1.4.1 while minimizing the error matrix E1. The C1 matrix was then separated and 

reshaped to obtain the pure distribution profiles, which were simultaneously overlapped with 

the original US traces of the original data sets (Figure 1.4.4b, c). Moreover, the output spectra 

contained in ST
1 resemble the input ones (Figure 1.4.4d, e, f). 

This approach permitted a significant reduction of the size of the data set and was able to 

compress 650882 spectra into the combination of three spectra and six distribution images 

(corresponding to a total reduction of the number of data points from more than 95 million 

to less than 2 million). The most common approach for analyzing multispectral PA imaging 

involves the isolation from the hypercube of the images corresponding to the maximum 

absorption wavelengths of the identified chromophores and therefore relating those PA 
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Figure 1.4.4 - a) Schematic representation of the applied algorithm on TUBE and BIO data sets. 
Firstly, the hyperspectral data cubes containing the PA images recorded at different wavelengths are 
reshaped to bidimensional matrices and merged into the input matrix D1. Then, by using the pure PA 
spectra of isolated GNRs A, B, and C in PE tubes (collected in the matrix x0_1) the MCR-ALS analysis 
is applied, leading to the obtaining of a reduced matrix C1 containing the distribution profiles of the 
different GNRs in both data sets and the refined PA spectra of GNRs in the matrix ST. Matrices sizes 
are: 503x647x146 for the hyperspectral data cubes, 650882x146 for matrix D1, 3x146 for x0_1 and ST

1 
and 650882x3 for matrix C1. b,c) Distribution profiles of GNRs obtained by applying the MCR-ALS 
algorithm to the TUBE  and BIO data sets. Colour bars are in arbitrary units and are referred to as 
GNRs A (red to yellow), GNRs B (green to light blue), and GNRs C (blue to purple). d-f) Normalized 
input and output spectra for the three components are displayed.  
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Figure 1.4.5 - Raw PA images (colour scale) overlapped with the co-recorded US trace (greyscale) 
for both TUBE (left) and BIO (right) data sets at the wavelengths of maximum PA emission for the 
three explored contrast agents.  
 

 

 

emission maps to the spatial distribution of the corresponding chromophore (as it is reported 

in Figure 1.4.5). A limitation of this approach is represented by an incorrect balance between 

intensity and concentration. That is, a recorded low-intensity PA signal could suggest both a 

low concentration of one chromophore and a much higher concentration of another species 

that responds poorly to the excitation wavelength in question. For each overlapping region, it 

is necessary to extract the whole PA spectrum and to assess which is the dominant component.  

A multivariate approach was applied to process the massive amount of PA data contained in 
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the hypercube (146 images), giving only three images spatially encoded. Here, in the case of 

overlapping distributions, a strong signal in the unmixed distribution maps corresponds to an 

intense unresolved signal of the related species. With the presented multivariate approach, the 

images represent the distributions of the whole spectral features related to the present 

chromophores, thus allowing for fast and unambiguous discrimination between signals arising 

from competing molecular species. In the case of overlapping responses, a strong signal in the 

unmixed distribution maps corresponds to a considerable overall contribution of the related 

species. Due to the partial overlap between the spectra of GNRs B with GNRs A and C, few  

 

 

 

Figure 1.4.6 - Unmixed PA images (colour scale) overlapped with the co-recorded US trace 
(greyscale) for both TUBE (top) and BIO (bottom) data sets. Colour bars are in arbitrary units and are 
referred to GNRs A (red to yellow), GNRs B (green to light blue), and GNRs C (blue to purple). 
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pixels show non-zero concentration at the same time for more than a single contrast agent (A 

and B or B and C). However, by comparing the ratio between the intensity of the modelled 

signal of the two competing species, it was noticed that in all overlapping spots, one was at 

least 10 times stronger than the other (Figure 1.4.6). Therefore, it was chosen to display for 

each pixel only the contrast species that gave rise to the highest modelled concentration, which 

led to a distinct separation of the different contributions. Finally, the matrix of residuals (E1) 

was evaluated with respect to the corresponding original PA data set, revealing that all the 

deviations of the modelled data from the raw ones are less than 3% of the maximum amplitude 

for both data sets (Figure 1.4.7). 

Multivariate Analysis of the LIVER data set 

The PA response of the liver tissue is strongly influenced by the presence of blood; depending 

on whether it is oxygenated or deoxygenated, haemoglobin displays a distinct spectral profile 

in the NIR. For setting up the MCR-ALS spectral unmixing of GNRs, no reference material 

was available for the ex vivo sample. To extract the input spectra of blood and GNRs, the 

entire organ was analyzed and the following assumptions were made. Starting from the 

unmixed PA data, different profiles were detected in proximal organ regions: the first and 

third lobes respond mostly in the first part of the NIR I range (680-720 nm, peaked at 684 

nm), while the central lobe was shifted to 800-840 nm region, peaked at 862 nm. The 

difference was sufficiently marked to perform an assignment of the different components, 1)  

 

 

 

 

Figure 1.4.7 - Plot of the maximum residuals for each pixel across all wavelengths, representing the 
percentage of the maximum PA signal recorded for each data set that is not included in the model.  
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Figure 1.4.8 - Raw PA images (colour scale) overlapped with the co-recorded US trace (greyscale) 
for the LIVER data set at the wavelengths of maximum PA emission of the two main chromophores. 
Red and blue boxes identify the regions whose spectra have been averaged to obtain the input matrix 
x0_2 for the MCR-ALS analysis, as highlighted in the plot at the left.  
 

 

in the middle lobe to GNRs component, while 2) the signal in the lateral lobes to mainly 

blood. This was confirmed by the ratios between the PA signals of the two regions at the two  

selected wavelengths: at 684 nm the PA signal of the central lobe was only 1.3% of the signal 

at 862 nm, and the lateral lobes displayed at 862 nm 5% of the signal recorded at 684 nm. The 

input spectra for MCR-ALS were collected, averaging a relevant number of PA spectra in 

those two regions (Figure 1.4.8). At this level, the algorithm was fed with the new arrays 

(contained in the matrix D2 with size 327240x145) together with the normalized input spectra 

(Figure 1.4.9a). 

A simple and fast unmixing of the PA imaging data into the matrix C2, containing the 

separated spectral contributions of GNRs and blood (Figure 1.4.9b), and the matrix ST
2 

carrying the refined PA spectra of the two components (Figure 1.4.9c, d) was obtained. The 

capacity of separation of the two main chromophoric components in the analyzed organ 

provided a precise separation of the distribution profiles of the endogenous and exogenous 

contribution, with minimal overlapping (Figure 1.4.10).  
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Figure 1.4.9 - a) Recorded non-normalized PA spectra averaged in a region of 50 x 50 pixels in the 
lateral lobes (blood, red line) and middle lobe (GNRs, blue line) revealing partial overlap between the 
spectral profiles and comparable signal intensities. b) Schematic representation of the applied 
algorithm on the LIVER data set. Firstly, the hyperspectral data cube containing the PA images 
recorded at different wavelengths is reshaped to the bi-dimensional matrix D2. Then, by extracting the 
PA spectra of blood and GNRs from different regions of the image, the matrix x0_1 was built and fed 
to the MCR-ALS analysis. This lead to the obtaining of a reduced matrix C2 containing the separate 
distribution profiles of GNRs and blood and their refined PA spectra in the matrix ST. Matrices sizes 
are: 505x648x146 for the hyperspectral data cubes, 327240x146 for matrix D2, 2x146 for x0_2 and ST 
and 327240x2 for matrix C2. c) Distribution profiles of GNRs obtained by applying the MCR-ALS 
algorithm to the LIVER data set. Colour bars are in arbitrary units and are referred to GNRs (red) and 
blood (blue) d). Normalized input and output spectra for the two components displayed. 
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Figure 1.4.10 - Unmixed PA images (colour scale) overlapped with the co-recorded US trace 

(greyscale) for LIVER data sets. Colour bars are in arbitrary units and are referred to GNRs (blue, top) 

and blood (red, bottom). 

 

 

The multivariate analysis was permitted to compress 327240 spectra into two spectra and two 

images that are still able to represent more than 95% of the total variance contained in the 

initial data set. In this case, the residuals hardly reach 1% of the maximum PA amplitude 

recorded for these acquisitions (Figure 1.4.11). Additional information about the statistical 

analysis of the datasets was reported and commented on in the Supplementary Materials. With 

this approach, good results were obtained without any prior knowledge, i.e. without recording 

the PA behaviour in separate ex vivo experiments. 

 

 

 

 

 

Figure 1.4.11 - Plot of the maximum residuals for each pixel across all wavelengths, representing the 
percent of the maximum PA signal recorded for the LIVER data set that is not included in the model. 
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Semi-quantitative comparison with “commercial unmixing tool” 

Most PA imaging platforms allow the manipulation of raw data using proprietary software. 

This is the case for the VEVO Lazr 2100, which is supported by the VEVOLAB software 

that contains a built-in unmixing tool. This data visualization algorithm requires the spectra 

of the pure components (pre-recorded or available in a recordable repository/library) and 

spatially separates them, allowing only limited data manipulation from the operator. 

To evaluate the performances of the presented MCR-ALS approach, with respect to VEVO, 

the performances of these tools were compared to the BIO data set. Three regions of interest 

(ROI of 2.212 mm2) were selected around the injection points of three contrast agents. Then, 

separately for each region, the unmixed distribution of each contrast agent was averaged 

throughout the selected region and plotted in Figure 1.4.12 by setting the highest average 

contribution equal to 100% and calculating the other two accordingly. Ideally, a perfect 

unmixing would let us expect a value of 0 for each species that is not the one present in the 

analysed region, but in a real system, this is not always the case. The analysis of this mismatch 

allowed us to assess whether the two unmixing methods deliver comparable results.  

 

 

 

Figure 1.4.12 - Quantitative comparison of the mismatch in the two unmixing processes for the 
three responsive components. Relative unmixed intensity has been calculated by setting it at 100% for 
the main species in each distribution map and by averaging the mismatched signals in the same region 

accordingly. 
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2.1 Introduction 

2.1.1 Organic Electronics  

Organic electronic is the branch of electronic that deals with the implementation of flexible 

organic materials in the field of electronics, which is dominated by silicon-based 

semiconductors since the discovery of its fundamental properties. [154] Even though the 

possibility of implementing organic materials in electronics was firstly theorized more than 50 

years ago, the interest of the scientific community towards organic electronics has 

exponentially grown in the last two decades. In the year 2000 only 41 papers were published 

with the keyword “organic electronics”, but this number increased to more than 600 in the 

2010s (Figure 2.1.1). Several companies are nowadays participating in the process of bringing 

organic electronics devices into the market, exploiting amongst others the OLED (organic 

light-emitting diodes) technology. Even though this is still achieved with traditional Si-based 

backplanes, but they represent a first step towards the implementation of new soft devices in 

the everyday life. [155–157] 

In this chapter, we will give some examples of the main classes of materials employed in 

organic electronics applications.   

Semiconductors 

The active ingredient of electronic devices is indeed the semiconductor, which is the basics 

component of most electronic devices. Amongst the wide class of organic semiconductors 

(that display small band gaps due to extensive π delocalization), the most widely employed  

 

 

 

Figure 2.1.1 – Number of publications with the keyword “organic electronics” in the recent literature. 
Source: Scopus (December 2020) 
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Figure 2.1.2 – Chemical structure of the most common organic semiconducting materials. 

 

 

and studies small molecule semiconductor is indeed pentacene. [158] It remains the most 

reliable benchmark material for preparing vapour-deposited thin-film transistors (TFTs) with 

a hole mobility of around 1 cm2/Vs. Recently, several other materials have been employed for 

these applications, including naphtacene, rubrene, oligoacenes, oligothiophenes and 

polyfluorenes (Figure 2.1.2). [159–163] However, organic n-type semiconductors still suffer 

from rapid degradation in mobility and on/off ratios, but recently great efforts have been 

made to improve the oxidative stability of such semiconductors. Due to its limited solubility, 

solution-processed routes are very limited, and implementations exploit its tendency to 

sublimate to employ evaporation-based manufacturing techniques. Nevertheless, it has been 

reported by Philips the preparation of TFTs from pentacene precursor solutions, allowing for 

the implementation of organic semiconductors to traditional manufacturing techniques such 

as spin-coating and photolithography. [164] 

Electrodes 

In the production of organic-based electronics, insulators and electrodes materials should also 

be considered. Inexpensive and stable conductive electrodes have been prepared using thin 

metallic films such as Al, Cr, Cu and Ni, with peculiar surface modifications that altered their 

electron injection properties. [165] Recently, the scientific community-directed most of its 
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efforts toward the replacement of mechanically unstable metal junctions with more versatile 

and flexible conductive polymers such as poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) and conductive particle-based inks. [166–168] Polymeric and 

particle-based systems need to be carefully selected on the basis of their compatibility with the 

polymeric substrate and the fabrication methods (usually involving temperature above 150°C), 

often replacing the substrate with temperature-resistant materials such as polyimides, PIs and 

poly (ethylene naphtalates), PENs. 

As an additional problem to be solved, some materials that show outstanding electrical 

properties present some issues during the manufacturing of the device, such as throughput, 

equipment cost, temperature limitations, reproducibility, and sensitivity of previously 

deposited layers. The interfaces between different layers are also extremely important, but the 

fine control of these interfaces is often accompanied by additional preparation steps that 

increase the complexity of the device manufacturing.  

Conductive nanocomposites 

When the electronic properties given by semiconducting organic small molecules or polymers 

are not enough to ensure applicability in organic electronics, nanofillers can play an important 

role in improving the quality of manufactured devices. Polymer-based nanocomposites can 

combine the good mechanical properties of inert polymers that act as a matrix with the 

peculiar and outstanding properties (conductivity, piezoelectricity, fluorescence, …) of 

nanostructured materials. [169] 

Amongst these, graphene and carbon nanotubes are indeed the most widely used. [170–172] 

In particular, graphene has proven outstanding thermal, optical, mechanical and electrical 

properties, with carrier mobility at room temperature as high as 15000 cm2/Vs. [173–175] It 

is worth mentioning the work performed by Wang et al., who described a healable 

multifunctional electronic tattoo (E-tattoo) thanks to the interaction of graphene with silk 

fibroin (Figure 2.1.3). [176] After the dissolution of silk fibroin in the presence of Ca2+ ions, 

graphene is homogeneously dispersed into the aqueous matrix and deposited via mask printing 

or direct ink writing on a substrate. Graphene allows for the formation of electrically 

conductive paths that can sensitively respond to changes in temperature and humidity of the 

surrounding environment. Therefore, the deposition of the developed nanocomposite on the 

skin is expected to allow for employing such electronic tattoos as on-skin sensors for wearable 

electronics applications. The E-tattoo can be damaged by water, but it is able to completely 

self-heal in a fraction of a second, resulting in the efficient reformation of broken bonds at 

the fractured interface.  
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Figure 2.1.3 – a) Fabrication of a silk fibroin/graphene E-tattoo. b) Representation of on-skin tattoo 
in relaxed, stretched, compressed and twisted positions. c) Tattooed moustache that allows for 
monitoring respiration. d) comparison between the response of unbroken and healed humidity sensors. 
e) E-tattoo on-skin for temperature sensing. f) comparison between the response of unbroken and 
healed temperature sensors. Reproduced from ref. [176] 

 

 

As well as carbon nanomaterials, conductive metal nanowires (mainly silver, gold and copper) 

have found extensive applications for the preparation of conductive nanocomposites in 

organic electronics. In this field, outstanding results have been firstly obtained by Cheng and 

co-workers in 2014. [177] In their work, the authors report the preparation of highly sensitive 

wearable pressure sensors based on ultrathin gold nanowires (AuNWs). Such gold 

nanostructure showed great mechanical stability and flexibility and it was previously employed 

for building flexible transparent electrodes. AuNWs-impregnated tissue paper was 

sandwiched between two layers of PDMS: a blank substrate sheet that acts as a support and a 

patterned layer with interdigitated electrode arrays, leading to a flexible strip that can sense 

pressure thanks to the increase in the density of conductive junctions in the interdigitated 

electrode cause by application of external forces on the electrode (Figure 2.1.4). 
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Figure 2.1.4 – Pressure sensor based on ultrathin AuNWs. a) schematic representation of the 
fabrication of the layered flexible sensors; b) optical camera photograph of the sensor; c) SEM image 
of nanowire-impregnated tissue paper (scale bar is 100 µm); d) schematic illustration of the principle 
of pressure sensing in such device; e) modifications in the measured electron current before and after 
the application of a load on the sensor. Reproduced from ref. [177] 
 

 

The proposed sensor allowed for the manufacturing of pressure sensors with sensitivities up 

to 1.14 kPa-1, with response rates of the order of 0.05 s at frequencies of around 5.5 Hz.  

Also, AuNWs-based pressure sensors have demonstrated to be able to efficiently detect 

pressing, bending, and twisting of the flexible device, enabling its employment as wrist motion 

and vibration sensor that requires low input powers (< 30 µW) at low operating voltages (1.5 

V). However, although the synthetic approach described for the formation of such nanowires 

is easy and easily scalable, a great effort still needs to be directed towards the stabilization and 

manipulation of ultrathin AuNWs in more sophisticated manufacturing techniques.  
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Piezoelectric nanocomposites  

The piezoelectric effect has attracted increasing interest from the scientific community thanks 

to its possible implementation for piezoelectric energy harvesting (PEH). Such systems are 

characterized by simple configuration, high conversion proficiency and integrability in 

complex systems [REF]. PEH composites are associated with three principal vital phases: 

1) Mechanical-mechanical energy conversion, that allows for the PEH to react to external 

stimuli with vibrations and deformations at the molecular scale; 

2) Mechanical-electrical energy conversion, in which the mechanical vibration or 

deformation caused by the external stimuli is converted into electronic transitions inside 

the PEH materials; 

3) Electrical-electrical energy transfer, leading to an output signal that leaves the PEH and 

is read by a transducer or stored in an accumulator.  

More than 200 piezoelectric materials have been discovered to this date for such applications, 

amongst which ferroelectric ceramics are still the best candidates since they offer higher 

piezoelectric coefficients when compared to piezoelectric polymers (such as PVDF or PLA). 

A comparison between the main parameters describing the piezoelectric behaviour of ceramic 

and polymeric piezoelectrics is summarized in Table 2.1.1. The table clearly shows that piezo 

ceramics display much better piezoelectric properties when compared to most organic 

piezoelectric polymers, but they often suffer from high density, rigidity and fragility. To 

overcome the intrinsic limitations of pure piezoelectric ceramic materials, nanocomposites can 

be formulated to exploit both the interesting piezoelectric properties of ceramic nanomaterials 

combined with the mechanical flexibility and elasticity of inert polymeric matrices. [178] 

However, the type of selected polymer can influence the piezoelectric response of the ceramic 

nanofiller in different ways. In addition, the fabrication methods, the degree of alignment of 

the crystalline domains both in the ceramic and in the polymer and the poling conditions 

strongly affect the performances of the prepared devices. [179] 

It has been reported in a review paper from Annamalai et al. the description of various 

piezoelectric nanocomposites in terms of the main parameters used for their characterization: 

the piezoelectric strain coefficient (d33) and voltage coefficient (g33). The voltage coefficient 

g33 is proportional to piezoelectric strain coefficient d33 but it is inversely proportional to the 

permittivity. It was also described how the d33 values are functions of the volume fraction of 

the ceramic particles in the nanocomposite and the direction of the polarization matrix.  
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Properties / Parameters 
Ferroelectric 

ceramics  
(PZT) 

Piezoelectric 
polymers 

(PVDF) 

Piezoelectricity High Low 

Acoustic impedance 
(106 kg m-2 s-1) 

High (30) Low (2.7) 

Density 
(103 kg m-3) 

7.5 1.78 

Relative Permittivity 
(ε/ε0) 

1200 12 

Piezo-strain constant 
(10-12 C N-1) 

d31 = 110 
d33 = 225-590 

d31 = 23 
d33 = -33 

Piezo-stress constant 
(10−3 V m N−1) 

g31 = 10 
g33 = 26 

g31 = 216 
g33 = -330 

Electromechanical coupling factor 
(% at 1 kHz) 

k31 = 30 k31 = 12 

Dielectric constant 1180 10-15 

Mechanical flexibility Poor Outstanding 

Curie temperature 
(°C) 

386 80 

Table 2.1.1 – Comparison of quantitative parameters that describe the piezoelectric properties of 
PZT (as an example of ceramic material) and PVDF (as an example of polymeric material). 
Reproduced from ref. [180] 

 

 

 

For example, it has been reported by Cui et al. in 2019 the implementation of piezoelectric 

nanoparticles for photopolymerization-based 3D printing to produce directionally responding 

sensors (Figure 2.1.5). [181] The authors of this work describe the preparation of lead 

zirconate titanate (PZT) colloids covalently bound to photoactive monomers such as 

trimethoxysilylpropyl methacrylate via siloxide bonds. The methacrylate-functionalized 

colloid is then hardened into arbitrary 3D structures exploiting high-resolution additive 

manufacturing techniques. It was observed that the designed piezoelectric patterns could be 

assembled into smart structures that can display a variety of functions, including force 

magnitude and directionality sensing, impact absorption and self-monitoring, and location 

mapping, without any additional sensing component. The prepared piezoelectric 

nanocomposites are able to achieve high piezoelectric performances at low volume fractions, 

together with high flexibility ensured by the printed architecture.  
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Figure 2.1.5 – Surface functionalization of PZT with photosensitive monomers and 3D printing of 
piezoelectric metamaterials with complex microarchitectures. a) Schematic illustration of surface 
functionalization method and strong bonds between the nanoparticles and the polymer matrix after 
the ultraviolet curing process. b) Schematic illustration of the relationship between the surface 
functionalization level and the piezoelectric response. The piezoelectric response increases with the 
surface functionalization level as a result of increasing stress transfer. c) Schematic illustration of the 
high-resolution additive manufacturing system. d) Scanning electron microscope images of 3D-printed 

piezoelectric micro lattices. Scale bars are 300 µm. Reproduced from ref. [181]. 
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2.1.2 Perovskite materials and their properties 

Perovskites 

In inorganic chemistry, perovskites are a class of crystalline inorganic materials with the 

general formula ABX3 (where A and B are cations and X are anions) that adapt the crystal cell 

typical for calcium titanium oxide (CaTiO3), simply referred to as perovskite. The ideal cubic 

structure of perovskite has 8 A ions at the vertices of a cube, one B ion at the centre, 

surrounded by an octahedron of X atoms that occupy the centre of the cube faces. Most often, 

the X atom is oxygen, but other anions such as fluoride (F-) and chloride (Cl-) can be found. 

Compared to other ternary crystal structures, the perovskite structure is able to produce a 

wide range of different phases that display completely different properties, with applications 

of these ceramic materials from capacitors to conductors, insulators, magnetoresistors, 

catalysts, etc. (Figure 2.1.6). The ideal cubic phase is however uncommon since many effects 

are able to distort the symmetry of perovskite crystal cells. The first example of a detailed 

study on crystalline perovskites was published by Goldschmidt in the 1920s, laying the 

foundations for the structural analysis of this interesting class of compounds. [182] The most 

common distortions in the cubic structures are related to deformations of the [BO6] octahedra 

 

 

  
 

Figure 2.1.6 – General perovskite crystal structure and unit cell. Examples of the various 
properties observed for different perovskite materials are also reported.  
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that generates tetragonal, rhombohedral or orthorhombic variants of the ideal cubic structure.  

The perovskite structure has a wide range of possible substitution of cations and anions. The 

ion replacement must preserve the charge balance and keep the ion radii within the range for 

each particular coordination number. Variations in the ion size and composition result in the 

distortion of the structure and the reduction of symmetry with tremendous effects on the 

physical properties of the perovskite material. The lack of symmetry caused by these 

deformations is often responsible for peculiar magnetic and electric properties displayed by 

perovskites. [183]  

Several factors are responsible for the occurrence of distortions in the crystal structure, but 

the most important are here summarized: 

1) Size effect of atoms 

In idea cubic systems, it is possible to derive from simple geometry that the length of the cell 

unit 𝑎 is related to the ionic radii of the ions that build up the perovskite structure as recalled 

in Equation 2.1.1: 

 

𝑎 = √2 ∙ (𝑟𝐴 + 𝑟𝑂) = 2 ∙ (𝑟𝐵 + 𝑟𝑂)       Equation 2.1.1 

 

Where 𝑟𝐴, 𝑟𝐵, and 𝑟𝑂 are the ionic radii of A, B and oxygen, respectively. The two identities 

are equal only for perfect cubic structure and their ratio, defined as the Goldschmidt’s 

tolerance factor (𝑡) can be used to express the degree of distortion of perovskite structures 

(Equation 2.1.2): 

 

𝑡 =
𝑟𝐴+𝑟𝑂

√2∙(𝑟𝐵+𝑟𝑂)
           Equation 2.1.2 

 

In fact, for perfectly cubic systems 𝑡 = 1 since Equation 2.1.1 is satisfied. This is the case, 

for example, for SrTiO3, for which 𝑟𝐴 = 1.44 Ǻ, 𝑟𝐵 = 0.605 Ǻ, and 𝑟𝑂 = 1.40 Ǻ. [184] 

However, if A ions are smaller than the ideal value, the Goldschmidt’s tolerance factor will be 

smaller than 1 and as a result, the [BO6] octahedra deforms to fill more empty space. For 

example, GdFeO3 with 𝑡 = 0.81 adopts the orthorhombic structure as well as perovskite 

mineral itself (CaTiO3) with a Goldschmidt’s tolerance factor less than 0.8 that leads to the 

higher stability of the rhombohedral deformed structure. [185,186] Oppositely, 𝑡 > 1 is 

observed with large A ions or small B ions and the perovskite adopts the hexagonal structure 

like BaNiO3 (𝑡 = 1.13), in which the [NiO6] octahedra are forced to share an edge. [187,188] 
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2) Presence of impurities and doping 

The perovskite structure is able to accommodate a great variety of atoms, depending on their 

size and valence. In addition, it can tolerate ion vacancies in allow extent. [189,190] Because 

of its packing density, the perovskite structure is more likely to display A-site vacancies, but 

B-site vacancies are not tolerated by the perovskite which undergoes a crystal phase transition 

to more stable geometries. [191,192] Also, oxygen vacancies are tolerated in limited extent: 

for example, for the family of compounds with the formula SrFeOx (2.5 < x < 3). Since iron 

ions can be easily oxidized or reduced by heating the sample in an oxidizing or reducing 

environment, the oxygen content of the crystals can be tuned in the range reported. For some 

stoichiometries, FeO5 square pyramidal domains are formed. [193]  

3) Jahn-Teller distortions 

Jahn-Teller distortions are referred to the geometrical deformations of molecular structures 

due to peculiarities in their electron configuration. The related Jahn-Teller theorem states that 

any non-linear molecule with a spatially degenerate electronic ground state will undergo a 

geometrical distortion that removes that degeneracy because the distortion lowers the overall 

energy of the species. [194] An interesting implication of the Jahn-Teller theorem is that is 

some molecules there must be some degenerate electronic state interacting with one or more 

normal vibration modes, which leads to symmetry-breaking interactions in which molecular 

distortion is associated with the loss of the electron degeneracy. In perovskite, the Jahn-Teller 

effect acts mostly on the ions in the B position. In the case of XMnO3 (X = La, Pr, or Nb) 

compounds, the 3d4 electrons of Mn3+ ions are described by the crystal field theory to be split 

between t2g (3 electrons) and eg (1 electron) orbitals. The electron in the eg orbital is in 

degenerate states, thus for the Jahn-Teller theorem the octahedra distort along the z-axis 

causing the splitting of the eg orbital; the highest energy electron now occupies the orbital a1g, 

more stable than the eg orbital of the symmetric octahedron (Figure 2.1.7). [195] 

Ferroelectricity and ferroelectric perovskites [196] 

Ferroelectric materials are defined as materials that display a spontaneous dipole moment, 

whose orientation can be switched by applying an external electrical field. Cubic perovskite 

structure only displays induced polarization, which drops to zero when the applied electrical 

field is turned off. However, a slight distortion of the perfect cubic lattice caused by a variation 

in the position of B atoms can cause the structure to shift to the tetragonal phase, which is 

able to reveal a net and persistent dipole moment, associated with ferroelectric properties. The 

higher the distortion from the cubic centrosymmetric system, the stronger will be the  
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Figure 2.1.7 – Jahn-Teller effects applied on crystal field theory for octahedral coordination of d4 
metal ions.  

 

 

associated net dipole moment. In typical ferroelectric perovskite oxides, the cubic phase is 

more stable at a higher temperature but a transition temperature exists, below which the most 

stable conformation is given by the tetragonal structure. This transition temperature is defined 

as Curie temperature (Tc) and Table 2.1.1 shows the Tc values for some common ferroelectric 

perovskite oxides. It can be noticed from the polarization values that lead-containing 

perovskite offer the best performance of this class of materials. However, problems related to 

toxicity and high density of PZT ceramics are moving the attention towards the 

implementation of less toxic ferroelectric materials such as barium titanate (BaTiO3), which 

will be described om details in the next chapter as a cheap and easy-to-produce perovskite 

ferroelectric material. Another interesting property of ferroelectric perovskites is their 

incredible dielectric constant at their Curie temperature, discovered first by von Hippel in the 

1940s and exploited to produce dielectric-based capacitors. [197] 
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Compound 
Chemical 
Formula 

Year 
Discovered 

Curie 
Temperature 

(K) 

Remanent 
Polarization 

(μK cm-2) 

Crystal 
Structure 

Rochelle salt 

(Potassium 

sodium tartrate 

tetrahydrate) 

KNaC4H4O6 • 

4H2O 
1921 255 and 297 0.25 

Monoclinic 

between the Tc 

Orthorhombic 

otherwise 

Potassium 

dihydrogen 

phosphate 

KH2PO4 1935 123 6.1 Orthorhombic 

Barium titanate BaTiO3 1945 398 25 Tetragonal 

Lithium niobate LiNbO3 1949 1415 10 – 30 Trigonal 

Potassium 

niobate 
KNbO3 1949 400 20 – 40 Orthorhombic 

Lead zirconate 

titanate (PZT) 
PbZr1-xTixO3 1949 

Depends on 

composition 
20 – 97 

Tetragonal for  

Ti-rich 

Rhombohedral for 

Zr-rich 

Lead titanate PbTiO3 1950 763 20 – 96.5 Tetragonal 

Lead zirconate PbZrO3 1951 503 20 – 50 Orthorhombic 

Guanidine 

aluminium 

sulphite 

hexahydrate 

C(NH2)3Al(SO4)2 

• 6H2O 
1955 473 0.5 Trigonal 

Lead bismuth 

niobate 
PbBi2Nb2O9 1959 833 ≈ 3 Pesudo-tetragonal 

Strontium 

bismuth 

tantalate 

SrBi2Ta2O9 1960 600 30 – 70 Orthorhombic 

Barium 

strontium 

titanate 
Ba0.73Sr0.27TiO3 1960 298 10 – 30 Tetragonal 

Bismuth titanate Bi4Ti3O12 1961 983 10 – 30 Orthorhombic 

 

Table 2.1.1 – Most common piezoelectric ceramics materials with the corresponding chemical 
formula, year of discovery, Curie temperature, remanent polarization and stable crystal structure at 
room temperature. Except for the first two, all of the entries are perovskite materials. Data from ref. 
[198] 
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2.1.3 Barium Titanate nanomaterials and preparation methods [199] 

Barium titanate (BaTiO3) is employed in a great variety of applications due to its ferroelectric 

properties, accompanied by its high dielectric constant and low dielectric loss. Moreover, it is 

a cheap material that is easy to produce in large scale and it does not contain heavy atoms that 

could induce toxic effects on human health. [200] It was the first discovered ferroelectric 

oxide, with a simple crystallographic structure and well-consolidated applications in 

electronics, optics and communications.  It has demonstrated to be one of the best lead-free 

alternatives to the most efficient lead zirconate-titanate (PZT) ceramics for applications in 

microelectronics. [201] 

 

 

 

 

Figure 2.1.8 – a) Single unit cell of BaTiO3 in the b) cubic and c) tetragonal crystal structures. As the 
transition between the two phases occurs, Ti and O atoms move in opposite directions along one of 
the three major axes, resulting in the elongation of the unit cell along the same major axis. Reproduced 
from ref. [202] 
 

 

Crystal structure and phase transitions [203] 

Barium titanate adopts the typical perovskite structure ABO3 represented in Figure 2.1.8, and 

it displays interesting crystal phase transitions upon cooling (Figure 2.1.9 and Figure 2.1.10). 

The ideal cubic structure can be obtained only above the Curie temperature of the material, 

with large Ba2+ ions (158 pm) at the 8 corner sites, small Ti4+ ions (60 pm) in the middle of 

the cube and oxygen anions at the face centres. This phase is characterized by the cubic Pm3m 

space group with a unit cell length a = 4.009 Ǻ. 

At the Curie temperature (Tc = 133°C) the cubic structure undergoes displacement phase 

transition caused by the displacement of the Ti4+ ions that move upwards, leading to the  
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Figure 2.1.9 – Crystal phase transitions of BaTiO3 when cooled below its Curie temperature. 
Reproduced from ref. [203] 
 
 
 

tetragonal crystal structure (P4mm, a = 3.992 Ǻ and c = 4.035 Ǻ).  The formation of the 

tetragonal phase causes the permanent and spontaneous polarization of the crystal cell along 

the z-axis. Since the cubic phase has six equivalent <100> axes along which the Ti4+ ions can 

displace, the polarization vector can arise along with any one of them. Therefore, 

polycrystalline samples of tetragonal BaTiO3 display randomly oriented dipole moment which 

sums up to zero hiding the ferroelectric potential of the material. However, by applying an 

external electrical field it is possible to orientate parallelly the polarization of the crystallites 

allowing for the obtainment of a macroscopically polarized material since the polarization 

vectors now sum up constructively. This treatment is referred to as poling and it is required 

to produce polarized materials that can act as piezoelectric sensors and actuators. [204] 

Upon further cooling of BaTiO3 crystals below 0°C, the distortions increases and by 

elongating along the face diagonals, the material transitions from the tetragonal structure to 

the orthorhombic (sometimes defined “pseudo-monoclinic”) one. Since there are 12 

equivalent <110> directions in the original phase, 12 possible polarization directions can be  
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Figure 2.1.10 – Lattice constant a of BaTiO3 lattice as a function of temperature. R = rhombohedral, 

M = monoclinic, T = tetragonal. Reproduced from ref. [205] 

 

 

obtained with this crystal phase transition. This phase is considered stable in the 0°C to -90°C 

temperature range, below which further distortions cause the rhombohedral (R3m) structure 

to be formed, with 8 possible different polarization directions. [206] 

The transition temperatures can be widely modified by the presence of dopants and impurities, 

but also on residual stress built up if too fast cooling rates are applied. At room temperature, 

the ratio between the a and c unit length is 1.01, suggesting that the spontaneous deformation 

of BaTiO3 crystal cell is limited at 1% at room temperature.  

BaTiO3 nanocrystals 

Like most other kinds of nanostructured materials, also ceramic nanocrystals display unique 

properties when employed at the nanoscale. Effects related to microstructure, composition, 

stress and surface composition are able to strongly enhance the type and intensity of the 

permanent ferroelectric dipoles in BaTiO3 nanocrystals. [207] Two factors play an important 

role in affecting the behaviour of these ceramics at the nanoscale: 

♦ Size and shape 

As particle size decreases in the micrometre scale, the dielectric constant of the material 

increases significantly until reaching a maximum value after which the dielectric constant 

decreases by reducing the crystallite size. [208,209] The Curie temperature of the material is 
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also affected by a reduction of the grain size, therefore there is a dimensional limit after which 

the Curie temperature is so low that nanostructured BaTiO3 is not ferroelectric at room 

temperature. This size limit is in the range between 1 and 100 nm but it strongly depends on 

how the nanopowder is prepared. [210] 

♦ Surface effects 

The wide range of possible preparation methods for BaTiO3 allows for the obtainment of 

nanocrystals showing a variety of different surface functionalities like hydroxyl groups (OH), 

carbonaceous species or organic coatings. Surface modifications of barium titanate 

nanocrystals with surface ligands and coatings are often exploited to tune the solubility 

properties of the nanoparticles or to enhance electronic effects. For example, it has been 

reported the surface functionalization of barium titanate nanocrystals with n-hexyl 

phosphonic acid (HPA), allowing to produce ceramics with higher dielectric constants but 

with lower sensitivity to frequency and temperature. Typical functional groups that can be 

exploited to chemically coat the surface of oxide nanoparticles are catechols, silanes, 

phosphate esters, phosphonic and carboxylic acids. [211,212] 

Organometallic syntheses 

In a typical organometallic synthesis of BaTiO3, an organometallic precursor (usually barium 

titanium ethyl hexane-isopropoxide) is injected into a heated reaction system composed of a 

stabilizing agent (like oleic acid) in a high-boiling organic solvent (like diphenyl ether). The 

high temperature causes the decomposition of the organometallic precursor and the 

nucleation of the perovskite nanocrystals, followed by their growth associated with the drop 

in the system temperature caused by the injection of the organometallic precursor. The 

stabilizing agent plays a fundamental role in determining the size and shape of the synthesized 

nanocrystals. [213] To these days, this approach has allowed for the preparation of a great 

variety of metal oxide nanoparticles and it is considered the best approach for controlling size 

and morphology of the prepared nanocrystals.  

Solvothermal/hydrothermal syntheses 

These methods have received a lot of attention recently since they are able to produce great 

quantities of high-purity materials in one-step processes at relatively low temperatures (Figure 

2.1.11). [214] The thermal methods imply the heating of metal precursor salts in water or a 

solvent to the point that the precursors react to form nanosized metal oxide crystals. However, 

the reaction temperatures are usually higher than the boiling point of the solvent, therefore 

the synthesis needs to be conducted in pressure-resistant apparatuses.  



CHAPTER 2  ORGANIC ELECTRONICS 

- 107 - 

 

Figure 2.1.11 - TEM images of BaTiO3 nanocrystal obtained by hydrothermal methods. Reproduced 
from ref. [215] 

 

 

Template-assisted methods 

In template-assisted procedures, the crystallization of the precursors into the oxide 

nanomaterials is allowed to happen within a specific area of a template, allowing to simply and 

efficiently produce nanostructures with finely controlled morphologies. [216] Depending on 

the type of template materials, we can distinguish between “hard templates” (like anodic 

alumina and titania) and “soft templates” (polymers, surfactants, biomaterials, …): these allow 

for the preparation of a large variety of BaTiO3 nanostructures including nanodots, nanowires 

and nanotubes (Figure 2.1.12). [217,218] 

 

 

 

Figure 2.1.12 - SEM images of BaTiO3 layers obtained by employing an ordered array of polystyrene 
spheres as a soft template 
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Molten salt methods 

Solution processes allow for a great tunability over the shape and size of the obtained ceramic 

nanosystems, but they are produced in relatively small quantities and often involving the use 

of unstable and toxic precursors. However, the molten salt method employs molten ionic salts 

at very high temperature as the solvent for the growth of ceramic nanocrystals. [219,220] With 

this approach, the molten salt (usually NaCl at 820°C) dissolves the reactants and precipitates 

the nanocrystals (often in the presence of ionic or non-ionic surfactants), while an accurate 

balance between the precursor salts and the molten solvent determines the overall 

morphology and shape of the obtained nanoceramics (Figure 2.1.13). Typical precursors for 

BaTiO3 are BaCO3, BaO and TiO2. 

 

 

 

Figure 2.1.13 – SEM images of a) spherical, b) cubic and c) rods-shaped BaTiO3 nanocrystal 
prepared using surfactant-free molten salt methods. Reproduced from ref. [221] 
 

 

Sol-gel methods 

Sol-gel approaches usually involve the formation of a colloidal particle solution (the “sol”) by 

hydrolysis and polymerization of the monomeric metal alkoxide precursors, leading to the 

formation of a gel-like structure containing a liquid solvent and a stable 3D network of solid 

nanocrystal phase. After drying of the solvent and sometimes calcination, inorganic 

nanoparticles are obtained. Size and morphology of the obtained nanosystem strongly depend 

on solvent evaporation rate, temperature, reaction conditions and solvent type. [222–224] This 

method is the one selected for the preparation of BaTiO3 nanoparticles in this thesis, based 

on the work published by Yoon et al. in 2006. [225] In this work, the authors describe the 

hydrolysis of titanium tetraisopropoxide, Ti(iPrO)4 by the crystallization water molecules of 

Ba(OH)2 • 8H2O in isopropanol al 80°C leading to the formation of the titanate [TiO6]
2- 

octahedra network in which Ba2+ ion diffuse to produce highly-tetragonal crystalline BaTiO3 

(Figure 2.1.14).  
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Figure 2.1.14 – Reaction scheme for the sol-gel production of BaTiO3 from titanium alkoxide 
precursor and barium hydroxide octahydrate as reported by Yoon et al. [225] 
 

 

 

 

2.1.4 Aim of the work 

This chapter recaps the main achievements of my PhD studies related to the field of organic 

electronics. In particular, we will describe the synthesis and surface functionalization of 

ferroelectric tetragonal barium titanate (BaTiO3) nanoparticles with a hydrophilic commercial 

ligand such as hydrocaffeic acid (HCA) and with a synthetic lipophilic ligand such as dopamine 

dodecyl amide (DDA). After thorough chemical characterization of the synthesized 

nanosystem, the first hydrophilic nanocomposite (BaTiO3-HCA) will be formulated in an 

ionic liquid-based ionogel to produce a flexible device able to directionally respond to low-

frequency mechanical stimuli, to be employed as a discriminative pressure sensor. On the 

other hand, lipophilic BaTiO3-DDA nanoparticles will be formulated with different loading 

in polydimethylsiloxane (PDMS) flexible matrices in order to study the piezoelectric properties 

of the nanocomposite in terms of its piezoelectric coefficients and stability over repeated 

measure cycles.  

Finally, we will describe the preliminary results of a work involving the employment of 

ultrathin gold nanowires (AuNWs) in PDMS stretchable matrices to produce piezoresistive 

strain sensors.  
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2.2 Soft Piezoionic/Piezoelectric Nanocomposites Based on Ionogel/ 

BaTiO3 Nanoparticles for Low Frequency and Directional 

Discriminative Pressure Sensing 

Villa, S. M. ♪; Mazzola, V. M. ♪; Santaniello, T. ♪; Locatelli, E.; Maturi, M.; Migliorini, L. 

♪; Monaco, I.; Leonardi, C. ♪; Comes Franchini, M.; Milani, P. ♪  ACS Macro Lett. 2019, 

8 (4), 414–420. 

 
♪ Interdisciplinary Centre for Nanostructured Materials and Interfaces (CIMaINa), Università 

degli Studi di Milano (Italy) 
 

 

 

2.2.1 Introduction 

Piezoelectric nanocomposites are electro-mechanical transducers based on polymeric 

materials incorporating piezoelectric nanoparticles, such as ferroelectric perovskites (e.g., 

barium titanate, BaTiO3), presenting a net polarization due to their non-centrosymmetric 

structure. The crystallites are randomly oriented so that the net polarization is averaged out, 

but it is possible to reorient the ferroelectric domains by subjecting the material to intense 

static electric fields and, thus, obtain a nonzero polarization.[226,227] This procedure is called 

poling. The piezoelectric response of poled perovskites determines the nanocomposite 

electromechanical performance and has a double contribution: a lattice contribution, due to 

single domains deformation, and an extrinsic contribution, due to the relative displacement of 

the domains. Because of these features, piezoelectric nanocomposites respond to external 

mechanical stimuli by generating an output voltage ranging from a few millivolts to hundreds 

of volts, depending primarily on the nanofiller type and amount, polymer−filler interaction, 

and poling conditions.[228–232] Their operational output voltages render them suitable 

candidates for a variety of sensing and energy harvesting applications. [233–235] They usually 

require high-frequency stimulation, which implies a significant power loss in the electro-

mechanical conversion of low-frequency movements, like the ones typical of human 

motion.[236] Another limitation is the requirement of high nanofiller amounts (up to 40 wt.%) 

and severe poling conditions (field intensity around 100 kV/cm and high temperatures) to 

reach such performances. The use of large volume fractions of the filler involves a drastic 

decrease in compliance and flexibility of the composite with respect to the pristine polymer 

and often results in a nonhomogeneous dispersion of the nanostructures in the polymer 

matrix. [237] Piezoionic gels are an emerging class of soft smart materials constituted by a 

polymeric backbone filled with a fluid containing mobile ions, such as room temperature ionic 
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liquids or a solved salt in aqueous solution. [238] The piezoionic effect consists in the 

generation of an output voltage induced by the separation of ions with different mobility, 

stimulated by a differential pressure applied to the material. [239] The redistribution of the 

ionic charges inside the polymer is driven by the matrix volumetric changes at the microscopic 

level induced by the imposed mechanical stress, which locally alter the ions concentration. 

The piezoionic effect depends on the ion type, size, and mobility, as well as on the mechanical 

properties of the polymeric network. These gels have low output voltages (1 - 10 mV) 

[240,241] and respond well to low frequencies (< 1 Hz). The electro-mechanical response of 

piezoionic gels is isotropic, at odd with that of piezoelectric nanocomposites, where the bias 

of the output voltage is univocally determined by the presence of the electrically poled 

nanofillers.  

Both piezoelectric and piezoionic materials require suitable surface electrodes and electrical 

contacts in order to collect and transfer the electrical generated charge. [242] The fabrication 

of resilient and compliant electrodes able to stably sustain repeated deformations without 

damage and performance loss is still a major challenge. [243] In fact, electrodes are usually 

constituted by thin metal layers (few microns thick) directly pasted onto the substrate, thin 

metallic films produced by sputtering and evaporation, [244,245] or by coatings of conductive 

polymers (such as poly(3,4-ethylenedioxythiophene) and polystyrenesulfonate) or polymeric 

blends incorporating conductive nanostructures. [246,247] The Young’s modulus mismatch 

between the polymeric active material (fractions to hundreds of MPa) and the electrode (tenths 

to hundreds of GPa) is mainly responsible for the system failure and electrode deterioration 

along with cyclic deformations. [248] Moreover, the manufacturing and integration of 

electrodes physically interpenetrating with the piezo-materials are of primary importance to 

enhance the charge collection ability of the system, minimizing charge dispersions at the 

electrode/piezo-polymer interface and spurious capacitive effects. 

In this work, we present the fabrication and characterization of a polymeric nanocomposite 

designed to merge the responsive properties of piezoelectric and piezoionic transducers. This 

material is constituted by a gel matrix incorporating a suitable room temperature ionic liquid 

(namely, an ionogel [249]) with physically embedded barium titanate (BaTiO3) piezoelectric 

nanoparticles. This soft piezoionic/piezoelectric nanocomposite was characterized by low-

frequency open-circuit voltage measurements under mechanical stimulation. We observed a 

response consisting in a combination between the piezoionic and the ferroelectric effect, 

resulting in intermediate electro-mechanical properties: the system responds to low-frequency 

stimulations (100 mHz to 1 Hz), with output values higher than those reported in the literature 
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for piezoionic gels, and it exhibits an anisotropic behaviour in the electro-mechanical 

conversion, typical of piezoelectric nanocomposites. [250] The system was provided with 

compliant cluster-assembled gold electrodes produced by Supersonic Cluster Beam 

Deposition (SCBD). [251] The implementation of SCBD electrodes enhanced the charge 

accumulation efficiency of the transducer by a factor of 10, without significant modification 

of the mechanical properties of the nanocomposite. [252–254] 

We fabricated the ionogel/BaTiO3 nanocomposite (IG/BAT-Nc) using a one-pot synthesis 

approach, by means of a free-radical UV photo-cross-linking reaction and a simple moulding 

process. The photopolymerization process is cost-effective and enables to print polymeric 

nanocomposite layers (1 mm thick) in a simple, controllable and reproducible fashion, with 

potential for future implementations in UV-assisted 3D printing technologies (e.g., digital light 

projection-based stereolithography [255]). The polymeric matrix was composed by 

polyvinylpyrrolidone (PVP, 40000 Mw), physically intertwined with a chemically cross-linked 

polymer network, constituted by a random copolymer of highly hydrophilic 

(hydroxyethyl)methacrylate (HEMA) and acrylonitrile (AN), namely, poly-HEMA-co-AN. 

PVP was introduced as a toughening agent for the ionogel, reinforcing the poly-(HEMA-co-

AN) matrix through the formation of an interpenetrating network (IPN) between the two 

polymers. This network structure was engineered to allow the polymer to retain a large amount 

of suitable ionic liquids and to incorporate hydrophilic piezoelectric nanostructures, 

responsible for the piezoionic and piezoelectric effect, respectively. We used 1-(2-

hydroxyethyl)-3-methylimidazolium tetrafluoroborate (HoEMIMBF4, uptake equal to 45 wt. 

%) as the ionic liquid due to its good solubility in water, affinity with hydrophilic compounds, 

and high ionic conductivity. [256] We also added a water suspension of custom-synthesized 

BaTiO3 nanoparticles (BaTiO3 NPs, 2.5 wt.% with respect to the total polymer mass), 

chemically modified with hydrophilic surface moieties (3,4-dihydroxyhydrocinnamic, HCA), 

which make them well dispersible in aqueous solutions. After moulding, the polymeric film 

was dried in vacuum overnight to remove water residuals. The optimal formulation and 

synthesis procedure were determined empirically, by qualitatively evaluating the uniaxial 

stretching of the material. The soft nanocomposites exhibited elastomeric-like properties, 

which are beneficial to enhance their electromechanical response under low frequency 

stimulations in the quasi-static regime.[257]  
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2.2.2 Methods 

Synthesis of BaTiO3 nanoparticles 

Barium titanate nanoparticles (BaTiO3 NPs) have been synthesized according to the literature 

with small modifications. [225] In a typical procedure, 938 µL of titanium tetraisopropoxide 

(900 mg, 3.17 mmol) have been dissolved under inert atmosphere in 1.5 mL of isopropanol 

at room temperature in a 5 mL round-bottomed flask 2 equipped with a magnetic stirrer. 

Then, 1 g of Ba(OH)2 ∙ 8 H2O (3.17 mmol) was added, and BaTiO3 NPs have been allowed 

to form by heating up to 80°C in 30 min and leaving the solution at 80°C for 1 h. After the 

reaction cooled down to room temperature, the obtained nanoparticles were centrifuged (15 

min at 6000 rpm) and repeatedly washed with H2O to remove solvent and by-products. 

Finally, BaTiO3 NPs have been dried under vacuum to afford a fine white powder stored 

under inert atmosphere to avoid the formation of carbonates on the surface.  

Synthesis of BaTiO3-HCA 

The reactive surface of BaTiO3 NPs has been covered with 3,4-dihydroxyhydrocinnamic acid 

(hydrocaffeic acid, HCA). 0.577 g of BaTiO3 NPs have been redispersed in 50 mL of absolute 

ethanol. In order to ensure complete disaggregation of the NPs, the suspension has been 

treated with tip-probe ultrasonicator (600 W, 70% amplitude) for 1 min. Then, 0.860 g of 

HCA have been added to the suspension, which has been further ultrasonicated for another 

1 min. Hence, the mixture has been stirred at 60°C overnight to ensure the HCA attachment. 

Purification of the final mixture is performed by repeated centrifugation (15 min at 6000 rpm) 

and wash with ethanol/water mixture (1:1) until colourless supernatant is obtained.  

Ionogel formulation and synthesis  

The polymeric matrix was composed by polyvinylpyrolidone (PVP, MW = 40000), physically 

intertwined with a chemically cross-linked polymer network, constituted by a random 

copolymer of highly hydrophilic (hydroxyethyl)methacrylate (HEMA) and acrylonitrile (AN), 

namely poly-HEMA-co-AN. The relative ratio of the compounds was set as (PVP : HEMA : 

AN = 1 : 12.7 : 8.3 wt), while the cross-linker used was ethylene glycol dimethacrylate 

(EGDMA) (5.5% wt with respect to the PVP and acrylic monomers weight). After addition 

of the ionic liquid and BaTiO3 NPs, the photoinitiator solution 

(dimethoxyphenylacetophenone, DMPA, 15% wt in ethanol) was added to the mixture (3.5% 

wt). The pre-polymer was then poured into a simple moulding constituted by two glass slides 

and a silicone spacer (1 mm thick). The radical polymerization process is then activated by 

means of UV light, generated by a Blackray B100-AP lamp (100W, 0.15 W/cm2 ).  
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2.2.3 Results 

In the present study, BaTiO3 NPs were synthesized according to the literature with small 

modifications [225] via the sol-precipitation method at atmospheric pressure and were 

obtained as a fine white powder. The as-synthesized BaTiO3 NPs showed poor dispersion 

properties in water, mostly due to aggregation induced by surface instabilities. Hence, the 

surface of the nanoparticles was coated with HCA, by exploiting the catechol functionality of 

the ligand: HCA acts both as a stabilizer and as water-dispersing agent (Figure 2.2.1). Indeed, 

after surface functionalization, the particles showed higher dispersibility in an aqueous media.  

The nanoparticles size and crystallinity are very important features to confer piezoelectric 

behaviour to polymer-based nanocomposites: [208,228,258] 

 

 

 

 

Figure 2.2.1 - Schematic representation of the synthesis of BaTiO3 NPs (top) and the ligand 
exchange reaction with HCA (bottom). 

 

 

DLS characterization  

DLS analysis of BaTiO3-HCA NPs revealed an average hydrodynamic radius of 296.1 ± 3.9 

nm, high monodispersity (PDI = 0.112 ± 0.014) and negative surface Zeta potential (- 37 

mV), confirming the presence of deprotonated carboxylic residues on the NPs surface. 

Transmission electron microscopy (TEM) revealed the presence of particles of 30−50 nm in 

size (Figure 2.2.2a), with the crystal planes clearly visible (Figure 2.2.2b).  
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XRD spectrum analysis  

The crystalline structure of the obtained NPs was confirmed by powder X-ray diffraction 

(XRD) on the dried NPs (Figure 2.2.2c). As reported in Table 2.2.1, differences in the XRD 

reflections of cubic and tetragonal phases are only related to the peak splitting observed in the 

tetragonal phase due to the decrease in crystal symmetry; hence, due to the small crystallite 

size, XRD peak broadening does not allow for the discrimination between cubic and 

tetragonal phases of BaTiO3 NPs. However, the cubic structure is only stable above the Curie 

temperature of BaTiO3 (T = 133°C) and is not piezoelectric, while the synthesized BaTiO3 

NPs have shown good piezoelectric response at room temperature, suggesting the presence 

of mainly tetragonal structures [206].  

Average crystallite size has been estimated as 20.2 nm by applying the Scherrer equation 

(Equation 2.2.1) on the most intense and resolved peaks:  

 

𝐷 = 𝑘 ∙ 𝜆 ∙ 𝛽 ∙ cos 𝜃        Equation 2.2.1 

 

 

 

 

 
 

Figure 2.2.2 - TEM images of BaTiO3−HCA NPs. (a) Small globular particles (30−50 nm) are 
grouped in bigger assemblies of 150−200 nm. (b) Detail of a particle, revealing the BaTiO3 crystal 
planes (indicated by arrows). (c) XRD pattern of BaTiO3 NPs powder. X-ray source: Cu(Kα). 



CHAPTER 2  ORGANIC ELECTRONICS 

- 116 - 

2theta (°) 
d spacing 

(Ǻ) 
Relative Intensity 

(experimental) 
Relative intensity 
(tetragonal) [259] 

Relative intensity 
(cubic) [259] 

22.26 3.994 206.4 209.3 206.6 

31.61 2.831 1000 1064.9 1057.1 

38.89 2.316 265.7 263.2 259.4 

45.17 2.007 342.8 345.2 344.7 

50.85 1.796 78.2 88 95.9 

51.17 1.785 / 10.7 / 

56.1 1.639 244.2 278.6 356.4 

56.4 1.631  79.5 / 

65.72 1.421 138.3 118 118.5 

66.03 1.415 / 39.2 59.3 

66.19 1.412 / 19.8 / 

74.67 1.217 79.6 69.5 89.7 

 
 

Table 2.2.1 - Experimental XRD reflections with the corresponding reference parameters for cubic 
and tetragonal BaTiO3  

 

 

Where D is the mean size of crystallites (nm), k is crystallite shape factor (a good 

approximation is 0.9), λ is the X-ray wavelength, 𝛽 is the full width at half maximum (FWHM) 

in radians of the X-ray diffraction peak and θ is the diffraction angle [260]. A k value of 0.94 

has been chosen as it usually applies for quasi-spherical particles. This result totally agrees with 

TEM images, which show bigger particles but crystalline domains around 20 nm. 

However, the small size of the BaTiO3 crystal domains caused XRD peaks broadening, thus 

limiting the possibility to distinguish between the cubic and the tetragonal crystalline phase, 

the latter being the most stable at room temperature. After samples preparation, the 

nanocomposites were poled at room temperature under an electric field of 3.3 kV/cm for 7 h 

in a vacuum (10−5 Torr) by clamping the materials between a pair of anticorodal aluminium 

slabs. The choice of these relatively mild polarization conditions was due to the low tolerance 

of the ionogel matrix to high-intensity electric fields and harsh temperature conditions, which 

may induce the polymer backbone degradation.[261] At the same time, we expected to obtain 

an adequate polarization of the piezoelectric material with lower coercive fields thanks to the 

presence of the ionic liquid, as previously demonstrated by Fukagawa et al.[262] A schematic 

of the obtained poled piezoionic/piezoelectric nanocomposite is reported in Figure 2.2.3a, 

along with a photograph of a typical sample. The response to mechanical stimuli of both the  
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Figure 2.2.3 - (a) Schematic representation of the poled IG/BAT-Nc (white arrows indicate the 
nanoparticles electrical dipoles) and a picture of a typical sample. (b) Schematic of the measurement 
system employed for electromechanical testing. (c) Isotropic piezoionic response of a pristine ionogel. 
(d) Anisotropic piezoionic/piezoelectric response of a poled IG/BAT-Nc (dark grey arrows indicate 
the nanoparticles electrical dipoles). 

 

 

pristine ionogel and the poled IG/BAT-Nc samples were assessed through open-circuit 

voltage measurements under a low-intensity periodical driving force, at low frequencies. A 

quasi-static method was used, employing a custom-designed measurement apparatus 

represented in Figure 2.2.3b. It operated by establishing a compressive static load to the 

sample, sandwiched between two metallic plates, and by subsequently applying an oscillating 

component to the applied force. The output signal generated by the materials was then 

recorded using a multimeter connected to the electrodes. All measurements were performed 

with a static load of 0.5 N, to guarantee electrical contact between the samples and the 
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electrodes, and a periodic force of 0.5 N. Voltage and force data were acquired in real-time at 

a sampling frequency of 300 Hz with a dedicated LabView program. 

Both ionogel and IG/BAT-Nc were tested for comparison at the frequencies of 100 mHz, 

500 mHz, and 1 Hz. In order to verify the isotropy or anisotropy of the response of the 

material, all groups of measurements were performed twice by flipping the orientation of the 

sample with respect to the direction of the normal force, as schematized in Figure 2.2.3c,d. 

Both the pristine ionogel and IG/BAT-Nc responded to low frequencies, with no frequency-

dependent output voltage in the range explored. The electrical response was, for both sample 

types, out of phase with the mechanical stimulation, with a constant lag time corresponding 

to 180 ms (Figure 2.2.4a). This delay could be ascribed to an interplay between a material 

intrinsic property (i.e., the mechanical relaxation and ionic transport dynamics) and an 

instrumental error derived from the data acquisition and communication rates between the 

multimeter and load cell. As shown by the graphs (Figure 2.2.4a), the presence of the poled 

nanoparticles enhanced the electromechanical performance of the material, allowing to reach 

a response of 8 mV under a compressive force of 0.5 N, corresponding to a pressure of 5 kPa. 

This value falls into the low-pressure range (<10 kPa, 1 kPa being roughly the sensitivity of 

the human finger), as identified in the touch sensors framework,[263] and it is adequate to 

monitor a variety of biomechanical motions, such as blood pressure changes between 

heartbeats.[264] Moreover, the poled sample showed a typical ferroelectric hysteresis,[265] not 

shown by the piezoionic gel (Figure 2.2.4b). The maximum output values reached by the 

nanocomposites were systematically higher with respect to that of the pristine ionogel for all 

of the frequencies tested when the direction of the applied compressive force was the same 

as the electrical polarization of the nanoparticles (8 mV to 7 mV against 3.5 mV to 1 mV for 

0.1 and 1 Hz, respectively). This effect was damped down when the preload was applied in 

the opposite direction, and no significant difference in the response between the samples was 

observed (3 mV to 1 mV for 0.1 and 1 Hz, respectively). This anisotropic response can be 

ascribed to the presence of the BaTiO3 NPs, which confer to the ionogel the bias directionality 

typical of ferroelectric materials. This behaviour was probably due to a cooperation between 

two mechanisms: the isotropic piezoionic effect and the anisotropic ferroelectric effect. While 

the pristine ionogel response remained almost unvaried in both amplitude and phase under 

sample switching (Figure 2.2.4c), the IG/BAT-Nc response exhibited both an anisotropic 

behaviour (phase inversion) and an amplitude modulation (Figure 2.2.4d). The piezoionic 

and piezoelectric contributions showed the same phase in one configuration (the directions 

of preload and polarization are parallel) and an opposite phase when the sample was flipped  
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Figure 2.2.4 - (a) IG/BAT-Nc response at 0.1 (left), 0.5 (middle), and 1 Hz (right). (b) Hysteresis 
loop of pristine ionogel and IG/BAT-Nc, the latter showing the typical ferroelectric behaviour. (c) 
Pristine ionogel and IG/BAT-Nc response at 0.5 Hz. (d) Anisotropic response of the IG/BAT-Nc at 
0.5 Hz, observed by flipping the sample with respect to the normal force direction.  
 

 

with respect to the applied force (the directions of preload and polarization are antiparallel), 

causing the observed amplitude modulation. This remarkable feature is particularly interesting 

for applications in discriminative touch sensing and objects localization in physically 

unstructured environments.[266–269] In fact, ionic gels and ionogel-based materials are 

isotropic systems that allow to identify only the direction of the applied force by measuring 

the generated bias, despite the sample orientation.[240,241,270] On the other hand, the 

nanocomposite developed in the present work enables to discriminate the sensing element 

orientation with respect to the applied force, exploiting the anisotropy induced by the 

combination of the piezoionic and piezoelectric effect. The electromechanical stability of the 

materials was assessed through cyclic measurements using the same experimental apparatus. 
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Figure 2.2.5 - (a) Schematization of a typical SCBD apparatus and nanoparticles deposition 
procedure to fabricated cluster-assembled thin electrodes, integrated into IG/BAT-Nc. (b) Static 
measurements to qualitatively evaluate the piezo-response of a bare IG/BAT-Nc (top) and an 
IG/BAT-Nc provided with gold nanostructured electrodes (bottom). (c) Output voltage of the 
IG/BAT-NC subjected to a compressive load of 5 N in with (left) and without (right) the SCBD 
electrodes (left). (d) Finger tapping tests performed on an IG/BAT-Nc sample provided with 
integrated gold electrodes. 

 

 

The samples showed good signal stability for over 20000 cycles (more than 15 h of operation), 

preserving their responsive behaviour for several months after fabrication. In order to 

enhance the efficacy of the electro-mechanical conversion of the IG/BAT-Nc, the poled 

materials were provided with monolithically integrated nanostructured electrodes, fabricated 

by SCBD of gold nanoparticles (Figure 2.2.5a). Details on the operational principle of SCBD 

can be found elsewhere.[251] The use of SCBD allowed obtaining large surface area 

electrodes, physically interpenetrating with the polymer, which morphology (Figure 2.2.6) 

dramatically increases the electrode/piezo−polymer interface area. [254,270] This was 

expected in turn to significantly increase the charge collection and transportation in response 

to the application of compressive loads. Electrical resistance of about 100 Ohm/cm was 

reached at a thickness of the deposited gold layer corresponding to 150 nm. The feasibility of 

the approach was preliminary assessed through a static measurement, performed by manually 

applying compressive loads at the sample. This was sandwiched between the two planar charge 

collectors previously employed. The load was applied by regulating the micrometric screw 

controlling the dynamometer motion using the apparatus described above. For comparison, 

an IG/BAT-Nc without the integrated electrodes was tested in the same conditions. The 

output voltage was measured by using a charge amplifier, elaborating the signal acquired from 
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the charge collectors using a classical circuit layout such as the one reported in the 

literature.[255] Due to variations of the input resistance introduced by the presence of the ion-

conductive ionogel, the voltage output is affected by an undetermined gain factor. Therefore, 

the measurements readout had merely a qualitative and comparative meaning in order to 

investigate on the effect of the cluster-assembled electrodes on the nanocomposite response. 

The static tests showed a significant difference in the response between the bare IG/BAT-Nc 

(Figure 2.2.5b, top) and the same material provided with the integrated electrodes (Figure 

2.2.5b, bottom). In fact, the nanocomposite having gold nanostructured electrodes required 

the application of a compressive load equal to one tenth of that applied to the bare material 

in order to reach the same output response. This increased sensitivity is related to the presence 

of the integrated electrodes, which probably both enhanced the charge accumulation at the 

nanocomposite/metal interface and favoured the electrical contact between the sample and 

the charge collectors, decreasing the overall charge dispersion. This enhanced response was 

also confirmed by subjecting the samples to the same compressive load and by recording the 

output voltage, as shown in Figure 2.2.5c. A further assessment of the suitability of the SCBD 

approach was carried out by performing finger tapping measurements to obtain quantitative 

operative voltage values of the integrated electrodes conversion efficiency, which resulted up 

to 40 mV for compressive stresses of about 10 kPa (Figure 2.2.5d). In conclusion, we 

demonstrated the fabrication and electro-mechanical characterization of a novel 

piezoionic/piezoelectric polymeric nanocomposite material based on a chemically cross-

linked ionogel with BaTiO3 NPs. The composite responded to low frequency (0.1−1 Hz) 

mechanical compressive stresses in the low pressure regime (<10 kPa), generating output 

voltages up to 8 mV. The combination of the piezoionic and piezoelectric activity resulted in 

an anisotropic electrical response to quasistatic mechanical perturbations, enabling to 

discriminate the sample orientation with respect to the load direction by monitoring the phase 

and amplitude modulation of the output signal. The fabrication of cluster-assembled gold 

electrodes produced by SCBD was also assessed. This resulted in an enhancement of the 

charge accumulation efficiency by a factor of 10, compared to the bare material, as 

demonstrated by static electro-mechanical tests. Our results suggest that the presented 

piezoionic/piezoelectric nanocomposites constitute an interesting solution for the 

development of smart devices for discriminative touch sensing and objects localization in 

physically unstructured environments for soft robotics and wearable electronics applications. 
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Figure 2.2.6 - SEM imaging of the ionogel/BaTiO3 nanocomposite provided with nanostructures 
gold electrodes produced by mean of SCBD. A top view of the electrode is reported on top, while a 
cross-section of the material, highlighting the morphology of the ionogel/BaTiO3 nanocomposite, is 
shown at the middle row of the panel. Details of the electrode morphology in the cross-sectional view 
are reported at the bottom. 
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2.3 Piezoelectric properties of lipophilic BaTiO3 nanoparticles in 

stretchable PDMS matrix 
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2.3.1 Introduction 

As discuss in detail in Chapter 2.2, barium titanate represents one of the best candidates for 

ceramic-based nanocomposites thanks to its good piezoelectric response and reduced toxicity. 

In this case, a simpler nanocomposite is simply prepared by dispersing lipophilic nanocrystals 

in PDMS matrices. The nanocomposite will be therefore fully characterized to quantitatively 

describe its piezoelectric behaviour. As anticipated in the previous sections, the poling 

procedure is to align the electrical dipoles within the ferroelectric domains of the nanoparticles 

and among different nanoparticles, enhancing the piezoelectric effect [271]. In order to 

efficiently align the dipoles and the ferroelectric domains, a common procedure is to heat the 

material over its Curie temperature, and let it cool down under the action of an external 

electrical field (field-cooling). 

The measure of piezoelectricity presents many challenges and technical issues, caused mainly 

by the lack of a standard and universally recognized method. The lack of a standard method 

results in a non-uniformity in how the results are presented in literature. Most of the work 

presented in literature report operative values of voltage and current as the piezoelectric 

output effect, usually without a detailed explanation of the method used to obtain them. Only 

for few piezocomposites the value of the piezoelectric coefficient is presented, usually 

measured with a commercial system operating at a single frequency and with a single pre-load. 

In this work the piezoelectric performance of the nanocomposites was measured using an 

instrument developed in CIMaINa laboratories in order to overcome some of these problems. 

The instrument is designed to operate in a quasi-static or dynamic regime, in the way of the 

Berlincourt technique [272]. A vertical oscillating force is applied perpendicularly to the 

sample and measured with a force sensor while the output charge is collected and measured 

with a dedicated electronic circuit. The system allows to select the stimuli frequency and the 

dynamic force programmatically, allowing to make multiple measurements, and the pre-load 

can be selected manually. This allows to reproduce the measurement protocol in a very simple 

way by defining a measurement protocol.  
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2.3.2 Methods 

Synthesis of dopamine dodecyl amide (DDA) 

In a 500 mL round-bottomed flask equipped with a magnetic stirrer and under nitrogen flow, 

2.49 g (13.2 mmol) of dopamine hydrochloride are dispersed in 100 mL of dry THF, then 4.5 

mL of triethylamine (32.3 mmol) are added leading to the dissolution of dopamine. The 

mixture is cooled to 0°C with an ice bath and a solution of lauryl chloride (3.00 mL, 13.0 

mmol) in 150 mL of dry THF is added dropwise in 3 hours. After complete addition of the 

acyl chloride, the mixture is stirred at room temperature for 45 minutes then 25 mL of water 

are added to ensure the dissolution of the precipitated triethylammonium chloride, the organic 

solvent is removed by rotary evaporation and the aqueous phase is extracted 3 times with ethyl 

acetate. The organic phase is then dried over dry Na2SO4 and concentrated under reduced 

pressure to afford DDA as a white solid. Yield = 85%. The product underwent NMR and 

ESI-MS analysis to assess purity and to confirm the structure (Figure 2.3.1). 

1H NMR (600 MHz, CDCl3) δ = 6.77 (d, J = 8.0 Hz, 1H), 6.70 (d, J = 2.0 Hz, 1H), 6.51 (dd, 

J = 8.0, 2.0 Hz, 1H), 5.67 (t, J = 6.0 Hz, 1H), 3.45 (t, J = 7.0 Hz, 2H), 2.66 (t, J = 7.0 Hz, 2H), 

2.13 (t, J = 7.0 Hz, 2H), 1.56 (m, 2H), 1.22 (bs, 16H), 0.85 (t, J = 7.0 Hz, 3H). 

13C-NMR (75 MHz, CDCl3): δ = 14.10, 22.67, 24.80 25.7, 29.18, 29.28, 29.32, 29.45, 29.59, 

31.9, 34.8, 36.8, 41.0, 115.2, 115.5, 120.4, 130.4, 143.2, 144.4, 174.7.  

ESI-MS [M+Na] = 358 
 

 

 

 

Figure 2.3.1 – Reaction scheme for the synthesis of the lipophilic DDA ligand and 1H-NMR 
spectrum of the ligand. 
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Ligand exchange on BaTiO3 NPs surface 

The reactive surface of BaTiO3 NPs has been covered with dopamine dodecylamide (DDA) 

by exploiting the catechol functionality of the ligand. In a 250 mL beaker, 0.577 g of BaTiO3 

NPs have been redispersed in 50 mL of absolute ethanol. In order to ensure complete 

disaggregation of the NPs, the suspension has been treated with tip-probe sonicator (70% 

amplitude) for 1 min. Then, 1.15 g of DDA have been added to the suspension, which has 

been further ultrasonicated for another 1 min. Hence, the mixture has been placed in a 100 

mL round-bottomed flask and stirred at 60°C overnight to ensure the ligand exchange. 

Purification of the final mixture is performed by repeated centrifugation (15 min at 6000 rpm) 

and wash with ethanol two times then with hexane until colourless supernatant is obtained. 

Finally, the obtained BaTiO3-DDA NPs have been collected in 5 mL of hexane, leading to a 

uniform brown suspension of NPs. After ligand exchange reaction, the particles showed 

dispersibility in organic solvents such as chloroform, dichloromethane and THF.  

Electron microscopy analysis 

The solution is drop casted a perforated carbon film supported by a copper grid. The 

preparation was then dried at 100 °C. The Transmission Electron analyses were performed 

with a FEI TECNAI F20 microscope operating at 200 keV. The instrument is also equipped 

with a dispersion micro-analysis of energy (EDS) and the STEM accessory. The TEM image 

were taken in the phase contrast mode and Selected Area electron diffraction (SAED). STEM 

pictures were recorded using an High Angle Annular Dark Field  (HAADF) detectors: in this 

imaging mode the intensity I is proportional to Z1.7t , where Z is the mean atomic number and 

t is the thickness of the specimen 

Nanocomposite synthesis 

One of the most used polymeric matrixes to embed piezoelectric particles is 

polydimethylsiloxane (PDMS), a silicone-based organic polymer. PDMS is particularly 

convenient for several applications because it is hydrophobic, permeable to gases, 

physiologically inert and thermally stable. Moreover, it has good mechanical properties, such 

as high stretchability and deformability, it is optically transparent and a good dielectric [273]. 

Those characteristics make it suitable for a wide range of applications. PDMS’ mechanical 

properties (e.g. stiffness) can be tuned during the fabrication process, and its piezoelectric 

properties are determined by the loading of piezoelectric particles and the poling process. For 

all of these characteristics PDMS has been widely used for piezoelectric nanocomposites 

development [274]. In order to achieve a uniform distribution of BaTiO3-DDA nanoparticles 

inside the PDMS matrix, a common organic solvent was used to dissolve the elastomer base 
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and to disperse the nanoparticles, and the two solutions were mechanically stirred together. 

After the complete evaporation of the solvent, when the nanoparticles are well dispersed in 

the PDMS base, the curing agent is added and mechanically stirred with the PDM-nanoparticle 

dispersion [275]. The fabrication procedure followed is reported below:  

1. The silicon elastomer base is dissolved in chloroform, and the solution is mechanically 

stirred for 30 minutes. 

2. The chosen quantity of nanoparticles is dispersed in chloroform. The mixture is 

mechanically stirred for 30 minutes. 

3. The solution of silicon elastomer base and the nanoparticles dispersion is mixed and 

stirred for 20 minutes with the help of a magnetic anchor. 

4. The solution is heated at 60°C in order to speed up the solvent evaporation process. The 

complete evaporation of chloroform leaves the BaTiO3-DDA nanoparticles dispersed in 

the polymer base. 

5. The curing agent is added, and the mixture is mechanically stirred for other 20 minutes. 

6. The obtained mixture is degassed and poured in a prepared mould. 

7. The mould is degassed in a vacuum chamber in order to eliminate air bubbles trapped in 

the mixture during the previous phases and other bubbles originated from the roughness 

of the mould. 

8. The material is cured at 150°C for 2.5 hours in a pre-heated oven. 

The resulting material (Figure 2.3.2) is a flexible and elastic solid, and it was cut into 16mm-

diameter discs. Table 2.3.1 reports the quantities of the compounds used to fabricate 70 x 60 

x 0.6 mm samples at different loadings of nanoparticles. 

 

 

 

Loading 
(wt.%) 

Silicone 
elastomer 

base 

Curing 
agent 

BaTiO3-DDA 
NPs 

Chloroform 

0% 3.2 g 320 mg 0 mg 18 mL 

5% 3.2 g 320 mg 175 mg 18 mL 

10% 3.2 g 320 mg 350 mg 18 mL 

15% 3.2 g 320 mg 525 mg 18 mL 

20% 3.2 g 320 mg 700 mg 18 mL 

 

Table 2.3.1 - Compounds and relative quantities used in the nanocomposite fabrication process. 
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Figure 2.3.2 - The PDMS-BaTiO3-DDA nanocomposite is a free-standing, flexible and elastic solid.  

 

 

Poling 

A schematic representation and a picture of the setup needed for the poling procedure is 

shown in Figure 2.3.3. 

The poling procedure is the following: 

1. The samples are placed between two metal plates, forming a plane capacitor in contact 

with both sides of the samples. 

2. The plates are heated at 130°C through resistive heaters.  

3. Once the plates reach the temperature, a voltage difference of 1.2kV is imposed between 

the two plates, generating an electrical field of 20kV/cm. The system is kept in this 

configuration for 2 hours. 

4. The temperature is slowly decreased from 130°C to 110°C, under the electrical field 

mentioned before. This first cooling phase takes two hours. 

5. The heaters are turned off, and the samples cool from 110°C to room temperature under 

the effect of the electrical field. This second cooling phase takes another 2 hours. 

6. The electrical field is turned off. 

In order to prevent ionization discharges in air the whole process is performed inside a 

vacuum chamber at the pressure of 3 ∙ 10−5𝑏𝑎𝑟.  

Electrodes 

For polymeric nanocomposites the choice of the electrodes is an essential aspect to be 

addressed during the fabrication process. Since piezoelectricity is an electro-mechanical effect, 

coupling adhesion and compliance between the polymeric nanocomposite and the electrode 

is pivotal to enhance the material response. The PDMS-BaTiO3 nanocomposites were 

equipped with monolithically integrated nanostructured electrodes, fabricated by means of 

supersonic cluster beam deposition (SCBD) [251,252,276].  
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Figure 2.3.3 - Poling schematic representation (a) and experimental set-up (b). 

 

 

This technique is based on the implantation of neutral metal nanoclusters, accelerated by a 

supersonic aerodynamical flow using a carrier gas, into the polymer matrix. The deposition 

takes place at room temperature and low energy. This avoids thermal or chemical damage of  

the samples. As a result, this leads to the formation of large surface area nanostructured 

electrodes with controlled morphology at the nanoscale, which is a salient feature to promote 

an effective charge accumulation. The electrodes deposited with this technique are excellently 

adherent to the polymer matrix and do not significantly alter the mechanical properties of the 

nanocomposite. A schematic of the apparatus is reported below (FigureError! Reference 

source not found. 2.3.4). 

The electrical conductivity of the layer, with typical thickness from few tens to few hundreds 

of nanometres, is a function of the number of clusters deposited and therefore of the film  

 

 

 

Figure 2.3.4 - Supersonic cluster beam deposition schematic. This technique allows to implant 
metallic neutral nanoparticles on a polymeric surface by means of a supersonically accelerated carrier 
gas. 

a) b) 
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Figure 1.3.5 - a) Evolution of the gold nanocomposite sheet resistance with deposited thickness. b) 
The PDMS-BaTiO3-DDA/Au nanocomposite is still a flexible and free-standing material. The 
nanostructured electrodes fabricated with this technique maintain the base material flexibility and 
stretchability without compromising their electrical properties. 

 

 

 

thickness. It is possible to monitor the electrical transport properties of the metal film during  

the deposition process by an in-situ measure of the layer resistance versus the deposited 

thickness. Gold nanostructured electrodes were deposited with this technique on the 

PDMS/BaTiO3-DDA samples A resistance of about 100 Ω was reached at a thickness of the 

gold layer corresponding to 320 Ω, and was maintained stable until the final thickness of 450 

nm. The resistance evolution can be observed in Figure 1.3.5. The thickness of the gold layer 

was measured using as a reference the gold nanoparticles deposited on a reference sensor.  

a) 

b) 
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The penetration depth of SCBD-deposited gold electrodes does not strictly depend on the 

deposition time, but on other deposition conditions such as the deposition rate (number of 

clusters that impact the substrate surface at a given time) and other experimental parameters 

such as pressure and frequency on nanocluster production, i.e., their kinetic energy at the 

impact. [277] The penetration depth  

 

Piezoelectricity assessment 

Due to sensitivity issues these systems are usually employed to measure the piezoelectric 

coefficients of PVDF-based nanocomposites [271] or piezoelectrects, namely voided charged 

polymers [228], which have a high piezoelectric constant, even though they lack in thermal 

stability, they age at high deformations and they don’t show any longitudinal piezoelectric 

effect [278–281]. There is only one case of a measure of d33 concerning a piezoelectric 

nanocomposite with a polymeric base different than PVDF [255], where the measure was 

performed applying specific loads orthogonal to the substrate, and the charge was measured 

using an in-home built electrical conditioning circuit.  

Measurement method 

For the measurements presented here the following protocol was implemented:  

1. A 5 N pre-load force is imposed manually. 

2. For every frequency in the selected range are imposed a sequence of oscillating stimuli 

with increasing dynamic force, and the charge response of the material is collected 

through a couple of electrodes. 

3. d33(f) is calculated as the slope of the force-charge curve. 

4. This cycle can be repeated as many times needed in order to investigate the piezoelectric 

effect stability. 

In order to obtain quantitative results, the electronic circuit was calibrated using controlled 

input signals, and the whole system was validated measuring the piezoelectric coefficient 

spectrum of a known sample, i.e., a commercial PVDF membrane (©Precision Acoustics, 

thickness 110𝜇𝑚). The system has a sensibility of 1 pC/N and can measure piezoelectric 

coefficients in the range 1 pC/N – 500 pC/N for frequencies between 100 Hz and 1200 Hz 

(Figure 2.3.6). 
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2.3.3 Results 

Barium titanate nanoparticles were synthesized by the sol-gel method published by Yoon et 

al. and described in Chapter 2.2. [225]  

The crystal structure of the prepared nanopowder was assessed by powder XRD giving 

identical results to the ones reported in Chapter 2.2, therefore they are not repeated here for 

conciseness.  

Lipophilic BaTiO3 nanoparticles 

After ligand exchange reaction (Figure 2.3.6) the BaTiO3-DDA nanosystem showed good 

dispersibility and colloidal stability in organic solvents such as hexane, chloroform and THF, 

revealing the effectiveness of the surface modification with the synthetic catechol ligand.  

 

 

  

 
 

Figure 2.3.6 – Top: reaction scheme for the of lipophilic barium titanate nanoparticles by coating 
with dopamine dodecyl amide (DDA). Bottom: optical camera picture demonstrating the efficient 
stabilization of BaTiO3-DDA nanoparticles in chloroform. While pristine BaTiO3 nanoparticles (left) 
are efficiently dispersed in the upper aqueous phase and do not diffuse into the lower organic layer, 
lipophilic BaTiO3-DDA nanoparticles show better dispersibility and inverse solubility properties.  
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Figure 2.3.7 – TEM (top) and STEM (bottom) images of the prepared BaTiO3-DDA. The organic 
coating is visible in TEM mode as casing the ceramic cores.  
 

 

The obtained nanosystem was therefore deeply studied by TEM analysis which first revealed 

the presence of crystallites having a size between 20 and 50 nm (Figure 2.3.7). The organic 

coating was also visible from TEM images as a thin layer that wraps the surface of the entire 

nanoparticles. Moreover, selected-area electron diffraction (SAED) analysis was performed 

over a 200 nm2 area of the sample, revealing some crystal plane reflections (Figure 2.3.8). 

Then, by software manipulation of the SAED pattern, it was possible to extract a pseudo-

diffraction spectrum where the x-axis is attributed to the reciprocal of the distance between 

crystal planes. The contribution from the amorphous organic coating can be assigned to the 

diffuse light from the centre of the SAED pattern while the clear spots represent well-distinct 

crystal plane reflections. At this point, the position and relative intensities of the SAED 

diffraction peaks were extracted from the pseudo-diffractogram and compared to the 

literature values for tetragonal BaTiO3 reflections, giving a good degree of match between the 

two. As expected from what was obtained in the previous Chapter in the powder XRD analysis  
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Figure 2.3.8 – TEM analysis. Top: selected-area electron diffraction (SAED) pattern of a 
crystalline BaTiO3 nanoparticle. Bottom: integrated spectrum revealing main diffraction peaks 
obtained by the SAED analysis. 
 

 

of lipophilic BaTiO3, the small crystallite size does not allow for the analytical determination 

of the degree of tetragonality of the prepared nanopowder. However, the good piezoelectric 

properties that will be shown next reveal good piezoelectric response (and thus high 

tetragonality) of the nanopowder. Finally, the elementary chemical composition of the 

nanopowder was assessed by energy-dispersive x-ray spectroscopy (EDX) (Figure 2.3.9). The 

irradiation of the sample by high-energy electron cause for the formation of inner electron 

vacancies in the specimen atoms, which then relax emitting characteristic x-ray lines that can 

be unambiguously attributed to the element that generated them. The Ba and O peaks are 

displayed. The Ti K-peak is superimposed on the Ba L-lines, but it is possible to confirm the 

presence of titanium by observing the presence of the Ti L-line to the left of the oxygen peak, 

just above the background. The Cu characteristic line are due to the support grid. 
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Figure 2.3.9 – Energy-dispersive x-ray spectroscopy (EDX) of the region highlighted by the 
yellow box in the upper STEM image. Tabulated spectral lines for barium (pink), titanium 
(blue) and oxygen (green) are reported for comparison.  

 

BaTiO3-DDA nanocomposites 

In order to characterize the nanocomposite’ piezoelectric performance samples at 4 different 

BaTiO3-DDA loading (5%, 10%, 15% and 20% in weight) were produced and tested (Figure 

2.3.10). A pristine PDMS sample was used as a reference, in order to recognize eventual 

additional contributions to the electro-mechanical effect different than the piezoelectric one 

[282], for example, the triboelectric effect [283], electrostriction [284] or dielectric charging 

[278]. All the samples were poled with the same procedure, except for control samples that 

were not poled in order to assess the poling effect on the piezoelectric performance of the 

nanocomposite. 
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Figure 2.3.10 - Piezoelectric spectra of PDMS-BaTiO3-DDA nanocomposites measured in the two 
configurations (same side facing up, in red, and down, in orange), and the nanocomposites with the 
nanostructured gold electrodes (in green). The 600 Hz peak is an instrumental resonance, it does not 
give information about the piezoelectric behaviour of the nanocomposites. For the lowest loadings 
(0% and 5%) the test with SCBD-deposited gold electrodes was not performed.  



CHAPTER 2  ORGANIC ELECTRONICS 

- 136 - 

Stability  

In order to investigate the long-term stability of the piezoelectric effect in these samples 

multiple-cycle measurements were performed. In Figure 2.3.11 are shown 10- cycle 

measurements for the same sample before and after the poling procedure. As can be observed 

from the graphs even before the poling procedure the nanocomposite exhibits a piezoelectric 

behaviour, but the effect is not stable, and the piezoelectric coefficient shows a 92% loss 

between the 1st and the 10th cycle. On the other hand, the poled sample’s response is stable 

over the 10 cycles, displaying a maximum d33 variation of ±5% , depending on the tested 

sample. Stability of the piezoelectric response was further assessed over 100 cycles, showing 

stable output values (Figure 2.3.12) 

 

 

 

 

Figure 2.3.11 - Performance loss over 10 cycles for the same sample before and after poling. During 
these cycles there is a 92% loss of the piezoelectric coefficient averaged across the different frequencies 
(excluding the peak between 400 Hz and 700 Hz). The measure is compared to an identical one done 
on the same sample gone through the poling process. 
 

 

BaTiO3-DDA 15%wt., not poled 

BaTiO3-DDA 15%wt., poled 
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Figure 2.3.12 - A 100-cycle measurement over a poled sample. The measurement lasted more than 
24 hours of uninterrupted mechanical stimulation. As can be observed in the graph on the right the 
piezoelectric response was not significantly reduced over this span of time.  
resonances influence the measures. 

 

Piezoelectric coefficients 

In order to identify a unique piezoelectric coefficient to investigate its dependence from the 

nanoparticle loading and the aging or fatigue effect after a long number of cycles an average 

was performed between the values found at frequencies outside the interval 400Hz-700Hz, 

which is the frequency interval where most of the electro-mechanical crosstalk and system. 

Figure 2.3.13 sums up the results of these averages over a 4-cycle measurement and reports 

the averaged d33 percentual loss from the first to the fourth cycle as a stability evaluation. 

Piezoelectric charge coefficients calculated averaging the piezoelectric response between the 

different frequencies, excluding the interval 400-700Hz where the response is highly 

influenced by the system resonances.  

As can be observed in Figure 2.3.13 the piezoelectric coefficient increases with the 

nanoparticle loading in one of the two configurations, while it has a different behaviour in the 

other configuration. This could be ascribed to a structural anisotropy, which could be both 

originated by nanoparticle dispersion inside the polymer matrix and to a non-uniform poling.  

The nanostructured electrodes do not significantly alter the piezoelectric performance of the 

nanocomposites; in fact, they diminish it by a small factor 1,2 ÷ 1,5. This occurs due to the 

morphology of the nanostructured layer, which is compliant with the polymeric matrix: in the 

compression configuration of the characterization instrument the nanostructured electrode is 

not only compressed, but also stretched in the longitudinal direction, increasing its sheet 

resistance and dispersing part of the electrical charge generated by the nanocomposite. The 

nanostructured gold electrodes are particularly promising for free-standing applications since 

they allow to collect and transport the generated charges without limiting the nanocomposite 

flexibility and stretchability. 
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Loading 
(wt.%) 

Electrode 
d33↑ 

(pC/N) 
d33↓  

(pC/N) 
Stability 

0% - 0.6 1.8 -80% 

5% - 1.2 1.4 -20% 

10% - 2.5 4.8 -1% 

15% - 2.0 4.0 -2% 

20% - 5.3 3.1 -1% 

10% 450 nm - 4.0 -18% 

15% 450 nm - 2.5 -18% 

20% 450 nm - 2.8 -22% 

 

 
 

Figure 2.3.13 - Averaged piezoelectric coefficient as a function of nanoparticles’ loading for both 
pristine nanocomposites and nanocomposites with electrodes. 

 

 

In order to compare this nanocomposite with the results obtained in literature some open-

circuit voltage measurements were conducted using the same experimental set-up and 

protocol of the previous measures, simply connecting the electrodes directly to ad ADC 

converter, with an input impedance of 20 MΩ. The results can be observed in Figure 2.3.14.  

Except for some mechanical resonances the samples exhibited a piezoelectric linear response 

between 50 and 200 𝑚𝑉/𝑁 depending on the stimuli frequency, with higher responses at 

lower frequencies (20 Hz). The voltage response of the sample is not significantly influenced 

by the sample loading, and is comparable to the ones found in literature for similar 

nanocomposites [228].  
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Figure 2.3.14 - Open circuit voltage measurements at different frequencies for nanocomposites at 

different particle loading in both orientation configurations.  
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The obtained maximum piezoelectric coefficient for the nanocomposites presented is 5.3 

pC/N. This value is not very high when compared with pure PZT (270 – 310 pC/N, [285]) 

or PVDF (10-30 pC/N), but they give comparable results with other BaTiO3-based ceramic 

nanocomposites such as gelatine-hyaluronic acid nanocomposites used for bone tissue 

engineering applications (0.5 – 4.5 pC/N, [286]) but much higher than other reported d33 

values for BaTiO3 nanocomposites (0.2 – 1.2 pC/N). [287] 

The drawbacks of using low response piezoelectrics are often shadowed by the versatility of 

nanocomposites and their tuneable mechanical properties that make nanocomposite-based 

piezoelectrics a valuable alternative to rigid lead-based ceramics in the field of mechanical 

waves sensing.  
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2.4 Synthesis and stabilization of ultrathin gold nanowires (AuNWs) in 

PDMS for applications as stretchable motion sensors for wearable 

electronics 

Maturi, M.; Comes Franchini, M.; Bonfiglio, A. ♪ et al. Preliminary results 

♪ Departmentof Electric and Electronic Engineering, Università di Cagliari (Italy) 

 

 

 

 

2.4.1 Introduction 

As already discussed in the introduction of this chapter, conductive metal nanostructures 

represent promising candidates for the preparation of conductive nanocomposites for organic 

electronics. Their very high aspect ratios (>1000) allow them to form interconnected 

conductive networks with very low loadings. However, such high aspect ratio also makes them 

extremely unstable and causing them to collapse into nanospheres quite easily.  

In this preliminary work, we describe the surface stabilization of ultrathin gold nanowires 

(AuNWs) for the manufacturing of strain sensors when formulated in polydimethylsiloxane 

(PDMS) matrices. The surface-modified AuNWs demonstrated prolonged stability when 

compared to as-synthesized AuNWs and the formulated nanocomposites showed a good 

response when explored as capacitive strain sensors Preliminary results presented in this 

chapter will show that a preferential concentration of AuNWs will enable a linear impedance 

variation with the strain of spin-coated thin PDMS films, with a sensitivity of about 0.1% 

impedance variation per point of strain. 

What we will present is a completely reversible (when strain is removed the initial impedance 

value is restored) and reproducible (the same impedance variation was obtained in different 

measurement for the same strain applied) device. 
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2.4.2 Methods 

Synthesis of ethyl 11-(4-mercaptobenzammido) undecanoate (T11, 1) 

The thiolated ligand has been prepared as previously reported. [117] Effectiveness of the 

chemical synthesis has been verified by 1H-NMR (Figure 2.4.2). 

Synthesis of AuNWs@Oleylamine 

Oleylamine-coated ultrathin gold nanowires (AuNWs@Oleylamine) have been prepared on 

the basis of the procedure developed by Feng et al. in 2009, with small modifications[288]. 

Typically, 174 mg of hydrogen tetrachloroaurate (III) trihydrate (HAuCl4 • 3H2O) were 

dissolved in 55 mL of hexane by addition of 10 mL of oleylamine under magnetic stirring at 

30°C. Reduction of the metal precursor salt was performed by adding 8.5 mL of triisopropyl 

silane (TIPS) to the Au(III)-oleylamine complex. The mixture has been stirred for a few 

seconds then left undisturbed for 3 days at 30°C. Purification of the nanostructures was 

performed by precipitation with ethanol and centrifugation (6 krpm, 10 min). The obtained 

pellet was then dissolved in 200 mL of THF to undergo ligand exchange. 

Ligand Exchange Reaction 

To remove oleylamine from the surface of AuNWs and to replace with a much stronger 

surface stabilizing agent such as T11, AuNWs@Oleylamine in THF were added dropwise to 

a solution of 500 mg of T11 in 200 mL of THF. Ligand exchange was performed by stirring 

the mixture at room temperature for 24 h, then purified by repeated precipitation with a 1:1 

H2O/EtOH mixture, centrifugation (6 krpm, 10 min) and redissolution in the minimum 

amount of THF. After three purification cycles, the centrifugated pellet was dissolved in 

chloroform, which was then dried over anhydrous Na2SO4 and filtered. The solvent has been 

partially evaporated by rotary evaporation to achieve a final volume of 10 mL.  

Manufacturing of AuNWs-PDMS nanocomposite thin films 

For making elastic thin films SYLGARD-184 elastomer kit was used. It is composed of two 

liquid mixtures (solutions A and B) that polymerize once mixed in a 10:1 ratio and cured for 

a certain amount of time. A predetermined volume of AgNRopes-1 in chloroform was added 

to and mixed thoroughly with a known amount of solution A, then the solvent is removed by 

rotary evaporation and solution B is added and mixed well. After degassing the mixtures to 

remove air bubbles by applying high vacuum, the mixtures have been spin-coated on 90 mm 

PP Petri dishes at 1000 rpm for 20 s. In this way, elastomer films containing gold as AuNWs 

ranging from 0.015% to 0.08% of Au have been prepared.  

 



CHAPTER 2  ORGANIC ELECTRONICS 

 
- 143 - 

2.4.3 Results 

Gold nanowires have been synthesized according to the procedure reported by Feng et al. but 

in more concentrated conditions. [288] This allowed for a reduction of the total reaction 

volume without any variation in the quality of the prepared nanostructure or in the yield, 

which was measured via atomic absorption spectroscopy (AAS) to be as high as 67%.  

Oleylamine-coated AuNWs are intrinsically unstable due to their extreme surface-to-volume 

ratio. The weak Au-N interaction is not strong enough to prevent the rearrangement of gold 

atoms into rounder structures, therefore nanowires in solution hardly keep their shape over 

time at room temperature, even in presence of high concentrations of free oleylamine in 

solution. Therefore, in order to increase the surface stability of ultrathin gold nanowires, 

oleylamine needs to be replaced with a thiolated ligand, which is able to reduce the surface 

energy of AuNWs thanks to the high Au-S bond energy. For this purpose, we decided to 

exploit the thiolated ligand 1, ethyl 11-(4-mercaptobenzamido) undecanoate (T11), which has 

demonstrated to be able to efficiently form lipophilic self-assembled monolayers (SAMs) onto 

gold surfaces thanks to its ability to establish hydrogen bonds, π-stacking and Van der Waals 

interactions (Figure 2.4.1). [117]  

The effectiveness of the ligand exchange was confirmed by 1H-NMR, which revealed 

complete replacement of oleylamine with T11 (Figure 2.4.2). No residual oleylamine peak 

can be noticed in the 1H-NMR spectrum of AuNWs@T11, as it clearly showed only signals 

related to T11. The effects of the thiol binding onto the gold surface are reflected in the NMR  

 

 

  

 
Figure 2.4.1 - Ligand exchange reaction. Since the interaction of gold with sulphur is much stronger 
than that with nitrogen, oleylamine is easily replaced. The SAM is formed by π-stacking interactions 
between the aromatic rings, H-bonding between the adjacent amide groups and Van der Waals 
attractive interactions between the long aliphatic chains of the ligand. 
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Figure 2.4.2. - 1H-NMR spectra (400 MHz, CDCl3) of oleylamine, AuNWs@oleylamine, T11 and 
AuNWs@T11. 
 

 

 

 



CHAPTER 2  ORGANIC ELECTRONICS 

 
- 145 - 

spectrum of the bound ligand; as expected, the SH proton signal of T11 (at 3.55 ppm) 

disappears after ligand exchange, and the also the aromatic signals get deshielded due to the 

electron attracting features of the Au surface. A similar effect can also be seen by comparing 

free oleylamine and its monolayer on the gold surface, but in a lower extent due to the weaker 

interaction between gold and nitrogen.  

The prepared nanostructure was characterized via TEM, which revealed the successful 

preparation of gold nanowires with an average diameter of 2 nm and length up to 5 µm 

(Figure 2.4.3). The nanostructure demonstrated to be unstable when exposed to the 200 keV 

electron beam of the microscope, which lead to a fragmentation of the nanowires over time 

during the analysis (Figure 2.4.4). For this reason, AuNWs appear to be broken in multiple 

locations, but we can reasonably presume that this phenomenon only happens under exposure 

of TEM electron beam.  

 

 

 

Figure 2.4.3 - TEM images of AuNWs@T11. Nanowires appear to be fragmented under high 
magnification, but this is due to the highly focused electron beam damaging the thin nanostructure. 
 



CHAPTER 2  ORGANIC ELECTRONICS 

 
- 146 - 

 

Figure 2.4.4 - Instability of AuNWs under TEM electron beam. The same region of the sample grid 
was imaged at high magnification repeatedly over a short period of time, clearly showing the 
progressive fragmentation of AuNWs over time, when exposed to the high-energy electron beam. 
Scale bar: 5 nm 

 

 

The surface stabilization of AuNWs related to surface coating was demonstrated by recording 

the UV-VIS spectrum of oleylamine-coated AuNWs compared to AuNWs@T11 over a 

period of time. Figure 2.4.5 clearly displays the stabilizing effect of T11 on the morphology 

of the nanostructure: in the absence of the thiolated ligand, an absorption maximum between 

500 and 600 nm appears and gets more and more intense as time passes, suggesting the 

formation of round nanoparticles able of surface plasmon resonance effects in the visible 

range. On the other hand, T11-coated nanowires display complete stabilization and the 

absence of spherical impurities over a wide period of time, maintaining their UV-VIS features 

for several weeks of storage at room temperature. 

 
 

 

Figure 2.4.5 - Visible spectrophotometric analysis of gold nanowires solutions (THF, 25°C) 
recorded at different time steps after their purification. 
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PDMS nanocomposites 

The effects of AuNWs@T11 in transparent PDMS nanocomposites have been characterized 

by considering the relative variation of the module of the impedance (ΔZ/Z) where the value 

of impedance for the non-stretched device has been considered as reference (Figure 2.4.6). 

This variation has been evaluated at different frequencies, for the different extent of 

elongation (ΔL). (Figure 2.4.7). At 0.015% Au content, a trend of the variation of impedance 

with ΔL can be observed: impedance increases with stretch. However, impedance variation is 

not constant in frequency. At 0.03% Au content, a trend with ΔL was still observed: the more 

the device was stretched, the more the impedance increases. The impedance variation is almost 

constant with frequency, but some problems can be observed at certain frequency due to set 

up problems near the full scale of the LCR meter employed for the measurements. At 0.08% 

Au content, the trend of ΔZ/Z with ΔL was confirmed, showing a linear correlation between 

impedance and elongation. The impedance variation is now almost constant in frequency.  

On the basis of these results, we plotted the variation of impedance recorded for each sample 

as a function of the elongation at the frequency of 66 kHz (Figure 2.4.8).  

For gold content of 0.015%, we could not notice good linearity of the response in the case  

 

 

 

 

Figure 2.4.6 – Optical camera picture of spin-coated PDMS-AuNWs nanocomposites at different 
AuNWs loadings (left) and of the impendence measure set-up (right). 
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Figure 2.4.7 – Recorded variation of impedance as a function of the current frequency for 
spin-coated PDMS nanocomposites at different loading of AuNWs. 
 

 

 

of the lower concentration of AuNWs. On the contrary, the sample with 0.035% Au showed 

good linearity of the response in a significant strain range (elongation of about 140%). 

Sensitivity is of about 0.1% impedance variation for a unit strain (considering this kind of 

sample and the chosen frequency). Finally, the sample with 0.08% AuNWs, linearity gets 

slightly worst. 

The absolute value of impedance came back to the original value when the strain was removed 

and the device length was restored for all the kind of sample, even if a better behaviour can 

be for sure observed for devices with 0.03% of AuNWs (Figure 2.4.8). 
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Figure 2.4.8 – Scattering plots of the impedance recorded at 66 kHz as a function of the 
measured elongation of the nanocomposite strip with different Au loadings. A linear 
relationship was fitted for each specimen, but acceptable linearity was observed only for the 
samples containing 0.3% and 0.8% of Au. Below, Analogous plots of the measured absolute 
impedance, showing that when the strain is released, the impedance drops back to its original 
value.   
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With these preliminary results, we reported the implementation of stabilized ultrathin gold 

nanowires at very low loadings that suggests the possible future implementation of the 

nanocomposite for the manufacturing of stretchable and transparent motion sensors, since 

they have proven to give a steady and predictable response in the measured impedance upon 

stretching and elongation.  

Other strain sensors have been produced in the literature using conductive metal nanowires 

(mostly silver). For example, Shengbo et al. reported in 2018 the implementation of wearable 

conductive strain sensor using silver nanowires and nanoparticles in PDMS matrices. [289] In 

their work, the authors reported linear variations of the recorded resistivity as a function of 

the stretching of the nanocomposite. However, this was performed by depositing a layer of 

conductive nanomaterial sandwiched between two layers of PDMS and not by dispersing the 

nanostructures throughout all the polymer. Our work applies similar approaches and follows 

a similar path, and our preliminary but promising results offer an alternative approach for the 

formulation of strain sensors with very low loadings of ultrathin gold nanowires that do not 

act as conductors but rather as capacitors.  

Possible future experiments may include the assessment of the variation of the electronic 

properties of the nanocomposite upon twisting and compressing. 
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3.1 Introduction 

3.1.1 Additive Manufacturing [290] 

The American Society of Testing and Materials (ASTM) defines additive manufacturing (AM), 

or three-dimensional (3D) printing as “the process of joining materials to make objects from 3D model 

data, usually layer upon layer, as opposed to subtractive manufacturing methodologies”. [291] The basic 

principle of additive manufacturing is building up an object layer by layer; in a first stage the 

design of the desired object is created by Computer-Aided Design (CAD) and the virtual 

model is then digitally sliced into horizontal layers for a printable command sequence. Via a 

command file usually named G-code, the virtual coordinates are sent to the 3D printer, which 

deposits the material in predesigned locations at the x-y plane and the entire process is 

repeated along the z-axis (Figure 3.1.1). Compared to traditional manufacturing techniques, 

modifications in the shape of the 3D printed manufactures can be easily done by modifying 

the digital object, without the need for unique tools for a single modification.[292] 

Furthermore, 3D printing is a sustainable manufacturing process, as additive fabrication 

results in much fewer materials waste.[293] 

 

 

 

Figure 3.1.1. General workflow for additive manufacturing. Firstly, a 3D object is created by 
computer-aided design and exported as a three-dimensional object, then it is sliced and the G-
code is written as a sequence of 2D layers, with all the instrumental parameters for the printer 
encoded in the file. This file is finally sent to the 3D printer, which uses the information 
provided to build a 3D object from raw material (generally a powder, a liquid resin or a polymer 
filament).  
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Figure 3.1.2. Main industrial applications of 3D printing in 2016. Data from ref. [294] 

 

 

The first attempt to produce a three-dimensional object by building it layer-by-layer 

was performed in 1987 by Chuck Hull, CTO and former president of 3D Systems, who 

firstly developed a system that selectively solidifies a liquid photocurable resin into a 

3D object using a laser. He coined the term stereolithography in the same year, starting 

the commercialization of 3D printing machines. [295] The technology expanded 

exponentially in the industries during the following years, leading to what will be 

recalled as the third industrial revolution [296]; the characteristics of AM that led to 

such fast growth are related to its cheaper manufacturing industrial processes, the 

possibility to decentralize the manufacturing and to customize the production. [297] 

Nowadays, AM technologies are mainly exploited for producing motor vehicles, 

aerospace parts, industrial machines and electronics, but the applications of 3D printing 

for biomedical devices and textiles are rapidly expanding (Figure 3.1.2). Due to its 

great versatility, additive manufacturing is suitable for the production of customized 

pieces, which must be produced readily and in short times. Amongst the other 

applications, 3D printing technology is taking space in the textile/fashion industry due 

to its ability to directly produce clothing from 3D printable raw materials in a single 

manufacturing operation. The application of AM to the textile industry is currently 

driven by the possibility to easily personalize clothing and to reduce the manufacturing 

costs, together with the possible implementation of a wide spectrum of new materials 

that could not find a place in the traditional textile manufacturing.[298] 

However, additive manufacturing has shown its limitations when compared to other 

traditional manufacturing techniques in several aspects. The main challenge is represented by 

the fact that mechanical properties of printed materials are strongly limited by the narrow 

range of employable raw materials and by the intrinsic anisotropy of materials which are built 
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layer-by-layer. Moreover, 3D printed object often suffer from lower resolutions and small 

deviation from the original 3D model that limits its applicability for printing objects that 

require very high accuracy: Finally, AM techniques are not able yet to achieve the production 

speed of other industrial mass-production technologies such as injection moulding. [299] 

Additive manufacturing technologies [300] 

In their report, the ASTM classified the different 3D printing technologies, as reported in 

Table 3.1.1, based on the implementation and the methodology that allows the production of 

the 3D object from different materials. The most widespread and performing techniques will 

be described in this paragraph, with a focus on the advantages and disadvantages of each one 

of them and their versatility in terms of printed materials and their mechanical properties.  

 

 

Process Categories Technology Materials 

Material Jetting 

Binder-jetting 
Metals 

Polymers 

Ceramics 

Ink-jetting 

S-Print 

M-Print 

Direct Energy 

Deposition 

Direct Metal Deposition (DMD) 

Metals: 

powder and wire 

Laser Deposition 

Laser Consolidation 

Electron Beam Direct Melting 

Material Extrusion Fused Deposition Modelling (FDM) Polymers 

Powder Bed Fusion 

Selective Laser Sintering (SLS) Metals 

Polymers 

Ceramics 

Selective Laser Melting (SLM) 

Electron Beam Melting (EBM) 

Sheet Lamination 

Ultrasonic Consolidation 

Laminated Object Manufacture (LOM) 

Hybrids 

Metals 

Ceramics 

Vat Photopolymerization 

Stereolithography (SLA) 

Digital Light Processing (DLP) 

Photopolymers 

Ceramics 

 

 

Table 3.1.1 – Classification of AM technologies according to ASTM. [291] 
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1) Material Extrusion 

The most common technique available, thanks to the low cost and huge availability of the 

materials and the relatively simple mechanics of the printer. This technique mainly consists of 

the continuous deposition of a soft material through a mobile nozzle that builds up a 3D 

object layer-by-layer. It is mainly composed of two sub-categories, depending on the type of 

extruded material: 

Fused Deposition Modelling (FDM) 

A filament of thermoplastic polymeric material is pushed by two rollers through a heated 

nozzle (typically at 100-300°C) that moves along the horizontal plane. This causes the 

softening (and often melting) of the polymer enabling its extrusion and the deposition of the 

softened material onto the building platforms, generating a layer of polymer with a well-

defined thickness that quicky solidifies upon cooling. At this point, the printing head moves 

upwards along the z-axis and the process is repeated for each successive layer until the object 

is complete (Figure 3.1.3).[301]  The commercially available filament materials are mainly 

composed of ABS (acrylonitrile-butadiene-styrene, [302,303]), PLA (polylactic acid, 

[304,305]), PC (polycarbonate, [306,307]), HDPE (high-density polyethylene [308]), PP 

(polypropylene, [309]), PEEK (polyether ether ketone, [310,311]) and PA (polyamide, 

[312,313]). FDM is a cheap manufacturing technique that hardly allows achieving acceptable 

resolution at the sub-millimetre scale, but it can be efficiently exploited by untrained operators 

for everyday use.  

Direct Ink Writing (DIW) and Bioprinting 

With this technique, a shear-thinning liquid ink is extruded through a moving nozzle by 

applying air pressure to the ink cartridge, which enables controlled flow rates. The material is 

deposited onto a substrate along pre-defined paths and a 3D object is build layer-by-layer 

(Figure 3.1.3). [314] The main requirements for DIW inks are its shear-thinning properties 

since the material needs to be able to reduce its viscosity when stressed by the extrusion 

through the small nozzle and to retrieve its viscosity once the stress is removed. However, 

this includes a great variety of materials, but DIW usually exploits the shear-thinning 

properties of hydrogels. [315] The extruded material is often crosslinked post-printing to 

harden the structure, usually by irradiating it with UV light or by soaking it in a secondary 

crosslinking solution. 

Laponite is often used as a shear-thinning agent for PA gels (polyacrylamide, [316]) but the 

implementation of inks based on polysaccharides such as xanthan and gellan gums [317,318] 

and cellulose nanocrystals (CNCs, [319]) is rapidly expanding.  
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Figure 3.1.3. Schematics of the functioning principles of the main additive manufacturing techniques. 
In all techniques, the object is built layer-by-layer but the range of printable materials includes metals, 
polymers and hydrogels.  

 

 

Thanks to the easy biocompatibilization of the inks, DIW technique has rapidly branched 

towards bioprinting, in which living cells are mixed with the hydrogel before 3D printing and 

they are grown inside the 3D structure for biomedical applications, such as the artificial 

construction of biological tissues and living organs. [320]  

 

2) Powder Bed Fusion  

A powder layer is deposited onto a substrate and selectively melted or sintered by a laser. This 

cause the irradiated material to harden and, by repeating the process depositing a further 

powder layer, the 3D object is built (Figure 3.1.3). [321] Depending on the range of laser 

energies employed, and thus on the physical phenomenon that causes the powder to harden, 

two sub-categories of powder bed fusion are defined: Selective Laser Sintering (SLS) is generally 
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employed with ceramics and polymers, it deals with lower energies and causes the powder 

particles to stick together thanks to the fusion of only a thin layer of material on the surface 

of the particles. [322] The most diffused thermoplastic polymers for SLS are PP 

(polypropylene, [323,324], PA (polyamides, nylon, [325,326]), PS (polystyrene, [327,328]) and 

PEEK (polyether ether ketone, [329], but also biodegradable polymers such as PCL 

(polycaprolactone, [330,331]) and PHAs (polyhydroxyalkanoates, [332]). On the other hand, 

Selective Laser Melting (SLM) is applied to metallic and ceramic powders, and it often allows for 

the complete melting of the particles. Typical employed materials are steel [333,334], titanium 

[335,336] , nickel [337,338], aluminium [339] and their alloys, plus alumina-, silica-, yttria- and 

zirconia-based ceramics and composites [340,341].   

 

3) Vat Photopolymerization [342] 

This technique was invented and patented in 1993 by Chuck Hull, who coined the term 

Stereolithography to describe a new form of additive manufacturing that exploited the light-

induced polymerization of a liquid photocurable resin contained in a vat. [342] UV-light is 

used to cure a thin layer of the liquid resin attached to an upper build stage, allowing for the 

layer-by-layer manufacturing of a 3D object (Figure 3.1.3).  

A metal build stage is immersed in the vat containing the photocurable ink at a distance from 

the UV-transparent bottom of the vat that determines the z-resolution of the printed structure. 

Afterwards, a region of the thin layer of resin between the build stage and the bottom of the 

vat is irradiated and hardened by UV-light. Then, the build stage is slightly moved upwards 

(together with the hardened layer) and the process is repeated for the second and each 

successive layer. Since the build stage is above the vat, 3D printed object is built upside-down. 

There are several sub-classes of stereolithography that mainly differ by the source of UV light 

that they employ: 

 

• Laser stereolithography. Commonly known simply as stereolithography (SLA) it 

exploits a moving UV laser (typically at 360-380 nm) that follows pre-determined 

paths to harden the liquid resin layer. It is the most versatile techniques and it is much 

faster than the other when dealing with the printing of hollow structures. 

• Digital Light Processing (DLP) and Liquid Crystal Display (LCD) are very similar 

techniques since with both techniques all the layer that needs to be cured is irradiated 

at once. In this case, light is generated by a DLP projector or by an LCD screen and 

passed through a mask that defines the shape of the layer to be cured.  
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4) Material Jetting [343] 

In material jetting machines, a photocurable mixture is heated, nebulized and selectively 

deposited onto a substrate. The layer is then hardened by UV photopolymerization and the 

process is repeated for the next layers. This technique allows for the manufacturing of 3D 

objects with high build speed and dimensional accuracy. The printing speed is only slightly 

affected by serial production of multiple parts, therefore this technique is very convenient for 

small scale productions. On the other hand, material jetting is the most expensive AM 

technique since it requires machines with big size and advanced technology for the production 

of high-quality components. Besides, the range of employable photocurable inks is quite 

narrow, since they need to be easily nebulized and rapidly UV-cured. As well as for 

stereolithography, the printed object suffers from poor mechanical properties. Details of the 

most common photocurable formulations will be explored in the following paragraphs.  
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3.1.2 Photocurable resins for stereolithography 

Resins for stereolithography are mixtures of several different components that allow for a fast 

but confined polymerization upon UV-light exposure. The main component is usually the 

monomer that can undergo radical polymerization. In order for the cured polymer to display 

the mechanical properties required for the printed object to sustain itself, it is sometimes 

required to add multifunctional monomers that act as crosslinkers. Also, photoinitiators allow 

for the efficient conversion of UV photons into reactive radicals, radical inhibitors avoid the 

spreading of the radical chain reaction outside of the irradiated region and functional smart 

additives can be added to give additional properties to the 3D printed material.  

Novel and most promising materials for SLA 3D printing allow for the production of 

3D printed polymers with shape-memory effect [344], stimuli-responsive materials 

[345], stretchable hydrogels [346] and elastomers [347] for applications ranging from 

tissue engineering to material science.[348,349]  

Monomers 

Commercially available inks for SLA are mostly composed of acrylate-based mixtures. 

The most common approach is the employment of acrylate or methacrylate monomers 

or polymers, such as poly(ethylene glycol) diacrylate, poly(propylene glycol) diacrylate, 

bisphenol-A glycidyl methacrylate, methacrylic acid and methacrylate aliphatic diols, 

together with pentaerythritol tetraacrylate as crosslinker (Figure 3.1.4). [350–353] 

Esters of acrylic and methacrylic acid easily undergo radical chain polymerization in the 

presence of a radical initiator (Figure 3.1.5a). However, acrylates are sensitive to 

dissolved O2 since it forms unreactive peroxy-radicals and they are subjected to 

shrinkage upon photocuring. On the other hand, methacrylates are generally less 

reactive but they are way less toxic. In addition, the radical addition of thiols to alkenes 

(generally known as thiol-ene reactions) represent a valuable alternative to the 

polymerization of acrylates and methacrylates since they exhibit less sensitivity to 

molecular oxygen, more uniform crosslinking, sharper glass transition temperatures 

and reduced shrinkage stress. [354,355] In a first step, a thiyl radical adds to an 

unsaturated π system, followed by a radical chain transfer from the resulting carbon 

radical to a second thiol molecule, regenerating the thiyl radical (Figure 3.1.4b). By 

combining compounds that display multiple SH with multiple vinyl residues, the radical 

reaction leads to thiol-ene polymers. Nevertheless, thiol-ene systems are much more 

reactive since the thiol can act as a strong H-donor and start the cationic polymerization  



CHAPTER 3  ADDITIVE MANUFACTURING 

- 160 - 

 
 

Figure 3.1.4. Most commonly employed monomers in resins for stereolithography. 
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Figure 3.1.5. Most common classes of photopolymerization reactions in stereolithography-based 3D 
printing techniques. a) Photopolymerization of acrylate esters. Firstly, the initiator absorbs light 
generating a radical species that react with the monomer, transferring the radical species to it. The 
radical chain reaction continues until the monomer is no longer available. b) Thiol-ene 
photopolymerization. As before, the initiator generates the radical species upon irradiation, then it 
reacts with a thiol group forming the thiyl radical which attacks a vinyl group on the co-monomer. 
This step-growth mechanism is accompanied by a chain-growth process in which carbon radical 
species attack vinyl moieties, speeding up the overall polymerization process. c) Curing of epoxy resins. 
The epoxide is protonated by diaryliodonium and triaryl sulfonium salts that act as photoacids, 
extracting protons from a monomer or the solvent upon UV irradiation. Once the reactive species is 
formed, the chain reaction hardens the liquid mixture.  
 

 

without the need for any photoinitiator. This makes it challenging to formulate a stable 

ink, but the scientific community is making considerable efforts to find new and 

efficient stabilizers for thiol-ene resin systems. [356] Generally employed thiols include 

pentaerythritol tetrakis(3-mercapropropionate) and trimethylolpropane tris(3-

mercaptopropionate) together with various alkenes obtained by functionalizing 

different organic molecules with multiple vinyl residues (Figure 3.1.5b). [357,358] 

The hardening of the resin is sometimes performed exploiting the ionic chain 

polymerization of epoxides, such as 3,4-epoxycyclohexylmethyl-3’,4’-epoxy 
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cyclohexane carboxylate, with branched diols like 1,4-butanediol diglycidyl ether 

(Figure 3.1.5). [359,360] The cationic polymerization of epoxy resins is efficiently 

initiated by photoacids such as diaryliodonium and triaryl sulfonium salts: upon light 

absorption, these species decomposes to give reactive intermediates that are able to act 

as Bronsted acids by extracting a proton from the monomers or the solvent, initiating 

and then propagating the polymerization (Figure 3.1.5c). [361,362] 

Photoinitiators 

Many photocurable mixtures require the presence of a chemical species that is able to absorb 

the UV light generating radical species able to start the radical chain polymerization. The task 

is performed by photoinitiators, mainly divided into two classes, denoted as: 

• Type I: these molecules undergo α-cleavage reaction generating radical fragments upon 

light irradiation. The optimal wavelength for the generation of radical species depends on 

the chemical structure of the initiator, it is, therefore, crucial to adapt the resin 

composition as a function of the energy and intensity of the light employed by the 3D 

printer. [363] Acetophenones such as 2,2-diethoxyacetophenone (DEAPH) and 2-

hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) display n → π* 

transition energies corresponding to wavelengths in the UV range (250-320 nm), while 

phosphine oxide-based compounds such as (phenylbis(2,4,6-trimethylbenzoyl)phosphine 

oxide (BAPO) and diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (MAPO) have π* 

states with lower energies, leading to photoinitiating systems that absorb light closer to 

the visible range (350-400 nm). Water-soluble phosphine oxide derivatives have also been 

reported. [346] 

• Type II. These are two-component initiating systems, where uncleavable sensitizers and 

a co-initiator form excited triplet states upon irradiation. [364] The typical sensitizers are 

camphorquinones, benzophenones and thioxanthones which, in the presence of co-

initiators (typically tertiary amines) undergo hydrogen abstraction or electron transfer 

processes. [365,366] 

Polymerization inhibitors and photoabsorbers 

Another important component of photocurable inks is indeed a polymerization inhibitor, 

usually a phenol such as methyl hydoquinone (MHQ) and 2,6-diterbutyl-4-methylphenol 

(BHT). It plays an important role in increasing the resolution of 3D printed parts since it is 

required to avoid the diffusion of radical species outside the irradiated regions, which could 

start a spatially unconfined polymerization. [367] 
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Figure 3.1.6. Most commonly employed additives in resins for stereolithography. 
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Parallelly, the spatial resolution of 3D printed object can be increased by adding light-

absorbing molecules, which reduce the penetration depth of the incident UV again preventing 

the spreading of the polymerization front outside the irradiated regions. Moreover, 

photoabsorbers allow reducing the thickness of each printed layer, allowing to increase the z-

resolution to less than 50 μm. [368] These molecules are UV-VIS dyes such as Rhodamine B 

and 2,2'-(2,5-thienediyl)bis[5-(2-methyl-2-propanyl)-1,3-benzoxazole (BBOT). 

Functional smart additives 

Thanks to the flexibility of light-based technologies, it is possible to play with the resin 

composition in order to insert new functionalities. By adding functional additives to 

the resin, it is possible to enhance electrical, luminescent, piezoresistive, piezoelectric, 

behaviours. [369–371] Loading of nanoparticles is usually quite limited since the could 

have a negative impact on the processability of the polymer by increasing viscosity and 

altering the light absorption and photocuring properties.  

A recent example of functionalized ink is the one reported by Fantino et al. in 2016. 

[372] The authors of this work achieved the in situ generation on Ag nanoparticles 

during DLP 3D printing with a suitable photocurable resin in which silver salts were 

dissolved. The incident light allowed both the polymerization of the acrylate matrix and 

the reduction of silver ions, leading to conductive 3D printed objects. 

In another example of functional resin was shown by Mu et al. in 2017, when they 

described the stereolithographic 3D printing of conductive materials by incorporating 

multi-walled carbon nanotubes (MWCNTs) in epoxy resins. [370] Such conductive 

structures could be efficiently implemented for organic electronics applications, such 

as for capacitive sensors and smart structures with shape memory effects.  
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3.1.3 Aim of the work 

This chapter will be mainly focused on the development of a novel resin for stereolithographic 

DLP 3D printing based on renewable resources, which was performed in the final part of my 

PhD studies. A new approach for the incorporation of bio-based platform molecules into 

photocurable compositions for stereolithography will be discussed, allowing to achieve a total 

biobased content of 3D printed objects as high as 96%. The synthetic components will be 

deeply characterized chemically and rheologically, then printed into 3D shapes that will be 

deeply characterized in terms of their mechanical properties. In addition, phosphorescent 

Ir(III) complexes will be admixed into the formulation as smart functional additive, to achieve 

hybrid phosphorescent organic-inorganic 3D printed materials that will be characterized in 

terms of their emissive behaviours. The good mechanical properties (in particular the 

exceptional high elongation at break) will suggest possible application in the fashion industry. 

Moreover, this chapter will also describe the ongoing project that I started during the period 

I spent at the Johns Hopkins University (Baltimore, MD, USA) as a Visiting Graduate Student 

under the supervision of Prof. David Gracias, at the Department of Chemical and Biochemical 

Engineering. During this period, I worked on the development of a thermoresponsive 

polysaccharide-based self-healing hydrogel for applications in extrusion-based 3D printing. 

Since the work is still ongoing, only the details of the chemical reactions and the formulation 

will be provided, while actuation studies on thermoresponsiveness and self-healing properties 

are still at the earliest stage.  
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3.2 Phosphorescent bio-based resin for digital light processing (DLP) 

3D-printing 

Maturi, M.; Pulignani, C.; Locatelli, E.; Vetri Buratti, V.; Tortorella, S.; Sambri, L.; 

Comes Franchini, M. Green Chem. 2020, 22 (18), 6212–6224. 

 

 

3.2.1 Introduction 

AM techniques such as SLS [373] and FDM [374,375] have been widely explored for 

applications in this field. Surprisingly, very little effort has been yet directed towards the 

employment of photocured materials (SLA/DLP) for textile applications. This is probably 

due to the main challenge among the different mechanical properties needed, the elongation 

at break which has to be high but maintaining good mechanical resistance and lower fragility. 

Thanks to the possible organic manipulation of suitable building blocks from natural sources 

we believe this technique might be a future system for the green fashion industry. 

In general, most of the developed formulations for SLA/DLP are still derived from non-

renewable resources, and often cost-effective.[376] Only a few examples of publications in the 

recent literature with strong efforts toward the implementation of biomasses in 

stereolithography can be found, but the biomass loading into these resins remain very low 

(<15%). [377–379] Therefore, there is a need for the implementation of bio-based compounds 

into the formulations for 3D printing to the final consumer. This would allow the overall 

reduction of the carbon footprint of 3D printing technologies as a green and sustainable 

approach to rapid prototyping. The most promising bio-derived photocurable monomer is 

indeed itaconic acid, obtained by distillation of citric acid or by direct fermentation of glucose 

by specifically engineered bacterial strains.[380–382] It can undergo slower 

photopolymerization compared to acrylates and methacrylates due to its more hindered 

unsaturation, but its polyesters have been widely explored as a novel class of photocurable 

bio-based polymers.[383,384] Interestingly, a cyclodextrin derivative of itaconic acid 

(cyclodextrin itaconate) is used for the modification of cotton fabric, a market expected to rise 

remarkably.[385] Indeed, the impressive progress in the textile industry, with enormous 

production of cotton, is designed to increasingly open to the itaconic acid market. 

Herein, we present the development of a fully bio-based resin for DLP 3D printing for 

applications in rapid prototyping and modelling, and thanks to the mechanical properties 

obtained a potential outlet in the textile/fashion industry. So far, no successful attempt in 

developing such a total bio-based resin has ever been reported. To improve printing 
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resolution, we also describe a series of crosslinkers able to make objects in reasonable 

timescales without diffusion of the polymerization front outside the irradiated regions and 

with acceptable light penetration. We show here a total bio-based content of the novel ink as 

high as 96.5%, as far as we know this is the highest percentage ever reached. To achieve the 

final mechanical performances, i.e. elongation at break, the suitable combination of itaconic 

acid and the two polyols has been deeply investigated. Therefore, mechanical performances 

of the 3D printed objects are evaluated in light of potential applications as both rigid and 

flexible structures [386], the latter being potentially suitable in the textile industry. 

The resin is formulated with different dyes and phosphorescent Ir(III) complexes as an 

additional proof-of-concept. We approached the addition of phosphorescent iridium 

complexes in order to demonstrate the versatility of the resin, the photostability of said 

complexes to prolonged irradiation during 3D printing and their effectiveness at very low 

concentrations. To the best of our knowledge, this has never been demonstrated in the 

literature. The only implementation of transition metal complexes in stereolithography 3D 

printing techniques in the literature is the one reported by Lim et al., in which they employed 

tris-bipyridyl ruthenium as the photoinitiator, but no photoluminescence property was 

discussed.[387] 
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3.2.2 Results 

Photocurable polyester 

Since itaconic acid is a water-soluble solid diacid, its derivatization is required in order to 

obtain a liquid 3D-printable resin. Based on a previous study by Barrett et al.,[384] itaconic 

acid was reacted with different alcohols at high temperatures under vacuum to obtain 

photocurable liquid polyesters that, being the main component of the developed ink, could 

be formulated for the desired application. For the preparation of the optimum liquid polyester, 

polycondensation under vacuum without solvent was employed: several different biobased 

hydroxy derivatives such as alcohols, diols, polyols, and hydroxy acids have been tested, alone 

or in mixtures, but eventually most of them have been discarded either for their low 

printability, their high cost or the worse performances of their poly-itaconates.  

Finally, the bio-based monomers which allowed the formation of itaconic acid polyesters with 

acceptable mass yield (35%), easy purification and DLP printability were glycerol, 1,3-

propanediol and vanillic acid (Figure 3.2.1) in 0.5 : 0.5 : 0.22 mixture compared to itaconic 

acid, respectively. 1,3-Propanediol is industrially manufactured by DuPont by fermentation of 

corn syrup and glycerol is the main waste material in the production of biodiesel. Besides, 

vanillic acid can be obtained by oxidation of vanillin, but it is also naturally occurring.[388–

391] The key component that allowed the preparation of a fully printable ink for DLP 3D 

printing was indeed vanillic acid. Even though being a hydroxy acid it does not compete with 

the other components during the formation of the polyester, it played a fundamental role in 

 

  

 
 

Figure 3.2.1. Selected monomers and experimental conditions for the preparation of the 
photocurable polyester.  
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the light-absorption processes taking place during the photopolymerization. Most of the time, 

in photopolymerization-based 3D printing techniques the addition of photoabsorbers such as 

2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBOT) or dyes is essential.[392] This is 

because it is often required to limit the diffusion of high-energy photons into the resin during 

the photopolymerization process, to avoid diffusion of the polymerization front outside the 

irradiated section which can cause a drastic reduction in the x–y resolution of the printed 

object. In our case, the task is performed by a combination of the effect of the vanillic acid 

monomers contained in the polyester chains and the dyes added to the formulation. Less 

remarkably, the incorporation of vanillic acid into the resin gives it a pleasant, sweet vanilla 

flavour, as opposed to commercial resin which displays the unpleasant characteristic smell of 

acrylate compounds. The synthesized itaconic acid-based photocurable polyester poly(1,3-

propanediyl-co-glyceryl) itaconate-co-vanillate (PPGIV) was characterized by NMR 

spectroscopy (1H-, 13C-, qHSQC and qHMBC), to evaluate its purity and the effective 

incorporation of all the selected components (Figure 3.2.2). NMR analysis reveals the 

presence of peaks related to each of the employed monomers, but no unreacted reagents are 

present. The application of 13C NMR to determine whether the glycerol units lead to branched 

structures by the reaction of their secondary alcohol moiety has been previously described by 

Somisetti et al.[393] In their work, the authors related the middle carbon in glycerol units to a 

13C-NMR peak around 69 ppm for branched glycerol units and a peak around 65 ppm for 

linear or terminal ones. In our case, we observe peaks in both regions, suggesting the 

coexistence of terminal, linear and branched glycerol units in the synthesized polyester. This 

is also confirmed by the qHSQC and qHMBC spectra of PPGIV reported in Figure 3.2.3.  

The weight and molar compositions of the obtained polymeric resin were evaluated on a fully 

hydrolysed polyester sample by NMR spectroscopy. Results are reported in Table 3.2.1. 

Strongly alkaline conditions such as NaOH 3 M in deionized water and high working 

temperatures (around 80 °C) allowed for the complete saponification of the polyester resin, 

generating much simpler NMR spectra which display the signals for each employed monomer 

(Figure 3.2.4). The average molecular weight of the polyester was determined by size 

exclusion chromatography (SEC)/gel permeation chromatography (GPC), revealing that for 

the prepared polymer Mn = 1500 g mol−1 and Mw = 1650 g mol−1, corresponding to PDI = 

1.1. A low polymerization degree is expected for catalyst-free thermal polycondensations, and 

it is required for the obtainment of relatively low viscosity liquid solutions that could be 

efficiently formulated into liquid resins for 3D printing.  
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Figure 3.2.2. 1D NMR analysis of PPGIV. Top: 1H-NMR spectrum (600 MHz, DMSO-d6) of 
PPGIV, with the assignment of peaks to the related monomers or functional groups. Bottom: 13C-
NMR (150 MHz, DMSO-d6) of PPGIV. 
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Figure 3.2.3 - 1H-13C gHSQC (top) and gHMBC (bottom) NMR spectra (600 MHz, CDCl3) of 
PPGIV. Since gHSQC experiment is phase-sensitive, it allows distinguishing between CH + CH3 (red 
cross-peaks) and CH2 groups (blue cross-peaks). The cross peak pointed with the arrow corresponds 
to CH residues on branched glycerol units, confirming that with the employed polymerization 
conditions glycerol is able to form branched structures. However, the analogous cross peak 
corresponding to linear or terminal glycerol units is most probably overlapped with the other polyols 
signals (in the region between 60-70 ppm for 13C and 3.5-4.5 ppm for 1H). The gHMBC spectrum 
displays 1H-13C correlations at a longer distance than gHSQC, allowing to observe some inter-
monomer correlations (cross-peaks in dotted boxes). 
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Figure 3.2.4 - 1H-NMR (600 MHz, D2O/H2O 1:1) of PPGIV after hydrolysis. Unambiguously 
assignable peaks have been integrated in order to establish the molar composition of the prepared 
oligomer.  
 
 
 
 
 
 
 

Component Molar Ratios Weight Percentage 

Itaconic Acid 6.5 51% 

1,3-propanediol 4.7 22% 

Glycerol 3.0 17% 

Vanillic Acid 1.0 10% 

 

Table 3.2.1 - Monomer composition of the synthesized PPGIV and the corresponding minimum 
molecular structure representing the proportions between the monomers. 
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Crosslinkers 

Even though PPGIV is rich in itaconic acid, and thus in photocurable double bonds, their 

concentration is too low for applications in DLP. The photopolymerization of the polyester 

itself leads to a cured polymer which does not display the mechanical performances required 

for it to keep its shape during the 3D printing process, causing the structure collapse under its 

weight. Moreover, even at low molecular weights, the viscosity remains too high, preventing 

its diffusion onto the resin vessel between the curing of one layer and the next during the 3D 

printing process, making it extremely hard to employ it as-it-is for the final application. In 

order to overcome both these problems, the new compounds bis(HEMA)itaconate (BHI) and 

tris(HEMA) citrate (THC) crosslinkers have been synthesized by adapting a procedure 

available in the literature for the formation of the bis(isopropyl) ester of itaconic acid (Figure 

3.2.5). [394] The required chemicals are cheap, and the reactions allow producing large 

amounts of crosslinkers (yields for BHI of 77% and THC of 81%) with high purity and little 

efforts for their purification. Notably, the two compounds are both liquids with low viscosity 

and low volatility; they are totally biobased and display a high density of photocurable groups. 

In addition, the use of 2-hydroxyethyl methacrylate (HEMA) for the preparation of the 

crosslinkers is preferred, due to its low toxicity and low volatility compared to other acrylate 

compounds, [395,396] and the biocompatibility and biodegradability of many polyHEMA 

copolymers have been well established in the literature. [397–399] Furthermore, HEMA can 

be obtained via renewable oil-free processes, as it is often produced by esterification of 

methacrylic acid with ethylene glycol: the former can be produced by catalytic oxidative 

dehydrogenation of biosynthesised isobutyric acid, and the latter can be obtained by 

 

 

 
 

Figure 3.2.5 - Chemical reactions for the synthesis of the crosslinkers.   
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fermentation of D-xylose in engineered E. coli. [400–404] The employment of different 

acrylate crosslinkers for DLP 3D printing such as isobornyl acrylate, pentaerythritol 

tetraacrylate and multifunctional acrylate oligomers was previously reported, but these 

derivatives suffer from several drawbacks such as high cost, low bio-content and the required 

employment of toxic acrylates during their production. [405] 

Ink formulation 

Besides the photopolymerizable substrate, the main components required for the 3D printing 

are (i) photopolymerization initiators, (ii) photopolymerization inhibitor, (iii) crosslinkers and 

(iv) dyes (Figure 3.2.6). As initiators, we observed that the fastest curing is achieved with the 

combination of two acylphosphine oxides (phenylbis(2,4,6-trimethylbenzoyl)phosphine 

oxide, BAPO, and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, MAPO) together with 

2,2-diethoxy acetophenone (DEAPH). The initiators are required to efficiently absorb the UV 

light generating reactive radicals that can propagate in the ink leading to the polymerization 

of the double bonds. As a terminator, 4-methoxyphenol (MHQ) has been selected as it is 

relatively safe, low cost and very effective.[406] The crosslinkers have already been discussed 

in the previous paragraph. As aforementioned, dyes participate together with vanillic acid 

residues in the absorption of UV light diffusing into the resin outside of the irradiated regions, 

allowing for better printing resolution.[407] In order to demonstrate the great versatility of 

the final formulation, we explored four organic dyes to cover the full visible spectrum of 

colours: methyl red (red), cresol red (yellow), solvent green 3 (1,4-bis(p-tolylamino) 

anthraquinone, green) and unisol blue AS (1,4-bis(p-isopropylamino) anthraquinone, blue)  

 

 

 

Figure 3.2.6 - Chemical structure of the selected photopolymerization initiators (MAPO, BAPO and 
DEAPH), terminator (MHQ) and dyes. 
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(Figure 3.2.6). The red and yellow dyes are commonly employed acid–base indicators: since 

the prepolymer displays free carboxylic groups from terminal itaconic acid monomers, they 

display their acid colour when formulated into the ink. The green and blue dyes, instead, are 

anthraquinone derivatives, which can be employed in ppm concentrations thanks to their 

extensive molar absorption coefficients. The ink was then formulated by mixing all the 

required components in pre-defined ratios with organic solvents such as ethanol, methanol, 

ethyl acetate or chloroform at room temperature. The evaporation of the solvent, firstly by 

rotary evaporation and then by applying high vacuum, allowed for the obtainment of a 

homogeneous photocurable ink ready to be subjected to the 3D printing process. The optimal 

relative amount of the different components is reported in Figure 3.2.7. To recap, the final 

formulation contained 48.5 wt.% of PPGIV, 24.0 wt.% of BHI and 24.0 wt.% of THC, 1.5 

wt.% of initiators, 2.0 wt.% of terminator and 0.01 wt.% of dyes. Since the first three 

components can be considered as bio-based, the herein reported formulation has a nominal 

biobased content of around 96.5%. In order to avoid photopolymerization of the resin 

induced by environmental light, the developed resins have been stored at room temperature 

in amber glass containers. Under these conditions, the resin demonstrated stability and 

 

 

 

Figure 3.2.7 - Top: weight composition of the developed bio-based ink for DLP 3D printing. 
Bottom: optical picture of the developed resins with the four different dyes.  
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printability up to 12 months due to the presence of the inhibitor MHQ that would immediately 

quench any possible radical species spontaneously formed. 

Rheological analysis has been performed on the formulated resin to determine its printability 

via DLP and stereolithographic technique. If the viscosity of the ink is too high, it will require 

longer printing times: it will be required to reduce the speed of the moving platform to allow 

the resin to fully flow underneath it, between the irradiation of one layer and the next. In 

addition, if the ink displays marked non-Newtonian shear thickening behaviour, it will react 

to the movement of the building platform inside it with a variation in its overall viscosity, 

again resulting in a need for a reduction of the platform movement speed. As shown in Figure 

3.2.8, the developed biobased ink displayed viscosity in the 0.07–0.3 Pa s range, and a 

Newtonian behaviour is observed. Nevertheless, the measured viscosity in the range of 

operating temperatures (15–35 °C) would indeed allow for the resin to flow and fully cover 

the printer’s resin vessel in the minimum timeframe of 3 s. The fluid behaviour of the ink was 

also confirmed by oscillometric viscoelasticity studies as a function of temperature (Figure 

3.2.8). As the phase remained constant throughout all the temperature range around 90°, the  

 

 

 

Figure 3.2.8 - Rheological analysis of the photocurable ink. Left: shear stress and viscosity vs. shear 
rate relationships at different temperatures. Right: temperature dependence of storage and loss moduli 
for the developed ink and the corresponding phase angle, obtained by oscillatory viscoelastic analysis.   
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ink mostly resembled the features of a liquid, as it is also observed by the low storage modulus.  

The developed formulation was able to undergo DLP 3D printing leading to the formation 

of well-resolved solid objects. Several irradiation times have been tested to minimize the 

printing time while still maintaining good resolution and structural stability. The identified 

optimal irradiation time was 3000 ms and, accordingly, several test samples have been printed 

and underwent mechanical analysis to assess the mechanical properties of the formulated ink. 

In particular, flexural and tensile strength analysis, Charpy impact test and evaluation of shore-

D hardness have been performed on 3D printed specimens. The results of the mechanical 

tests are summarized in Table 3.2.2. For tensile tests, dog-bones have been printed according 

to ISO-527-1BA specifications, while flexural tests have been performed on 80 × 10 × 4 mm 

rectangular bars.  

3D printed objects 

It is worth mentioning that the mechanical properties of layered objects printed by AM are 

intrinsically anisotropic, and the outcome of these tests is strongly dependent on the direction 

along which the mechanical stress is applied.[408] This makes it very trivial to evaluate 

mechanical performances of commercially available resin formulations if the printing 

geometry is not described or standardized. In our case, the tensile stress vector was tilted 15° 

with respect to the z printing direction, while the bending stress vectors were tilted 75° with 

respect to it. First of all, we can notice good mechanical resistance and lower fragility which 

are the minimum requirements to get a printed object. For instance, the object made with the 

developed formulation displays four times greater impact strength (internal data on a 

 

 

Tensile Test   

Et 
tensile modulus 

tb 
ultimate tensile 

strength 

tb 
elongation at break 

Hardness Impact Strength 

[MPa] [MPa] [%] [Shore-D] [KJ m-2] 

62 ± 5 5.4 ± 0.7 18.0 ± 2.9 72 ± 1 4.77 ± 2.81 

Flexural Test 

Ef 
flexural modulus 

fm 
maximum flexural 

strength  

fm 
deformation at 

maximum strength 

fb 
ultimate flexural 

strength 

fb 
deformation at 

break 

[MPa] [MPa] [%] [MPa] [%] 

350 ± 25 12.6 ± 1.8 5.4 ± 0.7 12.6 ± 1.8 5.4 ± 0.7 

 

Table 3.2.2 - Mechanical properties of 3D printed objects built with the developed ink.  
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commercial resin) with a value of 4.77 kJ m−2. Moreover, the fabricated objects display good 

flexural properties, enabling bending deformations up to 6%, with flexural strengths around 

12.6 MPa. The textile industry needs flexibility and indeed the first thing to be noticed is the 

low tensile modulus of our bio-based construct, revealing that the polyester-based ink displays 

increased elasticity. Compared to acrylate-based formulations, the presence of low molecular 

weight polyesters gives higher elasticity. This is also confirmed by its very high elongation at 

break up to 18%; in comparison commercial resins give values in the range of 2–5%. The 

developed ink also displays low ultimate tensile strength: due to the fact that the tensile test 

has been performed in the direction perpendicular to the printed layers, it is reasonable to 

suppose that the lower value is due to a lower adhesion between the printed layers which, 

upon traction, detach from each other by weaker forces. The effective polymerization of the 

mixture was confirmed by ATR-FTIR spectroscopy performed on the 3D printed objects 

compared to the uncured resin (Figure 3.2.9a,b). The absorption at 1636 cm−1, attributed to 

the stretching of the C=C group, and the ones at 944 and 815 cm−1, related to C=C-H 

deformations, are strongly reduced in intensity, suggesting the effective formation of a 

network of saturated C-C bonds at the expense of itaconic and methacrylate groups. Then, 

scanning electron microscopy (SEM) was employed to assess the actual printing resolution 

achievable with the developed resin (Figure 3.2.9c-e), allowing not only the visualization of 

the juncture of the printed layers, but also the size of the actual pixel irradiated by the DLP 

projector, confirming the 50 × 50 μm x–y resolution declared by the printer manufacturers 

and the 50 μm layer thickness set in the slicing phase. It is also possible to notice the great 

homogeneity of the printed surface at the micron scale, with little or no fractures and well 

defined edges and vertices. Finally, thermal analyses (DSC and TGA) have been performed 

on the printed objects (Figure 3.2.9f,g). DSC reveals the presence of one Tg for the polyester-

based photocured material, which can be attributed to the glass-to-plastic transition of the 

polyester chains in the polyacrylate network. On the other hand, TGA reveals thermal 

decomposition of the printed objects starting at around 120 °C, with a first 50% mass loss 

below 400 °C. Compared to a commercial monomeric analogue, it degrades faster with 

increasing temperature, but it allows reaching comparable ash residue after calcination in air 

at 600 °C.   
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Figure 3.2.9. - ATR-FTIR analysis on the photocurable ink before (a) and after (b) the 3D 
printing process. Morphology of the 3D printed material explored by SEM. c,d) Top view of 
the irradiated slice, which allows to distinguish projected squared pixels and to measure their 
size. e) Lateral view of the printed object, which allows to measure the distance between 
printed layers. f) Comparison of DSC traces of photopolymerized commercial and biobased 
inks. The curve related to the material printed with the developed biobased ink display a small 
endothermic process occurring at around 7.6°C, which can be attributed to a glass transition 
of PPGIV. g) Comparison of TGA analyses performed on photopolymerized commercial and 
biobased inks. The developed biobased ink displays lower temperature stability compared to 
the commercial counterpart but comparable residual mass after complete calcination.   
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Phosphorescent inks 

Undoubtedly, the textile/fashion industry is increasing its demands towards luminescent 

materials, as they are widely employed, for example, in safety clothing where the luminescence 

allows increasing the visibility of the wearer in dangerous environments. Moreover, in recent 

years luminescence of textiles has not been strictly employed as a purely functional attribute, 

but more and more to add a novel touch on basic design. [409] Currently, phosphorescent 

textiles are produced by deposition or chemical linking of phosphors to polymer fibres, which 

are then employed in the manufacturing of clothing. [410,411] Herein, as a proof-of-concept, 

four luminescent inks have been prepared by addition of phosphorescent iridium(III)  

 

 

 

 

Figure 3.2.10 - Compatible dye-complex pairs selected for the formulation of the four 
phosphorescent resins. 1a) Unisol Blue AS and 1b) [Ir(dfppy)2(b-trz)]-K+. 2a) Solvent Green 3 and 2b) 
[Ir(ppy)2(b-trz)]-K+. 3a) Cresol Red and 3b) [Ir(ppy)2(bpy)]+Cl-. 4a) Methyl Red and 4b) [Ir(pqu)2(b-
trz)]-TBA+. Emission spectra of 3D printed luminescent dog-bones revealed that the emissive 
behaviour of the complexes has been maintained after the photopolymerization (Figure 8a). Moreover, 
it was possible to notice with the naked eye the increase of emission intensity after the printing, induced 
by the molecular rigidity given by the liquid-to-solid transition of the polymer matrix in which the 
complexes have been dissolved. 
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cyclometalated complexes to the developed resin; this allowed the obtainment of inks capable 

of light emission throughout all the visible spectrum by excitation in the near UV range. The 

selected complexes are [Ir(dfppy)2(b-trz)]−K+ as a blue emitter, [Ir(ppy)2(b-trz)]−K+ as a green 

emitter, [Ir(ppy)2(bpy)]+Cl− as a yellow emitter and [Ir(pqu)2(b-trz)]−TBA+ as a red emitter. 

[412,413] Considering that the dyes added to the formulation can absorb the light produced 

by the above-listed phosphors, a proper selection of suitable complex-dye pairs (Figure 

3.2.10) which displayed compatible emission and absorption behaviours was found to be 

fundamental; i.e. the dye should absorb in a region different from the emission region of the 

complex in order to avoid auto-absorption. It should be mentioned that cyclometalated Ir(III) 

complexes have been previously employed to generate reactive radical species upon light 

irradiation.[414–416] Therefore, we explored the possibility of employing the luminescent 

additives as photopolymerization initiators, but no hardening of the resin was observed for 

concentrations up to 0.5 wt.% and irradiation times up to 10 s. Emission spectra of 3D printed 

luminescent dog-bones revealed that the emissive behaviour of the complexes has been 

maintained after the photopolymerization (Figure 3.2.15a). Moreover, it was possible to 

notice with the naked eye the increase of emission intensity after the printing, induced by the 

molecular rigidity given by the liquid-to-solid transition of the polymer matrix in which the 

complexes have been dissolved. Three-dimensional emission maps are shown in Figure 

3.2.11-14. 

Good emission intensities have been obtained with complex concentrations as low as 0.05 

wt.% for blue, green and yellow complexes, while it required 0.15 wt.% of the red complex to 

give a noticeable emission, owing to the avowed lower phosphorescence quantum yield of the 

red complex.[413] Very interestingly, reversible flexibility of the printed objects is clear from 

Figure 3.2.15d and this confirms the very high elongation at break obtained and finally, in 

order to prove the overall  performances of the developed ink in terms of printability and 

resolution, a bigger model was printed. The selected model represents the historical towers 

“Le Due Torri” from the city of Bologna, Italy (Figure 3.2.15e). The selected ink contained 

the green complex–dye pairs and allowed for the reproduction of high-resolution details in 

the overall construction. 
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1) Blue Ink  

DYE = Unisol Blue AS  

COMPLEX = [Ir(dfppy)2(b-trz)]- K+  

 

 

 

 

 

 

Figure 3.2.11 - Emission maps of the 3D printed blue phosphorescent ink (small dog-bone, top, 
left). The same emission data are represented with a 3D surface plot (top, right) and with a colour-
scale 2D image plot (bottom). Colour scale bars represent counts of the photodetector.  
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2) Green Ink  

DYE = Solvent Green 3  

COMPLEX = [Ir(ppy)2(b-trz)]- K+ 

 

 

 

 

 

 

Figure 3.2.12 – Emission maps of the 3D printed green phosphorescent ink (small dog-bone, top, 
left). The same emission data are represented with a 3D surface plot (top, right) and with a colour-
scale 2D image plot (bottom). Colour scale bars represent counts of the photodetector.  
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3) Yellow Ink  

DYE = Cresol Red 

COMPLEX = [Ir(ppy)2(bpy)]+ Cl-  

 

 

 

 

 

 

Figure 3.2.13 – Emission maps of the 3D printed yellow phosphorescent ink (small dog-bone, top, 
left). The same emission data are represented with a 3D surface plot (top, right) and with a colour-

scale 2D image plot (bottom). Colour scale bars represent counts of the photodetector.  
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4) Red Ink  

DYE = Methyl Red 

COMPLEX = [Ir(pqu)2(b-trz)]- TBA+ 

 

 

 

 

 

 

Figure 3.2.14 -  Emission maps of the 3D printed red phosphorescent ink (small dog-bone, top, 
left). The same emission data are represented with a 3D surface plot (top, right) and with a colour-

scale 2D image plot (bottom). Colour scale bars represent counts of the photodetector.  
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Figure 3.2.15. DLP 3D printing of flexible and phosphorescent resins. a) Normalized emission 
profiles of the iridium-containing 3D printed dog-bones. Each curve colour corresponds to the 
emission colour of the corresponding Ir(III) complex. The excitation wavelength is 360 nm for all 
emission spectra. b) Optical camera pictures of the phosphorescent dog-bones exposed to visible and 
c) UV (365 nm) light. Dog-bones dimensions are 6x1.8x35 mm. d) Demonstration of the reversible 
flexibility of the printed objects. Dog-bone dimensions are 77x10x2 mm. e) Picture of a 3D printed 
green phosphorescent model of “Le Due Torri” of the city of Bologna, under UV irradiation. Structure 
dimensions are 56x40x96 mm. 

 

 

In vitro biocompatibility tests 

Since a possible future target is the use of our resin in textile applications, an in vitro analysis 

of the pro-sensitising potential was carried out. For assessing the biocompatibility of our 

printed samples and with the aim of demonstrating that there is no intrinsic cytotoxicity, we 

carried out two different tests: a human keratinocyte viability test and an evaluation of pro-

sensitising activity (according to OECD 442E) on human monocytes through FACS analysis. 

Human keratinocytes seeded on polystyrene Petri dishes and exposed for 24 h to the sample 

eluate did not display any difference in terms of morphology, adhesion and proliferation. 

Optical microscopy observation and cell counting demonstrated that HaCaT cells can adhere 

and proliferate in the presence of sample’s eluate (Figure 3.2.16). For what concerns the pro-
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sensitising activity, the purpose of the test was to assess the absence of pro-sensitising skin 

effects from finished products or raw materials intended for contact with the skin or mucous 

membranes. In the assay, human monocytes cell line (THP-1) as a prototypic blood-derived 

immunologically active cell was used. On these cells, the expression of two costimulatory 

molecules, CD54 (Intercellular Adhesion Molecule) and CD86 (B7.2), was tested, using as a 

positive control Nickel sulphate, a well-known contact sensitising agent. Nickel sulphate is 

able to cause in vivo allergic immune reactions (skin sensitization) and it is also widely used to 

study in vitro immune response modulation. The increasing expression level of CD54 and 

CD86 on monocytes is a signal of activation of the immune response derived from the 

exposition to a potentially sensitising contact antigen. The expression of co-stimulatory 

molecules on the dendritic cells means activation of the immunological response in terms of 

capability to present the antigen in the typical tissues (skin in this case), where, in vivo, the 

immune protective response is triggered. The costimulatory molecule expression is compared 

to the behaviour of nickel characterised by (a) high increase of both the markers; (b) direct 

correlation between concentration and intensity of the response; (c) relevant effects even at 

very low doses. The tested dose of 4 μg ml−1 of nickel sulphate (NiSO4·6H2O) corresponds 

to more or less 1 ppm of Ni, dosage that is around the minimal sensitising threshold in already 

sensitised individuals with irritated skin. The concentration that is able to cause an allergic 

reaction in most of the sensitive subjects is anyway around higher value, over the 100 ppm of 

Nickel in contact with safe and intact skin. The assay has been recognized as valid in 

compliance with the aforementioned method acceptance criteria, namely a percentage of living 

cells >80% tested by MTT assay and an MFI value of the NiSO4 control (at the lower tested 

Ni concentration) >10% compared to the negative control with culture medium. The MFI 

must display a dose–response increasing pattern with the other two tested doses. As the final 

result of the sensitisation assay in this in vitro model, the eluted samples do not affect the 

expression of the investigated markers in immunocompetent cells, and hence it does not show 

any stimulating potential on the immune cellular response mediated by 

monocytes/macrophages. 
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Figure 3.2.16 - HaCaT cell viability test.  HaCaT cells seeded on multiwell-6 polystyrene plate with 
and without exposure to the printed sample eluate: the control (on the left) and the treated (on the 
right) show no difference in cell morphology (optical microscope image above) and the 24h count 
displays how even if in presence of the eluate, cell viability is not adversely affected. 
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3.3 Biopolymer-based reversible self-healing hydrogel for direct ink 

writing (DIW) 3D printing 
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3.3.1 Introduction 

Hydrogels are composed of a network of hydrophilic and crosslinked polymeric chains, that 

form stable 3D polymeric structures with high water contents (usually > 90%). The range of 

materials that can be employed for the formation is hydrogel is extremely wide, including 

synthetic polymers such as polyacrylamide or polyvinyl alcohol together with natural 

biopolymers like cellulose, chitosan and alginic acid and many others. [417,418] Also, the 

chemistry of the crosslinks that are able to form the interconnected 3D network can vary 

depending on the functional groups that are present on the polymers. Hydrogen-bonding 

plays an important role in the formation of hydrogels, but ionic interactions can also be 

exploited for the formation of stable 3D networks, as in the case of the well-known Ca2+-

alginate interaction. [419] However, coupling agents and crosslinkers are often added to 

induce the formation of covalent bonds using simple organic chemistry. As an example, EDC-

coupling is often exploited to covalently crosslink amines with carboxylic acids, but other 

reactions (such as Diels-Alder cycloadditions) can be exploited to form interconnected 

polymer networks in water. [420–422] 

A self-healing hydrogel (SHH) is one that is able to repair crack and fractures either 

autonomously or by applying external stimuli. [423,424] The self-healing mechanism in 

polymeric hydrogels has been deeply investigated in the last decade; this phenomenon is often 

observed when in a hydrogel a mobile phase enables the reconnection of two interfaces of the 

same material placed in contact through mass transfer and by reconnection of broken links in 

the material. [425] This allows for the production of more durable manufactures, that can 

efficiently resist prolonged mechanical stress without braking. In the most recent literature, it 

is described how an SHH with acceptable mechanical properties need to be composed of a  
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Figure 3.3.1 – Schematic representation of the macroscopic properties of self-healing hydrogels and 
the main chemical interaction that allow for a hydrogel to self-heal. Reproduced from ref. [426] 

 

 

strong polymeric network of covalent bonds interconnected with a secondary network made 

by weak reversible interactions such as H-bonding, hydrophobic interactions, host-guest 

interactions, ionic bonding and dynamic covalent bonding (Figure 3.3.1). [427–430] The weak 

interactions are the ones that allow for the self-healing properties, allowing to form new weak  
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Figure 3.3.2 – Principal polymers for self-healing hydrogels, divided into oil-based (left) and bio-
based (right) 

 

 

interactions at the crack junction, while the covalent network gives to the hydrogel the desired 

mechanical performances. Moreover, self-healing hydrogel has been prepared by photocuring 

charged monomers that are able to reconnect hydrogel surfaces by electrostatic interaction 

between oppositely charged moieties included in the hydrogel. [431] Amongst other polymeric 

compounds, polysaccharides have recently found applications in this field due to their 

bioavailability and biocompatibility, together with their versatility and easy chemical 

functionalization (Figure 3.3.2). [432–434] In particular, chitosan has been widely employed 

as biocompatible components of self-healing hydrogels, since it carries reactive amino groups 

able to form dynamic imine bonds when reacting with aldehydes. [435] In the recent literature, 

chitosan and some of its close derivatives such as carboxymethyl and carboxyethyl chitosan 

have been mostly employed to produce SHHs by reacting the free amino groups of chitosan 

in aqueous solutions with dialdehyde crosslinkers such as dialdehyde-functionalized PEGs, 

forming reversible imine crosslinking between the amino groups of chitosan and the 

functional PEGs and allowing the system for displaying self-healing properties. [436–439]  

Only a few studies present SHHs in which chitosan has been crosslinked using other 

polysaccharides carrying aldehyde groups, which are generally obtained by periodate oxidation 
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of the native polysaccharide, leading to injectable hydrogels widely tested for biomedical 

applications.[440–442] Notwithstanding their interesting mechanical and healing properties, 

very few reported hydrogels have been employed for 3D printing and still, none of them is 

further employed as stimuli-responsive actuators. [443,444] 

Aim of the research as Visiting Graduate Student at JHU 

In this chapter, we will describe a new approach for the preparation of direct ink writing 

(DIW) 3D printable self-healing hydrogel based on photocurable chitosan derivative and 

periodate-oxidized polysaccharides. Firstly, a shear-thinning and 3D printable pre-gel will be 

prepared by mixing chemically modified biopolymers with small-molecule acrylate monomers; 

after 3D printing into the desired shape, the hydrogel is cured using UV light, to afford a 

tougher and thermoresponsive cured gel that shows reversible self-healing properties. The 

photopolymerized polyacrylate network will allow for the gel to display good mechanical 

properties while the weak and reversible interactions amongst the biopolymers and the 

acrylate monomers will give rise to the self-healing phenomenon. Acrylate monomers play an 

important role in contributing to the self-healing process: we selected oppositely charged 

monomers (potassium 3-sulfopropyl methacrylate (KSPMA) and methacrylate choline 

chloride (MCC)) to allow for the formation of ionic interactions between different regions of 

the cured hydrogel network, charge recombination phenomena happening amongst these two 

monomers at the interface of broken hydrogel pieces could assist the self-healing process 

making it faster and more effective. Parallelly, NIPAM has been selected as the main small 

molecule monomer due to the well-known thermoresponsive properties of its hydrogels. 

[445,446] 
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3.3.2 Chemical modification of polysaccharides  

Synthesis of Chitosan 6-O-itaconate (CSI) 

The chemical modification of the polysaccharides has been performed as schematically 

represented in Figure 3.3.3. The first reaction, which involves the partial functionalization of 

chitosan with itaconic acid, was performed as previously described for the preparation of 

chitosan succinate using succinic anhydride, but using itaconic anhydride instead, in a 

water/methanol mixture containing around 6% of acetic acid. After thorough purification, 

the outcome of the reaction was assessed by 1H and 13C-NMR (Figure 3.3.4 and Figure 

3.3.5), which revealed the effectiveness of the chemical modification and allowed for the 

quantification of the percentage of functionalized monomers in chitosan chains. We believed 

that the nucleophile able to efficiently attack the anhydride was indeed the primary alcohol 

group in position 6 rather than the amino group of chitosan: the acidity of the reaction 

environment ensured protonation of amino groups on chitosan and therefore their 

nucleophilicity was strongly compromised. Moreover, the primary alcohol in less basic and 

less hindered sterically. The esterification of chitosan in position 6 was fully confirmed by 

detailed NMR analysis which included 1H, 13C and 1H-1H COSY NMR analysis (Figure 3.3.6).  

By careful spectral peak assignment and integration, we firstly determined the degree of 

acetylation (DD) of non-functionalized chitosan is equal to 91.5%. Then, we determined the  

 

 

 

Figure 3.3.3 - Schematic representation of the partial modification of chitosan to chitosan 6-O 
itaconate. It is produced by reacting the OH group in position 6 of chitosan with itaconic anhydride 
in the presence of acetic acid. This lead to the formation of a polymer containing three different 
monomers: N-deacetylated D-glucosamine (D), N-acetylated D-glucosamine (A) and O-itaconate D-
glucosamine (I).  
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Figure 3.3.4 - 1D NMR analysis. Top: 1H-NMR (600 MHz, TFA-d 1% in D2O) of commercial 
chitosan powder and the corresponding peak assignments. The deacetylation degree (DD) was 
measured by integration to be equal to 91.5%.  Bottom: 1H-NMR (600 MHz, TFA-d/DMSO-d6/D2O 
1:1:1) of chitosan itaconate (CSI) and peak assignments. Labile protons (-OH and -COOH, -CONHR 
and -NH2) cannot be seen due to the presence of high concentration D+ ions. By integration of the 
NMR spectrum, it is possible to calculate that 16.5% of chitosan monomers are efficiently 
functionalized with photocurable itaconic acid units. 
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Figure 3.3.5 - 13C-NMR (150 MHz, TFA-d/DMSO-d6/D2O 1:1:1) of chitosan itaconate (CSI) and 
full peak assignment. 
 

 

number of monomers efficiently functionalized with itaconic acid on CSI as 16.5%, while still 

confirming that 8.5% of monomers were acetylated. ATR-FTIR analysis confirmed the 

efficient functionalization displaying two new distinct carbonyl bands at 1530 and 1630 cm-1 

relatable to the ester and acid groups of CSI, respectively. 

Methanol was observed to be required in the reaction mixture for the dissolution of itaconic 

anhydride, which is poorly soluble in acidic water. However, this leads to the preferential 

alcoholysis of itaconic anhydride from methanol, leading to monomethyl itaconate, as 

suggested by the quite low degree of functionalization. Despite this, the application for SHHs 

requires the availability of free amino groups that need to be able to efficiently form imine 

crosslinks and therefore the low substitution degree is preferred as it leads to a polymer with 

plenty of NH2 groups and with pH-depending properties given by the coexistence of acidic 

and basic functional groups on the polymeric chain.  
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Figure 3.3.6 - 1H-1H COSY NMR (600 MHz, TFA-d/DMSO-d6/D2O 1:1:1) of chitosan itaconate 
(CSI). 

 

 

Synthesis of polyaldehyde crosslinkers 

In order to prepare carbohydrate-based dialdehyde crosslinkers responsible for the self-

healing properties of the final hydrogel, we selected xanthan gum (XG) and hydroxypropyl 

cellulose (HPC) and we tested their oxidation with sodium periodate in water (Figure 3.3.6). 

The reaction of NaIO4 with vicinal diols leads to the cleavage of the C-C bond amongst vicinal 

hydroxyl groups by oxidation of the two carbon atoms to aldehydes, [447] and it has been 

thoroughly studied on polysaccharides in the last decades to generate reactive groups on the 
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biopolymeric chain for attaching dyes, drugs, other functional molecules or for producing 

aldehyde-crosslinked hydrogels.[448–450] Xanthan gum, a polysaccharidic gum defined by a 

pentameric unit was selected thanks to its shear-thinning behaviour, which could demonstrate 

its efficacy in forming an SHH that could be efficiently extruded and 3D printed.[317] It 

displays four vicinal diols in each pentamer, suggesting promising crosslinking ability after 

oxidation. On the other hand, HPC was believed to be able to form sticky hydrogels, due to 

the extensive presence of hydroxy groups able of H- bonding. Its oxidation was expected to 

occur in much lower extent compared to XG due to the presence of much less oxidizable 

vicinal diols since the -OH groups on the pyranose ring are randomly substituted with 

hydroxypropyl moieties (Figure 3.3.7). However, the oxidation reactions were previously 

reported on fully substituted saccharides, even if with lower reaction rates.[449] Previous 

applications of dialdehyde oxidized HPC are limited to basic studies on its applications as 

cationic thiomer. [451] 

 

 

 
 

Figure 3.3.7 - Periodate oxidation of polysaccharides. Generic reaction scheme for the periodate 
oxidation of vicinal diols (top) and chemical structures of xanthan gum (XG) and hydroxypropyl 
cellulose (HPC). The oxidizable vicinal diol groups are highlighted in blue.  
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Figure 3.3.8 – Aldehyde content assay. Top) Schematic representation of the reaction exploited to 
determine the aldehyde content of oxidized polysaccharides by fluorometric quantification of the 
formed Hantzsch amide. PS = polysaccharide. Bottom) Calibration curve and linear fitting of 
fluorescence intensity at the maximum of emission (452 nm) against concentration. Aldehyde content 
has been obtained by interpolation of the emission intensities at the maximum measured for adequately 
diluted solutions of OXG and HPCDA treated with the reactive mixture.  

 

 

In order to quantitatively assess the outcome of the oxidation reactions, a fluorescence assay 

was optimized on the basis of a previously published analytical method.[452] The assay 

involved the reaction of the aldehyde-functionalized macromolecule with acetoacetanilide and 

ammonium acetate as reported in Figure 3.3.8. It exploits the quantitative reaction between 

most aldehydes, acetoacetanilide and ammonium acetate leading to the formation of a 

fluorescent pyridine 3,5-dicarboxamide derivative that can be efficiently quantified by 

measuring its emission intensity at its maximum (452 nm) by excitation with 370 nm light. A 

calibration curve was built using 4-chlorobenzaldehyde as a solid aldehyde standard and 

linearity between emission intensity and aldehyde was observed in the 5-50 μM range. Samples 

of OXG and HPCDA have been parallelly treated with the reactive mixture of acetoacetanilide  
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Figure 3.3.9. ATR-FTIR spectra of the periodate-oxidized polysaccharidic materials before (blue) 
and after (black) the chemical modification. XG = xanthan gum; OXG = oxidized xanthan gum; HPC 
= hydroxypropyl cellulose; HPCDA = hydroxypropylcellulose dialdehyde 

 

 

and ammonium acetate and underwent fluorescence analysis. By interpolating the emission 

intensity at the maximum in the previously built calibration curve, the aldehyde content of the 

two oxidized products has been determined. The method allowed to estimate the aldehyde 

content of OXG and HPCDA ad 204 and 28.7 μmol of aldehyde groups per gram of 

polysaccharide, respectively, compared to unmodified XG and HPC which gave responses 

very close to the blank sample.  ATR-FTIR spectroscopy was employed to confirm that the 

main polysaccharidic backbone was kept unmodified by the oxidation process for both OXG 

and HPCDA (Figure 3.3.9). Aldehyde groups in polysaccharides have demonstrated to be 

difficultly detected by IR spectroscopy due to the reversible formation of hemiacetal by the 

reaction of the aldehyde functionality with the abundant hydroxyl groups in the 

macromolecules. [453] 
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3.3.3 Formulation and 3D printing of the self-healing hydrogel 

Once the modified polysaccharides were purified and dried, the self-healing pre-gel was 

prepared by mixing a 5% CSI solution in HCl 1 mM with an aqueous solution containing N-

isopropyl acrylamide (NIPAM), potassium 3-sulfopropyl methacrylate (KSPMA), 

methacrylate choline chloride (MCC) and the oxidized polysaccharides, OXG and HPCDA, 

together with Irgacure 2959, the photopolymerization initiator. The optimal composition was 

found by trial and error (and reported in Figure 3.3.10) by adjusting the composition to 

achieve a pre-gel that could be easily extruded through the nozzle employed for the 3D 

printing process (Figure 3.3.11). With the final optimal composition, the mixture gelified 

overnight leading to a sticky and extrudable self-healing hydrogel.  

Unlike chitosan, CSI was soluble at neutral pH, forming a thick hydrogel due to the partial 

zwitterionic properties of its polymeric backbone. When dissolved at neutral pH, it showed 

limited but noticeable self-healing properties due to charge recombination at the reconnected 

interfaces but no printability whatsoever. Its dissolution in HCl at pH 3 ensures protonation 

of both amino and carboxyl groups of CSI, leading to a softer and solution. Its mixing with 

other components leads to a slightly acidic pH of the SHH of about 5. The physical-chemical 

interactions that play a role in the formation of the extrudable SHH are mainly H-bonding 

and Schiff’s base formation by the interaction of the functional groups in the polysaccharides. 

At this stage, the acrylate and methacrylate monomers play a limited role in the self-healing 

properties of the hydrogel.  

 

 
 

Figure 3.3.10 - Left: composition of the pre-gel formulated for DIW 3D printing.  
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Figure 3.3.11 - Optical camera pictures of the hand extrusion of the self-healing hydrogel from a 20 
G nozzle proving good extrudability with low extrusion pressures.  
 

 

The ink was then loaded into a syringe and piped into UV shielded cartridges. It was 

centrifuged at 1500 rpm for 2 minutes to remove air bubbles. The inks were then aged for a 

week to allow for the dynamic bonds to form and for the ink to attain the desired shear 

thinning and mechanical properties. For direct ink writing, we used the Cellink Inkredible + 

bioprinter. We loaded the cartridges on the printer and extruded the ink through a 20 G (0.6 

mm inner diameter) to ensure a smooth clog-free print. We produced STL (Standard 

Tessellation Language) files for our structures using Solidworks (Dassault Systèmes) and sliced 

the files using Slic3r software to generate g-code files (Layer height-0.6mm; Infill pattern-

rectilinear; Infill percentage- 60%; Printing speed- 5mm/s). All our structures were printed on 

glass slides with chemical resistant PTFE strips (McMaster Carr) to allow easy removal. The 

extrusion pressure for a continuous filament if our ink was around 150 KPa. Optical camera 

pictures of the printing process are reported in Figure 3.3.12.  



CHAPTER 3  ADDITIVE MANUFACTURING 

- 202 - 

         

Figure 3.3.12 – Optical camera pictures of the 3D printer extruder head during the 3D printing of 
the self-healing hydrogel into a cylinder. 

 

 

The pre-gel was studied through ATR-FTIR spectroscopy. The first was used to confirm the 

formation of imines, as it displayed multiple peaks in the region between 1640 and 1690 cm-1, 

the region where C=N bond stretching gives rise to a peak (Figure 3.3.13).  

Visible light curing of extruded gels 

After printing, the hydrogel structures were cured using two OmniCure UV sources (LX 500, 

Lumen Dynamics) at 80% power. The two UV light-emitting diodes (LED) heads fitted with 

12mm lens, emitted UV light at a wavelength of 365nm and a resultant intensity of 0.32 

W/cm2. The structures were kept on a stage rotating at 9.8 RPM to allow uniform curing for 

the time of 120 seconds with both the probes pointed towards the sides of the structure, 3 cm 

away from it. A cooling fan was also used to prevent the overheating of the UV curing probes. 

After this, the structure was slowly removed from the PTFE slides using a slight amount of 

water and used for actuation studies. 

The ATR-FTIR spectrum of a freeze-dried sample of the cured hydrogel revealed no 

noticeable differences with the spectrum of the pre-gel (Figure 3.3.13). This is expected due 

to the low intensity of the C=C stretching resonance peak, which is the functionality that is  
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Figure 3.3.13 - ATR-FTIR spectra of the self-healing hydrogel before (blue) and after (black) 
the UV curing process.  
 

 

consumed during the polymerization. However, the analysis confirmed that the structure of 

the hydrogel was mostly unchanged. 

To summarily evaluate the microporosity of the gel and the influence that photocuring had 

on this parameter, SEM analysis was performed on samples of the cured gel and of the pre-

gel and images have been compared (Figure 3.3.14 and Figure 3.3.15). Electron microscopy 

revealed that the pre-gel was characterized by high porosity, with average pore size around 40 

μm. After photocuring, the hydrogel porosity almost completely disappears due to the 

formation of a packed polyacrylate network that closes the pores.  

 

 

Figure 3.3.14 - SEM image of a freeze-dried sample of the cured gel. 
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Figure 3.3.15 - SEM images of a freeze-dried sample of the pre-gel. 
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3.3.4 Future perspectives 

The project is still ongoing in collaboration and to the present day, we assessed self-healing 

and thermoresponsiveness properties of the prepared hydrogels independently. However, we 

are planning to perform an experiment that combines the two properties of the printed and 

cured hydrogel that will allow showing, in a single cyclic experiment, the possibility of 

exploiting the described hydrogel for tissue engineering and soft robotics applications (Figure 

3.3.16). What we observed is that the hydrogel was able to self-heal when 3D printed and 

cured, but after being placed in water the hydrogel was able of swelling and the self-healed 

interfaces were detaching. However, we exploited the temperature-dependent swelling 

properties of poly(NIPAM) hydrogels to de-swell the unhealed structures by heating them 

above 40°C in water; the de-swelled structures are now able to self-heal again due to the 

compression of the polymeric network and the cycle is repeated. To prove this, the following 

experiment was planned: 

 

♦ SELF HEALING 

In the first phase, two separate rectangular structures are 3D printed, UV cured and 

placed in contact to assess the self-healing properties. The healed system is then placed 

in water at room temperature: this causes the poly(NIPAM) network to absorb water 

leading to the swelling of the polymeric network.  

 

 

 
 

Figure 3.3.16 – Schematic macroscopic representation of the proposed mechanism for the reversible 
self-healing process. 
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♦ SWELLING 

The expansion of the covalent network in the hydrogel pulls apart the functional groups 

that are responsible for the self-healing properties, therefore the healed interfaces 

separate, and the self-healing properties are lost (Figure 3.3.17).  

♦ DESWELLING 

Then, by placing the hydrogels in water at 40°C, the poly(NIPAM) network shrinks back 

to its original density, restoring the self-healing properties of the material.  

♦ RE-HEALING 

The two rectangular pieces are now able to self-heal again and to repeat the cycle.  

As a final characterization, the rheological behaviour of the pre-gel will be assessed, and the 

printed and cured structures will undergo traction tests to assess its mechanical properties.  

Future experiments for tissue engineering applications are also forecasted. 

 

 

 

 

Figure 3.3.17 - Schematic microscopic representation of the proposed mechanism for the reversible 
self-healing process. 
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To summarize, this dissertation provided valuable examples of the implementation of organic-

inorganic hybrid approached to materials science and technology such as theranostics, organic 

electronics and additive manufacturing. The multidisciplinary combination of different fields 

of chemistry and science, in general, allow for the study of the possible applications of such 

advanced hybrid structure, and it is essential for approaching the state-of-the-art in applied 

chemistry and physics. The properties of gold nanostructures in nanomedicine have been 

described in detail since they represent one of the most promising applications of 

nanotechnology that are hopefully going to approach soon the clinical phases. Then, we 

demonstrated how piezoelectric and conductive inorganic nanostructures can be manipulated 

by coating them with natural or synthetic organic ligands in order to manufacture polymeric 

nanocomposite with sensing properties towards mechanical or electrical stimuli. Finally, an 

inorganic material such as phosphorescent transition metal complexes can be implemented in 

biobased photocurable resins to produce functional 3D printed object loadings of heavy 

metals limited to less than 0.01%, with potential application for 3D printed textile due to the 

promising mechanical performances.  

 

 

CONCLUSIONS 
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