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Introduction 
 

     This work conducted within Prof. Paradossi’s group at the Department of 

Chemical Science and Technology in the University of Rome Tor Vergata aimed to 

develop an easily applicable strategy enabling functionalization of graphene, 

suspended in an aqueous medium in its pristine form, to biocompatible polymeric 

surfaces, in particular “poly(vinylalcohol)” platforms, designed for biomedical 

applications. Nowadays graphene, this new two-dimensional material with 

fascinating properties, is emerging in many scientific fields. Exploitation of graphene 

properties has been one of the motivations to implement biomedical applications of 

interest for our laboratory. Our investigations are about what kind of functionalities 

can be introduced in a polymeric platform, such as hydrogel sponges for anti-tumor 

drug delivery or the surface of microbubbles, still in the development phase as 

multimodal imaging contrast agents mainly for ultrasounds and photoacoustics. To 

this regard, photoacoustic imaging is a high-resolution preclinical fast developing 

diagnostic tool. Evolution of this imaging methodology can bring to a new clinical 

tool designed for human investigation and is a major challenge that can be tackled 

by ad hoc engineered contrast agents. To this aim an optimized selection of 

advanced hybrid platforms is needed. Graphene derivatives, mainly graphene oxide 

(GO) and reduced graphene oxide (RGO), exhibiting depleted properties with respect 

to pristine graphene, but chemically more versatile, have been highlighted in the 

recent literature. These forms derive from the chemical modifications of the 2D 

structure of graphene in very harsh conditions, which introduce kinks and 

irregularities in the carbonic material. Such modifications make GO and RGO more 

reactive and more processable than pristine graphene, but jeopardize the electrical, 

optical and mechanical properties of this material. Despite this fact, we have not 

found a study that reports the incorporation of pristine graphene into biomedical 

devices starting from its suspended form in aqueous media. The challenge herein 

was to preserve the graphene original properties which are important for the 

applications we address; and find the intermediate key to adequately tether 
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graphene on our studied poly(vinylalcohol) composites. For this, Prof. Paradossi’s 

group strong background about poly(vinylalcohol) hydrogels and microbubbles was a 

great advantage. 

     The first chapter of the thesis is a brief general introduction about graphene and 

poly(vinylalcohol) providing the necessary details of why these materials could be 

interesting candidates for our research, taking into account the main problems 

concerning the separate materials as well as their assembly and formulating 

hypothesis regarding the efficiency and biocompatibility of the hybrid systems. 

     The second chapter is a proof of concept on the method allowing pristine 

graphene entrapment into a poly(vinylalcohol) hydrogel matrix with potential in drug 

release at physiological temperature by using thermosensitive moieties. 

     The third chapter of this thesis is a general introduction to the photoacoustic 

imaging. It provides the basic theoretical foundation for understanding this method 

and the physical mechanisms related to photoacoustic generation in biological 

tissues. First, we describe light propagation mechanisms in tissues, and the 

deposition of heat via optical absorption. Assimilating the biological tissue to a liquid 

medium, we then introduce the fundamental equations describing the 

photoacoustic issue, and the assumptions used in imaging to improve diagnosis. We 

also introduce ultrasound imaging and its inherent clinical approach for diagnostic 

and therapy. Finally, the contrast agents used in both ultrasound and photoacoustic 

imaging modalities are discussed through two important examples: microbubbles 

and NIR absorbing agents.  

     The chapter IV details the state of the art in the context of the objectives we 

pursued during this thesis regarding hybrid contrast agents for photoacoustic 

imaging based pristine graphene and poly(vinylalcohol) microbubbles. Details on the 

microdevice fabrication as well as its physico-chemical characterization are provided. 

Finally, the potential of the graphene poly(vinylalcohol) microbubbles  in enhancing 

the photoacoustic signal is assessed in vitro and in vivo.   
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     In the chapter V, we present a study on the influence of diamine intermediates 

and PEGylation used as links between graphene and the PVA microbubbles on the 

colloidal behavior, acoustic properties, and cytotoxicity of the overall system. 

     An appendix is presented at the end of the thesis describing a preliminary work 

carried recently on the realization of new “phase-change” ultrasound contrast 

agents with a photo-polymerized surfactant monolayer shell structure encapsulating 

perfluorocarbon. These systems are in normal conditions droplets and upon 

ultrasound irradiation, they convert into microbubbles by “acoustic droplet 

vaporization”. The phase change efficiency is studied and the experimental setup 

and operating conditions are detailed.  



 

 

 

 

 

 

 

 

 

Chapter I: 

Overview, Functionalization Methods and Applications 

in Biomedicine of Graphene and Poly(vinyl-alcohol) 
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1. Graphene materials: 

    1.1 History 

The graphene history goes back to 1947 with the work of P. R Walace. Later on, few 

studies were carried out by scientists describing first observations of multi-layers 

graphene.[1,2] Only in 2004 and for the first time, the successful isolation of one-thick 

atom single-layer graphene has been achieved by Andre Geim and Konstantin 

Novoselov at the University of Manchester. Their experiment consisted on a multi-

step micromechanical cleavage of graphite using a scotch tape deposited on a 

graphite substrate. Lifting away the tape, a single sheet was delaminated. 

Characterization of its electrical features, mechanical strength and thermal 

conductivity revealed unusual and unique properties, making graphene a very 

promising material for the future. The two researchers were later awarded the 

Nobel Prize in Physics in 2010. Since this “groundbreaking” experiment, graphene 

has become a rising material crossing the horizon of condensed matter and materials 

science in diverse fields [3-5].  

 

       1.2.1. Electronic structure properties 

Graphene is one- atom thick carbon layer arranged in a honeycomb structure with 

sp2 configuration (see scheme 1) and it is the basis of its allotropes such as carbon 

nanotubes, fullerene and graphite. Graphene has proven to be a zero overlap 

semimetal with a very high electrical conductivity with one free available electron 

per each carbon atom. Delocalized electrons in graphene obey a linear dispersion 

behaviour making it exhibit a number of very peculiar electronic properties such as 

the high mobility at room temperature, the quantum Hall effect, an ambipolar 

electric field effect, and a good optical transparency. Due to its high electron 

mobility (200 000 cm2/V s), graphene is thermally and electrically highly conductive. 

[6] 
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Scheme 1. Graphene structure 

 

        1.2.2 Mechanical properties 

Due to its 0.142 nm-long carbon bonds, graphene is considered the strongest ever 

discovered material. The good mechanical properties of graphene with a large 

Young’s Modulus make it very promising. As compared to steel, graphene is six times 

lighter, five to six times less dense, harder and more extensible. Moreover, it is 

stiffer to bending, environmentally friendly and cost effective [7]. 

        1.2.3 Magnetic properties 

Magnetism in sp2 hybridized carbon materials is due to possible contamination by 

magnetic impurities. The paramagnetic and some other magnetic characteristics, 

including magnetic switching phenomena have been observed as well in the 

graphene systems. [8] 

 

        1.2.4 Optical properties 

Graphene has optical transparency, admitting that the electrons in a graphene sheet 

have a very high mobility and considering its unique one atom thick carbon 

structure, graphene is able to absorb 2,3% of white light. The optical absorption of 

graphene layers shows a linear proportionality with the number of layers, each 

absorbing the same amount of light of one single layer, i.e. 2.3%, over the visible 

spectrum. In a few-layer graphene this can be explained by considering the 

delocalized electrons of each sheet as a 2D electron gas, with little perturbations 

from adjacent layers, making it optically equivalent to a superposition of almost non-

Carbon 
atom covalent 

bond
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interacting single-layers. The absorption spectrum of pristine graphene is almost 

wavelength independent from the visible to the infrared region, and exhibits a peak 

in the UV region around 270 nm, due to the π-π electronic transition of the electron 

orbitals. In few-layers graphene, other absorption features are present at lower 

energies, associated with interband transitions.[9,10] 

 

    1.3. Production routes 

Several methods are employed to produce graphene, and may be classified mainly 

according to the nature of the starting graphite, pristine or modified, which leads to 

either a pristine graphene form or a graphene derivative respectively; also the state 

of the obtained graphene should be considered as it can be accomplished as a solid 

on a substrate or as a liquid suspension. Among these methods, mechanical 

cleavage, chemical vapor deposition (CVD), epitaxial growth on SiC and arc discharge 

of graphite yield a pristine form of graphene in the solid state. On the contrary, 

graphene colloidal suspensions can be obtained by organic solvents extraction from 

graphite and/or surfactants assisted ultra-sonication, or through the oxidation of 

graphite oxide followed by its subsequent exfoliation in water to yield graphene 

oxide (GO). The latter can undergo a reduction process, via a thermal route or by 

hydrazine, to obtain reduced graphene oxide (RGO). Each synthetic procedure was a 

new solution to a previous problem. Indeed, the mechanical cleavage of graphite, 

particularly highly oriented pyrolitic graphite (HOPG), and CVD procedures lead to 

the highest quality of graphene, but they are not scalable methods and are difficult 

to apply. Thus, processing graphene in liquid solutions is an exciting alternative for a 

large scale production and a promising route to obtain graphene materials suitable 

for several applications crossing diverse fields. Successful exfoliation of graphite to 

give defect-free graphene using certain organic solvents such as DMF, DMSO, NMP, 

etc has been reported.[11] However, this method has its drawbacks due to the toxicity 

and high boiling points of these solvents and therefore it requires a specific handling 

which is unsuitable for several applications such as biomedical ones.[12] The most 

common technique is to disperse graphene in aqueous medium through the 

oxidation of graphite leading to the formation of epoxy bridges, carboxyl, carbonyl, 
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and hydroxyl groups on its surface. By subsequent exfoliation in water, GO sheets 

can be obtained up to 7mg/ml, [13,14] and could be easily further functionalized to 

obtain hybrid materials with some stability in water. Still this method suffers from 

one serious drawback; the oxidation process introduces significant defects in the 2D, 

planar structure of graphene as evidenced by Raman spectroscopy, altering severely 

the unique electronic properties of graphene. Even after a reduction process, it is 

from one side impossible to completely remove the defects due to the presence of 

residual oxygen groups, and from another side a problem of dispersion stability 

occurs [14]. These structural modifications make GO and RGO different materials from 

pristine graphene. However, ultrasound-assisted exfoliation of graphite in water 

using surfactant, which does require neither oxidation process nor chemical post-

treatments, was proved to be a cheap and friendly way to produce relatively free-

defect graphene. However, it leads to low graphene yield with respect to the 

oxidative procedure (up to 1mg/ml).[13,15] 

      1.4 1. Raman Spectroscopy characterization: 

Raman spectroscopy is historically a method able to provide a fingerprint of the 

structural characteristics of graphitic materials, and has become a powerful 

technique to understand the behavior of electrons and phonons in graphene, aiming 

at gaining a better understanding of its quality. Several and recent Raman studies on 

the different thickness of graphene were carried out at 532 and 614 nm excitation 

wavelengths, where the first order (G) and the double resonance Raman scattering 

(2D) mechanisms were discussed to distinguish the monolayer from multilayered 

structures and determine the number of layers in a graphene sample. At 532 nm in 

single layer graphene, G and 2D appear at 1580 and 2680 cm-1, respectively: the 2D 

band should be more intense than the G band, and can be fitted into a single 

Lorentzian peak. Therefore, the intensity ratio 2D/G together with the shape analysis 

of 2D allow for the determination of the number of graphene layers. Another 

important feature of graphene is the D mode at 1340 cm-1, which is related to 

defects in the structure and is present in structurally disordered samples. Thus, the 

D/G bands intensities ratio is a useful indicator to quantify the disorder in the 

graphene sp2 network. [16-18] 
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          1.4.2 Microscopic characterization: 

Direct observation of graphene sheets is possible using microscopy techniques. 

Mainly transmission electron microscopy (TEM), scanning electron microscopy (SEM) 

and atomic force microscopy (AFM) are commonly used to characterize graphene 

materials. These techniques give information concerning the lateral size and the 

shape of graphene as well as the number of layers, and are therefore considered as 

complementary methods to the Raman spectroscopy characterization. The layers 

can be distinguished by the edge contrast produced in a graphene sheet when using 

TEM or SEM, whereas AFM provides a more precise determination by measuring the 

thickness of the latter. Besides, a direct visualization of graphene allows for a deeper 

study of its structural morphology, when it is either free or incorporated in 

composites such as polymers, in addition to determining the mechanical properties 

as can be assessed by AFM. [19,20]  

    1.5 Applications in biomedicine: 

It is worth to notice that for biomedical research, most studies reported in the 

literature investigated graphene derivatives i.e. GO and RGO for their easy 

functionalization. The functionalization of graphene derivatives could be either 

covalent or non-covalent i.e. by π-π interaction.[21] The particular features of 

graphene and its derivatives render them interesting and promising templates which 

can fit the needs of numerous biomedical applications, ranging from biosensing to 

imaging and cancer therapy. Indeed, graphene materials offer high therapeutic 

molecule loading capacity due to their high available surface area and have been 

explored as potential drug delivery systems such as doxorubicin (DOX) and 

heparin.[22] This is due to stable π− π stacking between the aromatic rings in the drug 

and the graphene surface which leads to stable complex formation, avoiding 

chemical conjugation. Moreover the engineering of graphene hydrogels as scaffolds 

for cellular growth has been reported and showed enhanced cellular attachment and 

proliferation, which makes graphene a suitable material as a drug carrier and to 

make smart scaffolds.[23] 

Graphene derivatives have also been recently investigated as a therapeutic agent 

due to the ability to absorb at the near-infrared (NIR) spectral region and 
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subsequently convert the absorbed energy into heat leading to thermal ablation of 

tumor tissues.[24] 

2. Poly(vinylalcohol) (PVA): 

PVA is a hydrophilic linear polymer, which was first prepared by Herrmann and 

Haenel in 1924. [25] This polymer is not obtained directly from a monomer, but from 

the full or partial hydrolysis of poly(vinyl acetate). Now many grades of PVA are 

available in the market, and are classified according to the hydrolysis percentage of 

the acetate as well as the polymerization degree. PVA is considered fully hydrolyzed 

when the degree of hydrolysis is above 98%, whereas a partially hydrolyzed PVA has 

a degree of deacetylation ≈ 87% [26] (see proposed structures in scheme 2).The 

differences in the PVA grades lend it to a wide variety of applications such as 

emulsion stabilizers, adhesives, textile and even biomedicine. Each type of PVA finds 

use for some applications but not for others, as the properties of the polymer 

change in terms of viscosity behavior, crystallinity and solubility; hence an adequate 

selection of PVA grade is depending on the application requirements.[27] 

 

Scheme 2. Chemical structure of PVA: fully hydrolyzed A, partially hydrolyzed B 

The repetitive units in a PVA chain are a sequence of head-to-tail consecutive 

repeats. However, defects can be present in the form of head-to-head sequences 

(about 2%) which are advantageous to make a telechelic polymer with specific 

groups allowing the design of advanced systems. [27] 

2.1. Properties of poly(vinyl-alcohol): 

The chemical and physical properties of PVA are linked to its structure which varies 

with the chain lengths and the degree of hydrolysis, or alternatively degree of 

acetylization. These structure features affect the rheology of polymer solutions and 

properties of the PVA powder, in other terms, its mechanical properties, crystallinity 

and water solubility. [27]  
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2.1.1. PVA solubility and solution viscosity: 

The degree of hydrolysis and the degree of polymerization play both a significant 

role in defining the water solubility of PVA. The hydroxyl groups present in the PVA 

structure are the reason of its good affinity to water. However, strong hydrogen 

bonding between the intra-and inter-molecular hydroxyl groups greatly impedes its 

solubility in aqueous solutions. Besides, the residual acetate groups in the partially 

hydrolyzed PVA weaken the hydrogen bonding by acting as spacers and make 

therefore the polymer more soluble in water (see scheme 3). The PVA solubility 

increases with the temperature and it may be required to increase the temperatures 

as high as 80°C to achieve high solubility. This is because the hydrogen bonds 

between the hydroxyl groups of PVA chains are disrupted by the increased mobility 

of the molecules while those between PVA and water molecules are favored.[27, 28] 

Moreover, PVA is insoluble in many organic solvents with the exception of dimethyl 

sulfoxide (DMSO). [27,29] 

 

Scheme3.Hydrogen bonds in a) fully hydrolyzed PVA and b) in partially hydrolyzed PVA: at 

higher acetylization degree, the acetate groups act as spacers and limit the hydrogen bonds. 

The viscosity of PVA aqueous solutions mainly depends on the concentration and the 

degree of polymerization. As the polymer concentration and/or the chain length 

increase, the formation of inter-and intra-hydrogen bonds is enhanced. As a 

consequence the water becomes a poorer solvent and the viscosity is increased. 

However, the temperature and the degree of acetylization weakly affect the PVA 

viscosity in water because a higher molecular mobility is not effective as much as the 

concentration and molecular weight to reduce the hydrogen bondings between the 

chains.[27,29, 30] 

a) b)
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2.1.2. PVA crystallinity: 

PVA is a partially crystalline polymer. The crystallinity tends to be limited with 

increasing molecular weight since long molecular chains involve impeded segmental 

motion making the folding-up of the molecules into crystalline structure more 

difficult. Acetyl groups prevent molecular chains from a close approach as discussed 

above limiting the crystallinity. [26-30] 

2.1.3. PVA thermal properties: 

Upon heating, PVA undergoes a melting transition and is decomposed at 

temperatures above 200°C. These features change depending on the crystallinity 

degree of the polymer, its tacticity and consequently on its structure. It is also known 

that PVA crystallinity and melting point Tm decrease as the distribution of the 

residual acetyl groups is more random.[26, 27] Typical melting points are on the order 

of 228 to 240°C for atactic, 212 to 235°C for isotactic and 230 to 267°C for 

syndiotactic structures. The glass transition temperature is 85°C for highly 

hydrolyzed PVA and 58°C for 87 % - 89 % hydrolyzation.[27, 29, 31] 

2.1.4. PVA mechanical properties: 

In addition to its interesting chemical and structural properties, PVA exhibits a high 

tensile strength, varying from 30 MPa to 110 MPa, proportional to the molecular 

weight and relative humidity. The ability to obtain such a wide range of tensile 

strength values makes this polymer appropriate for diverse applications.[27] 

PVA is also characterized by properties such as chemical resistance, and 

biocompatibility. 

    2.2. Applications of PVA in biomedicine: 

PVA is biocompatible with human tissues; its fibrils can absorb protein molecules 

and engage with minimal cell adhesion without toxic effects. It is often used as 

coating material for stents or other devices that need to be introduced in the human 

body. Therefore, PVA based composites have been widely developed for biomedical 

applications from drug delivery systems to tissue engineering yet to bioimaging 

thanks to its solubility in water, good biocompatibility and easy    

functionalization.[32- 36] 
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      2.2.1 PVA based hydrogels: 

Hydrogels, defined as highly hydrated systems, are physically and chemically 

versatile devices widely investigated and used in biomedical research. They offer a 

favorable environment for many biological systems as cells and tissues because of 

their high water content and enhanced diffusion properties. Moreover, hydrogels 

function as physical or chemical shields against potentially toxic substances while 

preserving the natural hydration state of metabolites.[37] 

PVA is often crosslinked especially when used in the biomedical field. Moreover, it 

has an excellent ability to form hydrogels which can be made by a cross-linking 

process by a chemical reaction or UV light with photo-initiators, electron-beam or 

gamma radiation.[33-35,38]  

The physical hydrogels can be obtained via “Freeze-thaw”, a process consisting of 

repeated cycles of freezing and thawing, at high concentrations of PVA aqueous 

solutions (at least 10% w/v) and comprise non covalent junction knots of hydrogen 

bonding and Vander Waals forces.[39] The first work describing the preparation of 

PVA based hydrogel using this method was by Peppas in 1975.[40] In his work, 

aqueous solutions, 2.5 and 15% wt of PVA, were frozen at -20 °C and thawed back to 

room temperature resulting in the formation of crystallites rending the polymer 

insoluble in water. Then in 1984, Nambu reproduced PVA hydrogels by freezing and 

thawing processes for biomedical applications.[41] 

This treatment allows one to obtaining stable PVA gel at room temperature which 

retains its original shape, but can be extended up to five or six times its initial size 

due to its high elasticity and high mechanical strength. However, these properties 

depend on many factors such as the molecular weight of the polymer, 

concentration, temperature, freezing time, and the number of freezing-thawing 

cycles. The more cycles are repeated the more density and chain entanglements 

increase resulting in higher rigidity. Nonetheless, the potential applications in 

biomedicine of these kinds of hydrogels are limited by their weak mechanical 

properties, and the need to perform many freeze-thaw cycles in order to enhance 
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the mechanical strength is not commercially attractive. The work presented in 

chapter II will focus on the chemically photocross-linked PVA hydrogels. 

 

 

Figure 1. Schematic representation of PVA gelation by freeze thaw process. Copyright Zhang 

et.al. Soft Matter (2012) 8, 10439-10447. 

The nearly fully hydrolyzed forms of PVA result in forming hydrogels with tunable 

properties through crosslinking of the linear polymer chains. PVA contents affect the 

physical status of the resulting material: low PVA content results in soft materials 

because the fluid (water) moves freely through the matrix, whereas a higher content 

results in considerable stiffening and strengthening of the polymeric matrix. [27] 

In recent studies, Paradossi et.al have explored PVA based hydrogels, from macro to 

micro scale, such as macroscopic hydrogels and microgels obtained by photo-

crosslinking methacryloyl-grafted PVA in the presence of photoinitiator,[35,42] and 

hydrogels obtained by Michael-type addition via a nucleophilic thiol-ene addition 

between a thiol capped PVA and grafted methacrylic PVA chains.[34] These systems 

reveal good mechanical properties, good biocompatibility and are physically and 

chemically very stable.  

In addition, PVA chains grafted with methacrylic moieties offer the possibility to 

copolymerize with thermosensitive oligomers to give a thermoresponsive hydrogel 

above a low critical solution temperature (LCST). The crosslinks lead to the stability 

of the hydrogel when it swells in water or in biological tissues or shrinks according to 

the physical conditions (temperature, pH, salt concentration). This “switchable state” 

concept is a promising route for drug delivery and biotechnologies in general. A 
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recent work, described  by Shivikumar et. al., investigates the thermoresponse of a 

methacryloyl- grafted PVA “smart” microgel copolymerized with N-isoprpyl 

acrylamide (NiPAAm), a well known oligomer exhibiting a LCST around 33°C, and 

demonstrates that a volume phase transition temperature (VPTT) of the system is 

induced within the physiological range, a behavior, which has positively affected the 

release of doxorubicin (DOX), an anti-cancer drug, when varying the temperature 

from RT to 37°C.[35,42] Moreover, these PVA based hydrogels have shown a potential 

in tumor targeting, due to good chemical versatility of the polymer matrix, by 

functionalizing their networks with molecules such as hyaluronic acid.[43]  

    2.2.2. PVA based Core-shell microbubbles for bioimaging applications: 

PVA microparticles are of interest in the bioimaging field due to their inherent 

mechanical and physico-chemical properties. Recent studies carried by Paradossi 

et.al have shown the successful formulation of biocompatible and stable PVA 

microbubbles and their great potential as ultrasound imaging contrast agents aiming 

to enhance the diagnosis of diseases at an early stage. Ultrasound imaging and the 

important function of microbubbles will be futher discussed in Chapter III. PVA 

microbubbles also demonstrated the ability to be transformed into microcapsules 

leaving unchanged their surface characteristics.[44] Such PVA systems revealed very 

promising for theranostics: they offers at once good echogenicity and an adequate 

platform for drug loading in addition to the possibility to decorate their surface with 

tumor targeting molecules such as hyaluronic acid to target CD44 cancer cells 

receptors or RGD peptides.to target αv β3 integrin.  

 

3. Aim of the work: 

The goal of the studies described in this dissertation is to incorporate graphene into 

an adequate biocompatible platform such as PVA, which offers a high chemical 

versatility, to fabricate advanced devices for bioimaging applications, drug delivery 

and tissue engineering. 

The experimental work carried out as part of this dissertation was designed to 

address the following related research questions: 
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1. How to stably tether graphene prepared in an aqueous medium while preserving 

its pristine form, i.e. without passing by an oxidation process, to a PVA matrix? 

2. How does graphene affect the features of the PVA matrix? 

3. How does graphene improve the functionalities of the hybrid system?  

4. How to define the graphene biocompatibility or toxicity? 
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1. Introduction: 

In this chapter we show how to fabricate a robust, highly hydrated hybrid system by 

combining the advantages offered by a stable aqueous dispersion of pristine 

graphene sheets with the chemical anchoring offered by a hydrophilic and 

permeable PVA based polymer matrix. Such a system has been accomplished by the 

key choice of the surfactant scaffold allowing stabilization of graphene during 

ultrasonication-assisted exfoliation. We also consider the possibility of including N-

isopropylacrylamide (NiPAAm) as comonomer whose sequences are known to 

display a lower critical solution temperature (LCST) in water close to physiological 

temperature. The presence of this moiety gives rise to a volume phase transition 

(VPT) in the macroscopic hydrogels, which can be suitably deployed for controlled 

drug release. Raman analysis was used to characterize the state of PVA hydrogel 

entrapping graphene in its network. Evidence for an intimate interaction of graphene 

sheets with the polymer matrix was collected. Release of the anticancer drug 

doxorubicin has been tested to evaluate the active role of the 

graphene/PVA/p(NiPAAm) construct in the drug delivery. 

 

 2.1. Materials: 

Poly(ethylene glycol) 2,4,6-tris(1-phenylethyl)phenyl ether methacrylate(PEG-

PEPEMA), synthetic graphite powder with size particles < 20 µm, poly(vinyl alcohol) 

(PVA) with a number average molecular weight, Mn, and weight average molecular 

weight, Mw, of 30 ± 5 and 70 ± 10 kg/mol, respectively, 4-dimethyl-amino-pyridine 

(DMAP), glycidyl methacrylate (GMA), dimethylsulfoxide (DMSO), acetone, 

hydrochloric acid (HCl), doxorubicin hydrochloride (DOX), N,N’isopropylacrylamide 

(NiPAAm) were Sigma Aldrich products. NiPAAm was purified by recrystallization in 

n-hexane before use. Pyrene was purchased from Fluka and the 

photoinitiatorIrgacure 2959 from BASF. Milli-Q quality water (18.2 MΩcm) was 

produced by a deionization apparatus Pure Lab from USF (Perugia, Italy). 
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 2.2. Methods: 

        2.2.1. Self assembly properties: 

The critical micelle concentration CMC of the surfactant was determined in aqueous 

medium by fluorescence spectroscopy using pyrene [1] as a probe. A fixed volume of 

a stock solution of pyrene in acetone at a concentration of 10-6 M was transferred 

into vials and kept at room temperature under the hood until acetone evaporation 

was complete. Aqueous solutions of the surfactant, PEG-PEPEMA, at concentrations 

ranging from 10-8 to 10-2 M were added to the pyrene containing vials. The pyrene 

concentration was set to 610-7 M for each solution and the mixtures were 

equilibrated by stirring at room temperature for 48 hours. 

Fluorescence spectra were recorded from 350 to 450 nm using a 

spectrofluophotometer, RF-5031 PC, equipped with 150 W Xenon lamp (Shimadzu 

Scientific, Mi, IT) emitting at an excitation wavelength of 341 nm. A 1.5 nm slit width 

was used for both excitation and emission modes. 

       2.2.2. Aqueous Graphene dispersion in PEG-PEPEMA: 

In a typical experiment graphite powder was added to an aqueous surfactant 

solution (0.625 mM) at a concentration of 10mg/ml, then exfoliated by a non 

destructive π-π stacking interaction and via ultra-sonication for 90 minutes at 320W 

using a tip sonicator, these conditions were the optimum for our study. Vander 

Waals interactions between the graphene plans were overcome by the sheer force 

caused by the sonication and the help the surfactant, PEG-PEPEMA, to stabilize the 

exfoliated sheets in water through the interaction between the aromatic rings with 

the surface graphene sheet. The surfactant concentration, the graphite starting 

amount and the sonication parameters were optimized. The dispersion was placed in 

an ice bath during the exfoliation process to avoid over-heating, and it was stirred, 

every 30 minutes of continuous ultrasonication cycles, at 1500 rpm for 2 minutes to 

homogenize the non exfoliated graphite powder throughout the water surfactant 

solution in order to obtain higher exfoliation yield. The resulting dispersion was then 

centrifuged twice for 30 minutes at 1300 rpm to remove large aggregates.  
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Scheme 1. Surfactant (PEG-PEPEMA) assisted ultrasonication of graphene 

       2.2.3 Graphene UV spectrophotometry quantification: 

The stabilizing ability of the surfactant was evaluated by determining the  graphene 

concentration of the obtained dispersion yielded by ultrasonication, estimated by UV 

spectrophotometry at 660 nm using the molar extinction  coefficient  reported in the 

literature for graphene/surfactant aqueous solutions (ɛ = 1390 mL mg-1m-1) [2]. The 

measurement was carried on a double beam JASCO V-630 UV-vis 

spectrophotometer, the suspension was 10 fold diluted, and the absorbance of the 

surfactant, although negligible in the visible spectral region, has been subtracted.   

        2.2.4 Synthesis of PVA-MA: 

2 g of PVA was dissolved in 50 ml of DMSO under stirring and heating at 80° C. The 

solution was cooled to room temperature, followed by the addition of 1g DMAP 

under nitrogen flow. The solution was stirred and after 1 hour 0.16 mg of GMA was 

added. The reaction was kept under stirring in the darkness for 48 hours and then 

neutralized by the addition of 6M HCl to prevent alkaline hydrolysis of the 

methacrylic ester. The reaction mixture was intensively purified by dialysis against 

water using 12000 g/mol dialysis membranes to purify the derivative of PVA and to 

exchange DMSO with water. The resulting product was then freeze-dried and stored.  

        2.2.5 Synthesis of graphene based PVAMA hydrogels: 

The surfactant PEG-PEPEMA-graphene adduct was crosslinked via a free radical 

photo-polymerization to methacryloyl- modified polyvinyl alcohol (PVA-MA), to form 

the hybrid hydrogel G/PVAMA: PVA-MA was dissolved in 0.1 mg/ml graphene 

dispersion at a concentration of 4% (w/v), followed by the addition of the 
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photoinitiator Irgacure 2959 at a concentration of 0.3% (w/v). The suspension was 

then irradiated for 5 minutes using a 365 nm UV light source at 7mW/cm². The 

obtained hybrid hydrogel (see scheme 2) was kept for 12 hours before being 

intensively washed with mQ water. It was noted that with higher graphene 

concentrations larger photoinitiator amount and longer UV irradiation time are 

required to form the hydrogel network. For comparison study, in a blank 

experiment, pure hydrogel PVAMA was prepared by dissolving PVA-MA in 0.625 mM 

aqueous surfactant solution following the same previous conditions for comparison 

study. 

 

Scheme 2. G/PVAMA average chemical structure and hydrogels pictures 

       2.2.6 Synthesis of thermoresponsive graphene based PVA/p(MA-co-NiPAAm) 

thermoresponsive hydrogels: 

Oligomers of poly(NiPAAm), were incorporated into the hydrogel network. Typically 

4% (w/v) and 0.3% (w/v) of respectively PVA-MA and photoinitiator were dissolved 

in 0.1 mg/ml graphene dispersion, followed by the addition of 2.6% (w/v) of NiPAAm 

in ice bath. The suspension was then crosslinked by UV light as described above for 5 

min. Blank hydrogels containing pNiPAAm were also prepared for this study (see 

scheme 3). 

 

Scheme 3. G/PVA-p(MA-co-NiPAAm) chemical structure 
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          2.2.7. NMR spectroscopy: 

After methacryloyl grafting, the substitution degree, DS, value of PVA was calculated 

by 1H NMR carried out with a Bruker 300 MHz spectrometer at 40°C by dissolving 

7mg of the freeze dried polymer in 1mL of D2O. 

          2.2.8 Raman spectroscopy characterization: 

The Raman study was carried out using a Raman confocal microscope, Horiba Jobin 

Yvon XploRA, equipped with solid state laser sources at 532 and 785 nm and a 100x 

objective. Analysis of the graphene PEG-PEPEMA aqueous dispersion was performed 

using the 532 nm excitation wavelength and by evaporating, in air and at room 

temperature, a few microliters of the suspension deposited on a Si wafer. 

Nonetheless, for the hydrogel constructs, dried films were prepared and the spectra 

were recorded at 785 nm excitation wavelength to suppress the fluorescence of the 

polymer and maximize the sensitivity to the studied sample, then compared with the 

spectra of the graphene suspension recorded at the same wavelength. 

       2.2.9 Dynamic light scattering (DLS): 

The average hydrodynamic size of the dispersed graphene sheets was evaluated 

using a DLS photometer and a BI-200SM goniometer with a BI-9000AT correlation 

board (Brookhaven Instruments Co.) equipped with a solid state laser source 

emitting at 532 nm. Analysis of the autocorrelation function, g2(q,t), of the scattered 

intensity was carried out using the CONTIN algorithm provided as part of the  

standard instrument software package. The graphene solution was 10-fold diluted 

with mQ water before measuring. 

       2.2.10 Scanning Electron Microscopy (SEM):  

Graphene sheets morphology was analysed by Field emission-SEM using (SUPRA™ 

35, Carl Zeiss SMT, Oberkochen, Germany). Approximately, 5 µl of graphene 

suspension (0.1 mg/ml) were deposited on Aluminum stub and dried in air at room 

temperature. The sample was then gold sputtered for 1 minute at 25 mA, using a 

sputter coater (EMITECH K550X, Quorum Technologies Ltd, West Sussex, United 

Kingdom) before observation. Micrographs were recorded by using the in-lens 

detector at a working distance of 3.8 mm with 5kV gun voltage. 
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       2.2.11 Rheology: 

The viscoelastic properties of hybrid graphene-containing hydrogels were 

investigated using a rheometer AR 2000 (TA Instruments) equipped with a 20 mm 

parallel acrylic plate geometry and a Peltier unit for temperature control to compare 

the viscoelastic behavior of hybrid G/PVAMA with respect to blank PVAMA 

hydrogels. The variation of storage modulus, G’, and loss modulus, G”, was 

monitored with the linear regime under a constant strain of 1%, determined by 

dynamic strain sweep measurement, as a function of applied frequency, ranging 

from 0.1 to 10 rad/s at 25 °C. 

The volume phase transition temperature, VPPT, of the GPVA/p(MA-co-NiPAAm), 

PVA/p(MA-co-NiPAAm) hybrid and blank hydrogels was performed by oscillatory 

time sweeps measurements, varying the temperature under linear regime applying 

an oscillating strain of 0.3% and a frequency of 1 Hz. 

       2. 2.12 Confocal laser scanning microscopy (CLSM): 

The morphology of hydrogels was studied on dried films. Observations were 

performed under a green laser (λexcitation= 488 nm; λemission = 515 nm) using a confocal 

laser scanning microscope (Nikon Inverted Microscope Eclipse model Ti-E from Nikon 

Instrument (Japan), equipped with: 60x/1.4 oil immersion objective, Argon-Ion laser 

(488 nm) (MellesGriot, Carlsbard, CA, USA), Helium-Neon laser (543.5 nm) (Spectra 

Physics, Montain View, CA, USA)). 

        2.2.13 Differential Scanning Calorimetry (DSC): 

Graphene hybrid hydrogel and blank hydrogel were examined using TA Q2000 

differential scanning calorimeter. Exact amount of 4 mg of freeze-dried hydrogel was 

placed in an aluminum pan and sealed with holed aluminum lid. The scan was 

performed from 20°C to 250°C at a heating rate of 10°C/min under a flow of 

50ml/min of nitrogen. 

For graphene/PVA-MA co-pNiPAAm hydrogel, DSC was performed at a heating rate 

of 1°C/min from 10 °C to 120 °C under 50 ml/min nitrogen flow. 
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        2.2.14 Doxorubicine (DOX)  loading and release kinetics: 

Thermoresponsive hybrid hydrogel was immersed in 0.64 mg/ml aqueous DOX 

solution, and kept 48 hours in the dark at room temperature for loading. The 

amount of the loaded DOX was determined using UV spectrophotometry as the 

difference of DOX absorbance at 480 nm before and after the loading. The hydrogel 

was then incubated in 5 ml of 0.1 M PBS solution (pH 7.4) at 25°C and 37°C. The 

absorbance of released DOX was measured every hour and PBS solution was 

changed each time. 

The interaction between graphene sheets and DOX was studied by fluorescence 

spectroscopy. DOX was dissolved in 0.1 mg/ml graphene aqueous dispersion at 

concentrations ranging from 0.01 to 0.2 mg/ml. The fluorescence spectra were 

obtained at 480 nm excitation with a slit width of 3nm. Pure DOX was also dissolved 

in water at the same concentrations as in graphene for comparison. 

3. Results and Discussion: 

    3.1. Self assembly properties of PEG-PEPEMA: 

The study of the self-assembly properties of the surfactant molecule is an important 

parameter to optimize the yield of the graphene content in an aqueous suspension. 

The minimum surfactant concentration required to successfully suspend graphene in 

water using an appropriate surfactant is the CMC [2]. Pyrene probe emission at 373 

and 383 nm wavelengths with intensities named I1 and I3, respectively, was used to 

monitor the CMC of PEG-PEPEMA (see Figure 1). CMC value was estimated from the 

variation of the ratio (I1/I3) as a function of the surfactant concentration taking the 

intersection of the best linear fit lines (see Figure 1b). According to this method, the 

CMC of the used PEG-PEPEMA surfactant was 1.54 10-5 M. 
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Figure 1. a) Pyrene/PEG-PEPEMA emission  spectra; b) I1/I3 vs. PEG-PEPEMA concentration 

 

    3.2. Graphene UV spectrophotometry quantification: 

Noting that the PEG-PEPEMA surfactant absorbance was subtracted, the graphene 

aqueous dispersion UV spectrum Figure 2 shows an almost wavelength-independent 

absorbance in the visible/NIR domain and a maximum at 271 nm that is attributed to 

the π  π* transition of C-C aromatic bonds. These spectral features, as discussed in 

Chapter I section 1.2.4, are consistent with graphitic objects, [3] and confirm the 

pristine-like quality of the obtained graphene flakes [4]. 

 

Figure 2.Graphene PEGPEPEMA aqueous dispersion UV-vis spectrum 

Graphene concentration was estimated at 660 nm described in the Experimental 

Section (2.2.3). The obtained graphene sheets dispersion was stable for several 

weeks and achieved concentrations up to 0.3 mg/ml. 
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    3. 3. NMR spectroscopy: 

Figure 3 illustrates 1H NMR spectrum of PVA-MA. According to the ratio of the peak 

areas of the vinyl protons at 5.66 and 6.08 ppm and the unsubstituted methine 

moiety at 3.98 ppm of the PVA backbone, the DS value was determined as equal to 

2.5%. 

 

Figure 3.  PVA-MA 1H NMR spectrum in D2O_T=40 °C 

       

    3. 4. Raman spectroscopy characterizations: 

The spectra of the graphene dispersion are shown in Figure 4. The typical features of 

graphene: D, G, and 2D bands, are respectively at around 1343, 1571 and 2680 cm-1. 

Another band, at ≈3240 cm-1, marked as 2D’, has been observed and ascribed to 

graphene on Si substrate [5-8].            
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According to the Raman mapping, the graphene/PEG-PEPEMA aqueous suspension is 

a composition of graphene flakes with arrangements varying from single to few-

layers as assessed by the values of intensities ratio I2D/IG and by the shape of 2D 

band.[6-8] Figure 5 shows a set 2D bands collected by mapping different spots of a 

sample of graphene stabilized suspension. It is possible to detect (upper line in figure 

5) sharp and perfectly symmetric intense Lorentzian signal attributed to single-layer 

graphene sheet. For a qualitative study, the Raman spectral features of the graphene 

suspension were compared with the starting graphite as shown in Figure 6a where it 

is clear the presence of D band in both spectra with comparable intensity. The 

deconvolution of the G band, reported in Figure 6b, has revealed an additional peak 

at around 1615 cm-1, not present in the starting graphite sample. This peak is 

attributed to D’ band, which is also related to the presence of defects caused by the 

ultra-sonication process during the exfoliation.[9] Based on 2D shape and 2D/G, as 

well as D/G intensity ratios (see Table 1), we may confirm the presence of monolayer 

graphene as well as few-layers with limited defects. 
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Figure 6.  a) Raman spectra comparison between starting graphite (green) and single layer 

graphene in the aqueous suspension (black); b) Graphene G band deconvolution_λexc532 

nm. 

The Raman bands were fitted with a linear combination of Lorentzians: 

  

where y0, xc, A, w, and H are the offset, the peak Raman shift, the area, the full width 

half maximum and the height of the peak, respectively. 

Table1. Summary of the Raman features ofGraphite and single-layer graphene using 

eq 1 as fitting equation 

 Graphite  Graphene 

 D G 2D  D G 2D 
xc (cm-1) 1370.6 1599.9 2737.1  1343.4 1571.0 2681.4 
w (cm-1) 50.2 19.7 76.9  36.2 16.7 27 
A (a.u) 73949.6 393832.3 466454.6  57607.8 196001.1 709187.2 
H (a.u) 2254.9 14039.1 5038.8  2999.9 9343.0 18918.7 

ID/IG (a.u) 0.2 ± 0.01  0.3 ± 0.02 
I2D/IG (a.u) 1.2 ± 0.04  3.6 ± 0.03 

 

A typical Raman spectrum excited using the 785 nm (1.58 eV) laser source is 

reported in Figure 7. Few papers describe Raman studies on pristine graphene at 

such excitation wavelength.[10,11] However, a striking different behavior of D and 2D 
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modes, as compared to the 532 nm (2.33 eV) studies, has been reported. In fact, as it 

was explained in the literature both D and 2D bands result from a double resonance 

Raman scattering mechanism, and whose frequencies depend on the energy of the 

incident laser. In agreement with literature, for single layer graphene excited at 785 

nm [10,11], we notice that the intensity of D band is much more enhanced, whereas 

the 2D band is weak and not a single peak with a complex shape exhibiting a 

significant asymmetric broadening, which can be described by two Lorentzian 

components. The reported studies strongly suggest that the 2D mode line shape 

depends on the excitation energy. This difference in the shape and intensity with 

respect to the common laser excitation of 2.33 eV is due to the deformation of Dirac 

cones, i.e. the surface describing electron transport in graphene, as the energy 

increases. This complexity in the 2D mode when excited with 785 nm was explained 

by the contribution of two distinct processes (inner and outer) to the double 

resonance signal, such behavior indicates an alteration of the inner/outer 

contributions to the DR scattering signal in graphene, as a function of the incident 

photon energy.
[12] 

 

 

 

 

 

 

 

 

 

 

Figure 7. Raman spectrum using a λexc= 785 nm of graphene suspension in dry state 

on Si wafer. In the in-set is reported the Lorentzian fit of the 2D band. 
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To confirm graphene incorporation in the PVA hydrogel network, Raman spectrum of 

G/PVAMA dried hydrogel film was compared with the blank PVAMA (Figure 8a). In 

the obtained spectrum of PVAMA, the bands observed at around 2900 cm-1, 1440 

cm-1, 1310 cm-1, and 1100 cm-1are attributed to C-H stretching, CH2, CH3 bending 

modes, and C-O-C stretching of the polymeric backbone chain, respectively. 

However, the band at around 1600 cm-1 and superimposed to the G mode of 

graphene, can be attributed to the phenyl moiety stretching vibration of the cross-

linked surfactant. Despite the spectral complexity displayed by the polymer matrix it 

was easy to distinguish feature bands of graphene in G/PVAMA with shapes and 

intensities as comparable to those obtained in the graphene dispersion at 785 nm 

excitation wavelength.[10-12] The Raman mapping of G/PVAMA in Figure 8b revealed 

the signature of graphene in all Raman-mapped regions, demonstrating a very 

homogeneous distribution of the graphene sheets in the hydrogel matrix. 

 

Figure 8. a) Raman spectra at λ exc = 785 nm; b), graphene suspension (black), G/PVAMA 

hydrogel (red) and PVAMA hydrogel (blue) in dry states; right, confocal Raman mapping of 

the G/PVAMA dried hydrogel film. 

    3.5. Dynamic Light Scattering: 

DLS can be used provide an estimation of the average dimensions as for non-

spherical particles,[13,14] DLS measurements allow determination of the 

hydrodynamic diameter of an equivalent sphere with the same translational 

diffusion coefficient of the investigated particles. The hydrodynamic diameter 

distribution of the graphene sheets exfoliated and stabilized by PEG-PEPEMA 
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surfactant is shown in Figure 9 which reveals an average value of 500 nm with a 

mean standard deviation of 20 nm. 

 

 

 

    

     3.6. Scanning Electron Microscopy:  

The suspended graphene was consisted of flakes with a lateral size between 2 and 

several hundred of nanometers (see Figure 10 a-b) confirming the results obtained 

by DLS. Figure 7b shows an almost perfect pile stacking sheets of few layered 

graphene (about 4 layers). It is worth noting that the exact number of layers cannot 

be precisely determined at the operating acceleration voltage, but it could be 

estimated by taking as a lateral marker the contrast edge produced.[15] 

 

 

Figure 11 illustrates a morphological investigation of both GPVAMA and PVAMA 

hydrogels. The hybrid hydrogel reveals a different texture from the blank PVAMA 

hydrogel with pores size appearing to be smaller, which could be justified by the fact 

Figure10.  FE-SEM of graphene sheets 

a b 

Figure 9. Graphene sheets size distribution dispersed in PEG-PEPEMA aqueous solution 
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that it represents a more complex network in which graphene is intercalated 

through the crosslinking of PEGPEPEMA to the PVAMA chains. However, the 

graphene sheets are hard to be distinguished within the polymeric network of the 

hydrogel. This is due from one side to the small content ratio of graphene with 

respect to the PVA (about 0.3% w/w), and from another side to the very low contrast 

with the polymeric matrix. 

 

Figure 11.  FESEM images of PVAMA and GPVAMA hydrogels at magnitudes of a) 20.00 KX, 

b) 50.00 KX. Scale bar is 1 µm. 

    3.7. Rheology: 

Both G/PVAMA and PVAMA hydrogels exhibit a solid-like behavior and a frequency 

independent storage (G’) and loss (G”) modulus under the linear regime ( see Figure 

12a). The increase in G’ and G” values for the hybrid hydrogel of about one order of 

magnitude as compared to the corresponding values of the blank hydrogel, 

represents an enhancement in the mechanical properties due to the incorporation of 

graphene despite its very small amount respect to the polymer matrix (0.3% w/w).  

The rheological behavior of the hydrogels incorporating NiPAAm i.e. G/PVA-p(MA-

co-NiPAAm) and PVA-p(MA-co-NiPAAm) was investigated at different temperatures 

PVAMA GPVAMA

GPVAMAPVAMA

a)
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in order to assess an understanding of the hydrogels thermoresponsiveness. 

Polymerized NiPAAm (pNiPAAm) has in aqueous solution a lower critical solution 

temperature (LCST) at around 32-33°C, and when incorporated in a hydrophilic 

matrix, close to the physiological temperature, it triggers a volume phase transition 

temperature (VPTT).[16,17] Hence, the systems incorporating the latter can be 

considered as thermoresponsive. Figure 12b show the storage modulus variation of 

both hydrogels as a function of the temperature ranging from 22 to 50°C. Increasing 

the temperature above the NiPAAm phase transition (≈ 32-33°C), G/PVA-p(MA-co-

NiPAAm) and PVA-p(MA-co-NiPAAm) shrink to dehydrated state and become more 

rigid, showing higher G’ values. As in the case of G/PVAMA, incorporation of 

graphene leads to hydrogel reinforcement that shifts the G’ of about 500 Pa. 

 

Figure 12. a) Frequency sweep measurement of viscous and elastic modulus in 

PVAMA and G/PVAMA hydrogels; b) Storage modulus, G’, vs. temperature of 

GPVA/p(MA-co-NiPAAm) and PVA/p(MA-co-NiPAAm) hydrogels. 

 

      3.8. Confocal laser microscopy: 

The morphology of the PVA based hydrogels was characterized by bright field and 

confocal microscopy. Both G/PVAMA and PVAMA exhibited autofluorescence. 

However, dark zones exhibiting a quenching of fluorescence are observed in 

G/PVAMA, which can be attributed to graphene, contrarily to PVAMA(see Figure 13) 

where quenching is not observed. It should be noted that a slight quenching effect 

on the overall matrix occurs in the presence of graphene which could be due to an 

10

100

1000

10
4

0,1 1 10

G' (G/PVAMA) 
G" (G/PVAMA)
G' (PVAMA)
G" (PVAMA)

G
 (

P
a

)

Angular frequency (rad.s
-1

)

600

800

1000

3000

5000

7000

20 25 30 35 40 45 50 55

GPVA/p(MA-co-NiPAAm)

PVA/p(MA-co-NiPAAm)

G
' 
(P

a
)

Temperature (°C)

a) b) 



Chapter II 
 

Università di Roma Tor Vergata Page 37 
 

electron energy transfer effect or to a non radiative decay of the polymeric 

matrix.[18,19] 

 

 

Figure 13. CLSM of hydrogel films, G/PVAMA bright field image (a), G/PVAMA fluorescence 

image (b), G/PVAMA merged image (c), PVAMA bright field image (d), PVAMA fluorescence 

image (e), PVAMA merged image (f). The scale barre is 10 µm. 

 

    3.9. Differential Scanning Calorimetry: 

DSC was used to evaluate the effect of incorporating graphene into PVA hydrogel 

matrix on the crystal structure of the matrix. The results obtained herein highlight 

that PVA maintained a partial crystallinity even in the presence of a large amount of 

water, about 90 % (w/w). Moreover, the DSC thermograms, in both cooling and 

heating modes, show an increase in the crystallization and melting temperatures, as 

well as enthalpies, for the G/PVAMA with respect to PVAMA (see Figure 14a and 

Table 2). These results are attributed to an increase of the crystalline fraction in the 

polymer matrix of G/PVAMA and indicate that such entrapment of graphene 

influences the polymer matrix by acting as a nucleation agent in the crystallization 

process.[20] 
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Figure 14. a) DSC thermograms of PVAMA (black) and G/PVAMA (red) hydrogels; b) Time 
dependence of the fraction of crystalline phase in PVAMA, black line, and G/PVAMA, red 
line. Inset: Analysis of the profiles according to the Avrami’s model. 
 

The analysis of the obtained DSC profiles allowed determination of the crystallization 

degree of the G/PVAMA hydrogel, X(T), as a function of the temperature according 

to the following equation:  

                      X T =
  (

dH
dT

)
T

T0
dT

 (
T∞

T0

dH
dT

) dT
                       (2) 

where T0 and T∞ indicate the crystallization onset and the end temperatures, 

respectively. Assuming that in the experimental conditions the time lag between the 

sample and the furnace is negligible at the operative scanning rate, the change from 

temperature to time, T → t, is obtained by: 

                                 t =
T0 − T

𝛽
                             (3) 

where β is the cooling rate of the experiment i.e 10°C/min. 

Figure 14b illustrates the calculated crystallization vs time for PVAMA and G/PVAMA 

hydrogels. These profiles are commonly interpreted in the light of Avrami’s 

nucleation-crystallization kinetic model according to the equation 4 below [21]: 

                                                        X(t) = 1 – exp[ - (kt)n]                  (4) 
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Here, X(t) describes the growth crystallization fraction in the crystalline phase of the 

polymer matrix over the time. The rate constant of the crystallization process and 

the Avrami kinetic exponent are defined by k and n parameters, respectively. 

This model suggests that the growth rate of the crystalline phase k depends on the 

temperature and on the nucleation frequency, whereas n is a kinetic parameter with 

values ranging from 1 to 4 and reflecting the morphology of the crystalline domains 

and the nucleation frequency. The linearized form of eq 4 allows the determination 

of k and n: 

                                                  ln{-ln[1-X(t)]} = ln k  + n ln(t)            (5) 

 

Table 2. DSC analysis and Avrami’s parameters of G/PVAMA and PVAMA hydrogels 
 

 ΔHm (J/g) Tm (°C) ΔHc (J/g) Tc (°C) k (min
-1

) n 

G/PVAMA 17.8 189.8 -25.3 159.4 0.2 2.1 
PVAMA 16.5 185.6 -23.2 150.1 0.13 3 

 
 

The determination of the values of k and n reported in table 2 confirm that graphene 

acts as a nucleation agent in the crystallization process of PVAMA matrix, which is 

linked to the viscoelasticity of the polymer, by increasing the number of the 

crystalline domains as well as their formation speed within the hydrogel network 

(see also inset Figure 14b).  

Figure 15 illustrates the DSC profile of the hybrid thermoresponsive hydrogel i.e. 

G/PVA-p(MA-co-NiPPAm). The hydrogel exhibits a mean VPTT at about 33°C, which 

is in agreement with the results from rheology, the determined VPPT values from 

several measurements are summarized in table2. 
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Figure 15. DSC thermogram of GPVA/p(MA-co-NiPAAm) hydrogel at 1°C/min and under 50 

mL/min N2. 

Table 3. GPVA/p(MA-co-NiPAAm) hydrogel DSC analysis 

Sample mswollen (mg) mdried(mg) ΔHm (J/g) VPTT (°C) 

1 26.6 1.9 13.6 32.9 
2 24.7 1.7 11.0 34.0 
3 23.8 2.0 18.3 32.2 
4 22.8 1.3 9.1 34.6 

 

 3.10. Doxorubicin loading and delivery kinetics: 

On the base of the results obtained for the thermoresponsive hydrogel, we 

investigated whether the drug release properties of GPVA/p(MA-co-NiPAAm) 

hydrogel were influenced by the temperature using as model molecule the anti-

cancer drug doxorubicin, DOX (see structure in Scheme 4 ). The graphene interaction 

with DOX was proved by studying fluorescence quenching effect according to the 

equation below: 

% Fluorescence Quenching =  
𝐈𝑝𝑢𝑟𝑒𝐷𝑂𝑋 −𝐈𝐷𝑂𝑋/𝐺𝑟

𝐈𝑝𝑢𝑟𝑒𝐷𝑂𝑋
× 100      (6) 

where I corresponds to the DOX maximum emission band at 550 nm. 
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Scheme 4. Chemical structure of the Doxorubicin anti-cancer drug model. 

The NiPAAm VPTT affects the pores size of the matrix and then its permeability, 

whereas DOX can be stacked on the graphene by π-π interactions as shows the study 

of the DOX fluorescence quenching in the aqueous graphene/PEG-PEPEMA 

suspension [22] ( see Figure 16). 

 

 

Figure 16. a) pure DOX (full lines) and DOX/Graphene (dashed lines) aqueous dispersions 

fluorescence spectra ; b) Quenching effect variation as function of DOX/Graphene content 

ratio (the red line is a guide for eyes). 

 

Figure 17a illustrates that the amount of DOX released at physiological temperature, 

i.e. above VPTT, at equilibrium is higher than at RT. This increase is due to the 

shrinking of the hydrogel provoking a diminution of the pores size, which facilitates 

the release of the drug (see Figure 16b) 
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Figure 17. a) Doxorubicin cumulative release by GPVA/p(MA-co-NiPAAm) at 25 °C (empty 

symbols) and at 37 °C (filled symbols). The inset is the DOX calibration curve in PBS; b) 

Shrinking behavior of GPVA/p(MA-co-NiPAAm) at physiological temperature and the DOX 

release mechanism. 

 

Conclusion  

Few and single-layers graphene sheets with limited defects have been successfully 

exfoliated and then incorporated into methacrylated PVA chains by photo-

crosslinking the surfactant vinyl moiety, leading to a robust hybrid construct. It was 

also possible to include vinyl containing oligomers, such as NiPAAm for a shrinking 

assisted drug delivery application. Hence, the graphene based hydrogel exhibited in 

addition a thermoresponsivity displayed by a volume phase transition close to the 

physiological temperature, which was functional for the delivery of the anti-tumor 

drug Doxorubicin.  

These results gave rise to the idea of including pristine graphene and take 

advantages of its mechanical and optical features for other, more specialized, 

microdevices which will be discussed in the following chapters.  

  

a) b)
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Introduction: 

This chapter introduces the historical origin of photoacoustic effect and its 

application in biomedicine in addition to the basic physical concepts related to its 

generation mechanisms and the essential elements involved in photoacoustic 

imaging (light propagation in tissue, contrast agents, principles of optically scattering 

media).  Also, the principles of ultrasound imaging are introduced; it is necessary to 

provide the details of this medical technology as the main theme in the next chapter 

will be the photoacoustic application of hybrid graphene-microbubbles which also 

have potential for ultrasound imaging. The goal is to give the main physical elements 

that will allow understanding of the studied systems in this manuscript. The last 

section discusses both contrast agents used regularly in ultrasound imaging and 

exogenous hybrid contrast agents in photoacoustic imaging suggesting why 

graphene could be advantageous. 

1. Photoacoustic effect history: 

The photoacoustic effect, called also optoacoustic effect, was first discovered in 

1880 by Alexander Bell during an experiment of long-distance sound transmission, 

and whose results led to the invention of the spectrophone device.[1] The discovery 

consisted in observing a direct production of sound waves from a solid sample upon 

its exposition to rapidly interrupted sunlight beam by using a rotating slotted wheel. 

The intensity of sound waves production was found to be depending on the type of 

material, and consequently on its ability to absorb light energy. Moreover, this effect 

was also produced in liquid and gas samples.[2] The application of the photoacoustic 

effect had afterwards to wait until the development of sensitive sensors and intense 

light sources. Since then research and applications grew faster and wider, including 

the biomedical field, acquiring higher detection sensitivity. 

2.  Concept of photoacoustic imaging (PAI): 

Photoacoustic imaging is a hybrid fast developing preclinical modality in the 

biomedical field, which has been considered in the last decade and is based on the 

photoacoustic effect allowing structural, functional and molecular imaging. PAI 

combines therefore both optical and ultrasound imaging techniques.[3-4] In order to 

excite MHz ultrasound (US) waves in soft tissues, non-ionizing radiations of short 
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laser or radio-frequency (rf) pulses are often used. Briefly, PAI operating principle 

consists on irradiating a target tissue with a pulsed nanosecond timescale 

electromagnetic radiation, usually a NIR pulsed laser. The latter absorbs the 

radiation energy and coverts it into acoustic waves by thermal expansion and 

subsequent relaxation. As the waves are detected with an US transducer placed 

directly around the tissue to diagnose, a signal processor allows then for the 

construction of the image (see scheme 1).[3-5] The use of NIR laser in PAI rather than 

UV, visible light or rf pulses is because the spectral range from 600 to 900 nm is the 

region where water and blood absorb the less and offers the greatest penetration 

depth in the biological tissues. In addition, the fact of using a non-ionizing radiation 

does not destroy the properties of the biological tissue under diagnosis and hence 

makes PAI safe for humans with respect to other radiological imaging techniques, 

and ideal for in vivo applications.[3,4,6] Moreover, the dependence of PA signals from 

the physical parameters of biological tissues is well defined, which permits the 

quantification of various physiological parameters such as the oxygenation of 

hemoglobin. 

The main assets of PAI, discussed in the following sections, are the penetration 

depth, resolution, and contrast.  

 

Scheme 1. Overview of photoacoustic imaging instrument from Vevo Lazr by VisualSonics 

(left); conceptual scheme of PAI system (right). 

 

The photoacoustic signal is determined by the NIR absorption and scattering 

properties, the thermal properties, including the thermal diffusivity and thermal 



Chapter III 
 

Università di Roma Tor Vergata Page 48 
 

expansion coefficient, and the elastic properties of the sample. The absorption 

property is of primary importance due to the contrast provided in biological tissues. 

For this reason, the properties of the target tissue are important in PAI as the 

pressure of a generated photoacoustic wave increases with the variation of the heat 

resulting from the absorption of the NIR radiation energy. [4] 

The initial pressure in (Pa) can be expressed according to the equation (1): 

 

where Г is the temperature-dependant Grueneisen parameter, σ is the heat 

conversion efficiency (0 ≤ σ ≤ 1), μa (cm-1) is the optical absorbance coefficient, and F 

(W/m²) is the optical fluence. The PA signal intensity depends in a proportional way 

on these parameters. 

However, the photoacoustic wave can be described following the equation (2): 

 

where vs (m/s) is the wave velocity in the medium; p(r,t) (Pa) is the PA pressure at 

the location r and time t; β (dV/k) is the volumetric thermal expansion coefficient, Cp 

(J.K.kg-1) is the heat conversion capacity; and H is the heating function of the thermal 

energy conversion. The left side of equation (2) is the generated PA wave, whereas 

the right side is the heating source variation. 

3. Ultrasound and photoacoustic imaging in biomedicine: 

     3.1. Ultrasound imaging (US): 

Ultrasound imaging is the most used diagnostic tool spread through diverse fields in 

medicine such as cardiology and gynecology, being a low-cost and easy-to-handle 

technique. The medical application of this modality goes back to the 50’s.[7,8] The 

principle of US imaging is based on the sonar in the same way as it is used by bats, 

ships, submarines, etc; it consists of the backscattering of a sound wave produced by 

a transducer after it was interacting with a human tissue.[9,10] The transducer probe 

presents therefore the main part of an US machine as it generates and receives 

(2) 
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sound waves which are often in the frequency range from 2 to 20 MHz. The 

produced ultrasound waves originate from the mechanical oscillations of numerous 

crystals in the transducer, which are excited by electrical pulses using the 

piezoelectric effect discovered by the Curie’s in 1880.[11] The transducer converts 

then the electrical energy into mechanical vibrations resulting in a sound. The 

ultrasound pulses sent from the latter, propagate through different tissues, and then 

return to the transducer as reflected echoes. The returned echoes are converted 

back into electrical impulses by the transducer crystals and are further processed in 

order to construct the ultrasound image (see scheme2).  

 

Scheme 2. Representation of Ultrasound imaging principle 

The measuring of these echoes waves allows for the determination of how deep is 

the target tissue in addition to its size and shape. Hence by using US it is possible to 

detect abnormalities such as tumors or changes in the organs and tissues.[12] 

The important parameters of ultrasound scattering information are attenuation and 

velocity, which are the decay rate of the US amplitude as the wave travels within the 

tissue and its speed, respectively. The acoustic attenuation, usually expressed in 

dB/m, in a colloidal suspension yields information about particle size distribution on 

which the resonance frequency is dependent, whereas the velocity is proportionally 

affected by the density and elasticity of the medium.  

Electric impulses

Probe

Crystal

tissue tissue

Transmitted 
ultrasound 

waves

Returning 
ultrasound 

waves

http://radiopaedia.org/articles/missing?article%5Btitle%5D=transducer
http://radiopaedia.org/articles/piezoelectric-effect
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Knowledge of these factors allows us to determine the adjustment needed to 

improve the imaging quality in order to obtain the maximum of the tissue 

information at the desired depth.[13] 

Nonlinear effects also can offer an enhanced US contrast imaging due the production 

of harmonics of higher orders, i.e. second harmonic, principally by microbubbles that 

have been injected into blood vessels, and the inherent nonlinearity of the tissue.  

The microbubbles as ultrasound contrast agent (UCA), will be discussed in section 

4.1 of this chapter.[14] 

 

     3.2. Photoacoustic imaging vs. ultrasound imaging: 

Photoacoustic and ultrasound imaging are two complementary modalities. In fact, an 

US equipment can be modified to provide both PA and US imaging ability by simply 

installing into it a pulsed laser source.[3-5] 

 In PAI, the acoustic waves in the medium are induced by laser irradiation, so the US 

transducer is only used to receive the generated PA waves and does not transmit 

acoustic waves. For this reason, the transmitting function of a clinical US imaging 

system must be blocked in order to enable acquisition of a PA image. Furthermore, 

the beam forming algorithm must be modified to enable one-way detection by 

making accessible the raw data of the received PA signal. [4] 

          3.2.1 Contrast: 

The optical contrast mechanism in PAI is based on the differences in absorption 

features between the diverse tissue components. As described above in section 2, 

pulsed laser light is incident on the tissue surface and depending on the selected 

wavelength the light penetrates more or less deeper to the target. The scattered and 

absorbed light is multiplied by specific absorbing agents which can be either 

endogenous (hemoglobin, melanin, etc) or exogenous (chromophore molecules as, 

indocyanine green, methylene blue, etc, or plasmonic nanoparticles). [3,5,15] 

Hence, the optical absorption capacity inside the tissue, as the main PAI contrast 

feature, lends to the visualization of anatomical features rich of chromophores such 

as hemoglobin, lipids and water. Here, the hemoglobin is preeminent to consider 
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since its absorption coefficients for both oxygenated and deoxygenated states are 

orders of magnitude (about two) higher than the water and lipids which are present 

in surrounding tissues components and blood vessels. Consequently, hemoglobin is 

strongly preferred as its absorption makes possible high contrast visualization of the 

vasculature using PAI: in the visible spectral region, hemoglobin absorption is further 

increased with respect to the other chromophores. Furthermore, the differences in 

the absorption spectra of the two states of hemoglobin, i.e. oxygenated and 

deoxygenated, allow to measure blood oxygenation by acquiring images at multiple 

wavelengths and applying a spectroscopic analysis. In this way, the endogenous 

contrast is enough to image functional as well as structural vasculature and 

therefore to follow a tumor angiogenesis.[3,5,16,17,18] 

However, for the NIR spectral region extending from 650 to 900 nm, where 

penetration depth is enhanced, the absorption coefficients of hemoglobin for both 

oxygenated and deoxygenated states become low, thus requiring the use of 

exogenous contrast agents. [3,5,16] 

        3.2.2 Penetration depth: 

In PAI, two parameters limit the penetration depth inside tissues which are the 

optical and the acoutic attenuations. However, it is the optical attenuation that 

dominates and it is strongly depending on the wavelength and absorption and 

scattering coefficients  (see Figure 1). 
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Figure 1. Vis-NIR absorption spectra of main chromophores in biological tissue: Water 

(black), lipids (brown), oxygenated hemoglobin (red) and deoxygenated hemoglobin (blue), 

melanin (dashed line), collagen (green),lipid (purple). Copyright Interface Focus (2011) 1, 

602–631 

The laser irradiation penetration depth in the tissues is characterized by the effective 

attenuation coefficient μeff which derives from diffusion theory as expressed in 

equation (3) : [3] 

                                    𝜇eff =  3𝜇a(𝜇a + 𝜇s ′)                                 (3) 

where μa is the absorption coefficient and μs′ is reduced scattering coefficient.  

Inside biological tissues composed of different components μa can be defined as the 

sum of global absorption of each constituent. According to the Figure 1, all 

chromophores naturally present in the tissue show a wavelength dependence of 

their absorption coefficients which decreases in the optical window above 650 nm. 

The intensity of laser irradiation decreases exponentially with the depth as the light 

diffuses inside the tissue to diagnose. In the NIR spectral region water and blood 

absorb the least allowing for the best penetration efficiency due to the fact that light 

can propagate within the tissue before being totally abdsorbed. In general, each of 

the total light and sound attenuations are at least some units per centimetre.  This 

consists of one of the major challenges in PAI since penetrating several centimetres 

in tissue undergeos a signal attenuation of several orders of magnitude resulting in 
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extremely weak ultrasound signals to be detected. Nevertheless, combining the 

optimum choice of wavelength, transducer parameters and signal processing could 

lead to a penetration of several centimeters. It has been demonstrated that it is 

possible to reach 4cm depth in human breast by using a laser excitation wavelength 

of 800 nm.[19] Moreover, in other in vitro studies using tissue mimicking phantoms 

and ex vivo tissues, the use of exogenous NIR contrast agents allowed for a 

penetration to a depth up to more than 5 cm.[20] 

         3.2.3 Spatial Resolution: 

The spatial resolution refers in general to the quality of the image that can be 

obtained and corresponds to the number of independent pixels per each inch. In the 

biomedical imaging systems, it is the ability to discriminate between two adjacent 

high-contrast objects within the analyzed tissue. As in US imaging, the spatial 

resolution for PAI is linked to the frequency of the acoustic wave arriving to the 

transducer, but does not depend on the light diffusion behavior in the tissues to 

reach the absorbing components. Thus, even if the multiple optical scattering in the 

tissue limits the intensity of the incident light to the chromphore-rich zones, this has 

no influence on the resolution of the image which is comparable to the US imaging 

one. [5,16]   

Depending on the spectral features of the NIR optical absorber, the nanosecond 

pulses of the excitation laser often used in PAI can result in extremely broadband 

acoustic waves with a frequency range extending for several tens of MHz. The 

maximum frequency of a generated photoacoustic wave is limited by the weaker 

propagation of the waves owing to the frequency dependent attenuation exhibited 

by soft tissues. Under these circumstances, spatial resolution of the acoustic signal 

scales with depth. Nonetheless, the detector bandwidth and the area over which PA 

signals are recorded are some factors that could also have an impact on the spatial 

resolution in practice. [3-5] 
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4. Hybrid Contrast agents: 

The contrast agents for US imaging and PAI have been studied separately. Since PAI 

combines both ultrasound and optical imaging, hybrid contrast agents to enhance 

the diagnosis were designed to support a dual-imaging modality, i.e. to exhibit both 

an ultrasound and a photoacoustic contrast. These are essentially ultrasound 

contrast agents (UCAs) decorated with exogenous chromophores or metallic 

nanoparticles (NPs). [15,21-25]  

     4.1 Specific contrast agents for ultrasound imaging: 

The need of contrast agents in US imaging (UCAs) is to overcome the reducing of the 

waves intensities in order to reach deeper zones to the tissue. The use of UCAs, 

which are mainly gas bubbles, has been developed in the last decades. The first 

discovery of the potential of gas bubbles as UCA was about 40 years ago, when 

accidentally an injection of indocyanine green (ICG) resulted in a signal increase 

while measuring cardiac output.[26] The subsequent investigation showed that the 

observed phenomenon was caused by the formation of tiny air bubbles at the 

catheter tip at the moment of the injection. This is explained as air, or gas in general, 

is less dense than the tissue components, thus the sound travels with a slower speed 

through it. Therefore the difference in sound velocity creates an acoustic mismatch 

between bubbles and the tissues.  Later on, it was developed the new generation of 

micrometer size stabilized gas bubbles, called microbubbles, which are generally 

formed by a spherical cavity (shell) filled with gas (air, perfluorocarbon, sulfur 

hexafluoride SF6) and coated with phospholipids, surfactants, proteins or polymers. 

[27,28] These MBs are excellent scatterers of sound in liquids and are able to produce 

strong ultrasound backscattering signals due to the differences in density and 

compressibility between the gas core and the tissue; hence their use to increase the 

blood echogenicity and to improve the quality of ultrasound image. Depending on 

the gas nature and the chemical properties of the shell, microbubbles are more or 

less stable and their physical properties change as well; which affects the produced 

contrast signal efficiency. [29,30] Moreover, MBs resonance frequency is related to 

their radius and the shell elasticity according to the equation of Rayleigh Plesset:[31] 
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𝑅0
                (4) 

 

where f0 is the resonance frequency, R0 is the microbubble radius, 𝛾 is the specific 

heats of the gas core, ρL is the density of surrounding liquid, P0 is the ambient fluid 

pressure, σ is the surface tension at the bubble-liquid interface and 𝜒 is the elasticity 

of the shell. 

 

In addition to the physical properties of microbubbles, their US response depends 

primarily on the applied amplitude and intensity of the ultrasonic wave. The MBs can 

follow a “stable” or an inertial “cavitation” regime: at low pressure the MBs grow in 

volume, whereas at high pressures their volume is diminished. When polymer 

shelled MBs crack or lipid shelled MBs burst releasing their content (gas), the 

pressure exerted is called the peak negative pressure (PNP). This destruction 

mechanism can be translated by fatigue affecting the microbubble shell. PNP should 

be high enough so that the MBs do not crack too early, but not so high for the safety 

of the tissue. This is the reason why the ratio between the peak negative pressure 

and the square root of the ultrasound wave central frequency, called mechanical 

index (see equation 5), MI, should be below 1.9 as approved by the Food and Drug 

Administration. [32] 

 

                                                𝑀𝐼 =  
𝑃𝑁𝑃

 𝑓𝑐
                           (5) 

 

At very low acoustic power or PNP (mechanical index <0.05–0.1), microbubble 

oscillates in a linear at the same frequency of incident ultrasound, reflecting the 

fundamental frequency and enhancing the scattering coming from blood. At higher 

mechanical index of 0.1–0.3, the microbubble becomes to oscillate in a nonlinear 

manner (nonlinear response), i.e. asymmetrically, backscattering a variety of 

frequencies (harmonic) as it liberates acoustic frequencies corresponding to both its 

fundamental and linear multiples. Higher acoustic pressures (mechanical index > 0.3 

–0.6) result in unstable oscillations leading to the microbubbles cracking 
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accompanied with high-intensity backscatter response (see Figure 2). This process 

corresponding to the “inertial cavitation” creates high local gradient of temperatures 

that harm the tissue and could be used therefore for tumors therapy. [32,33] 

 

 

Figure 2. Dependence of microbubbles behavior on the amplitude of ultrasound to which 

they are exposed. Copyright (Greco et. al. Journal of Biomedicine and Biotechnology 2012) 

 

In summary, the MBs features as UCAs must meet with specific requirements such as 

injectability, which is related to the size distribution limited by the diameter of 

capillaries to about 10 µm, scattering efficiency defined by their high density 

compressibility difference with the medium, biocompatibility and presence of 

reactive functionalities at the shell surface to allow a therapeutic potential in 

addition to the diagnostic function. To this regard, usually polymer shelled 

microbubbles are expected to be less echogenic than the lipid ones. However, as 

recently reported, PVA MBs, having acoustic properties comparable with the lipid 

counterpart, represents a potential UCA.  The acoustic properties of the PVA shelled 

MBs are due to many factors, among which the water plasticizer action on the 

polymer shell. PVA shell is indeed a polymer network with high water content, about 

70 % (w/w) and this increases the shell elasticity, bringing the acoustic performances 

of a PVA microbubbles close to those of a lipidic ones.[34]  

An additional requirement is the MBs stability which defines their shelf life as well as 

their circulation life once injected. Every interface made of gas/liquid or liquid/liquid 
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exhibits a surface tension because of disruption of cohesive intermolecular forces 

and hence it shows an overpressure inside a microbubble. For a spherical interface 

with infinitely thin shell, Laplace formula (see equation 6) is valid: 

 

∆𝑃 =  𝑃𝑖𝑛𝑠𝑖𝑑𝑒 −  𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒   =  
2𝜍

𝑟
               (6) 

 

where Pinside and Poutside are the total pressure inside and outside the microbubble, 

respectively; σ is the surface tension of the gas/liquid interface and r is the 

microbubble radius.[35] 

 

The overpressure increases the gas solubility at the interface and leads to 

microbubbles disappearing rapidly, which is the main issue of air-filled MBs. 

However for PVA shelled MBs with air core, the stability is not an issue as for the 

phospholipids based MBs that require to be filled with hydrophobic gasses such as 

PFC or SF6 to increase their shell stability. In PVA MBs the shell is stabilized by the 

chemical junctions crosslinking irreversibly the polymer chains in a network and this 

structural feature makes the core stability independent from the gas nature.  

Moreover the PVA microbubbles are characterized by a very narrow size distribution 

and have also shown a potential in theranostic; being chemically highly versatile due 

to the presence of hydroxyl and aldehyde groups, their surface is an adequate 

platform for drug loading, such as doxorubicin, DOX, whose release can be guided by 

focused ultrasound. Derivatization with molecules promoting active targeting, such 

as folic acid, hyaluronic acid, RGD peptides, antibodies such as α-ICAM or α-VEGF, is 

easily accomplished either by acetylization, reductive amination of their available 

aldehyde groups, or by EDC chemistry to introduce a ligand with biospecific activity 

in order to increase their accumulation on pathological tissues.[36-38] 

 

     4.2 Specific contrast agents for photoacoustic imaging: 

 

In PAI, both endogenous contrast agents and a variety of exogenous moieties 

previously mentioned and absorbing in the NIR optical window from 650 to 900 nm 
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provide additional sources of spectrally selective PA contrast agents to be used for 

image disease-specific receptors (see Table 1). These latter mainly comprise organic 

dyes such as indocyanine green (ICG) and methylene blue which are already used 

clinically in some circumstances, or nanostructures such as metallic nanoparticles or 

shells that are reported in several studies but are currently limited to preclinical use. 

[15,18,23,24,39] Metal nanoparticles (NPs) of various geometries, such as gold nanorods 

and silver nanoplates, are of interest as their plasmon resonance absorption cross 

sections can be orders of magnitude higher than dye molecules and for the tunability 

of their peak absorption to NIR wavelengths as their shape changes. [40] Besides, the 

large absorption cross section exhibited by Au NPs may lead to a partial melting 

upon their irradiation with the pulsed laser. [41]  

 

 

Figure 3. Absorption peaks of the common exogenous contrast agents in the PAI optical 

window. Copyright Tends in Biotechnology (2011) 29, 213-221  

 

Ideally, PAI contrast enhancers are characterized by exhibiting a high molar 

extinction coefficient maximizing the amount of absorbed light; a characteristic 

absorption spectrum in the NIR specific range to maximize penetration depth by 

avoiding the strong absorption of intrinsic chromophores as shown in Figure 3; a 

high photostability and efficient conversion of light into heat energy to produce 

acoustic waves. The photostability is indeed a major problem which makes organic 

NIR dyes not often appropriate as they degrade few minutes after being exposed to 

the laser energy used for imaging due to photobleaching.  

However, in addition to these commonly studied chromophores addressing PAI, 

graphene derivatives i.e. GO and RGO were also investigated in recent studies for 
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their potential as contrast agents [42,43]. The interest in graphene for PAI, that could 

be advantageous with respect to other exogenous contrast agents, is due to its high 

thermal stability in addition to its appealing optical features as discussed in Chapter 

1 section 1.2.4, exhibiting quasi-independent absorbance from the wavelength, from 

the visible to NIR, and providing therefore a wide suitable window for enhancing the 

photoacoustic contrast and penetration in the tissues.  

Nonetheless, it is worth to mention that the optical absorbance efficiency is 

dramatically decreased in GO due to the induced structural defects on the graphene 

geometry (See Figure 4); in RGO, stability in physiological media is an issue as the 

major part of hydrophilic groups hindering the layers aggregation has been removed 

from GO surface during the reduction process. Some researchers were overcoming 

the GO absorption loss by coupling it to ICG [44] or plasmonic nanoparticles. A study 

by Moon et. al. reported recently the coupling of GO and gold nanorods to enhance 

PA signals;[45] however such architecture may have not yet disclosed toxicological 

effects. Hence, in order to obtain improved graphene-based PAI enhancer materials, 

it is important that the original properties of graphene are preserved.  

The discussed exogenous contrast agents for PAI can be introduced to the design of 

ad-hoc advanced platforms for dual or multi-modal imaging (see table 2) when 

coupled to microbubbles/microcapsules/droplets by chemical anchoring, surface 

decoration or encapsulation. Incorporation of hybrid systems ensures both contrast 

agents to circulate together, thus they can be simultaneously detected. 
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Figure 4. Graphene and GO UV-vis absorbance spectra. Copyright (Journal of Industrial and 

Engineering Chemistry (2014) 20, 2883–2887)  
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Table 1. Exogenous photoacoustic contrast agents discussed in the recent literature 
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Table 2. Hybrid contrast agents for dual-imaging: PAI and US   

 

 

5. Hypothesis and aims: 

Following the concept described in chapter II our goal consists in the formulation of 

pristine graphene interfaced to acoustic contrast poly(vinyl-alcohol)-shelled 

microbubbles platforms; a construct expected to exhibit high NIR absorption in a 

wide range of the optical window used for PAI, and therefore a more efficient 

photoacoustic responsiveness with respect to the other dyes discussed in this 

chapter. The rational behind the choice of PVA microbubbles lies in their stability, 

biocompatibility and efficient use as an ultrasound contrast agent (UCA) in addition 

to their high chemical versatility. 
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1. Introduction: 

This chapter describes a new strategy on how pristine graphene sheets can be 

successfully and stably tethered onto PVA microbubbles surface, and demonstrates 

its potential as a new hybrid injectable contrast agent for photoacoustic imaging 

(PAI) by in vitro and in vivo tests. As far as we know, this is the first study in which 

pristine graphene has been coupled to microbubbles and for such purpose. The aim 

behind this work is to combine the appealing features of both materials i.e. PVA 

microbubbles as biocompatible efficient ultrasound resonators with high chemical 

versatility, with graphene as strong NIR absorber in a wide spectral range with 

excellent mechanical properties in order to obtain a novel PA enhancer. 

2.1. Materials: 

Poly(vinyl-alcohol) (PVA) with a number-average molecular weight, Mn, and weight 

average molecular weight, Mw, of 30 ± 5 and 70 ± 10 kg/mol, respectively, sodium 

metaperiodate (NaIO4), ethylenediamine (EDA), Coomassie Brilliant Blue G (CBB), 

glycolic acid ethoxylate-4-nonyphenyl ether, synthetic graphite powder with particle 

size < 20 µm, N-(3-Dimethylaminopropyl)-N'-ethyl-carbodiimide hydrochloride) 

(EDC), N-hydroxy-succinimide 98% (NHS), MES 99%, Rhodamine B isothiocianate 

(RBITC), dimethylsufoxide (DMSO), and acetic acid were purchased from Sigma 

Aldrich, Milan, Italy. Methanol (MeOH) and sodium cyanoborohydrate 95% powder 

(NaCNBH3) were purchased from Carlo Erba, Milan, Italy, and Alfa Aesar, 

respectively. mQ quality water (18.2 MΩ·cm) was produced using a deionization 

apparatus Pure Lab from USF (Perugia, Italy). 

2.2. Methods: 

       2.2.1. Poly(vinyl-alcohol) microbubbles, PVA MBs, preparation : 

PVA MBs were prepared and characterized as described elsewhere [1] by crosslinking 

telechelic PVA chains, at the water/air interface (see Scheme 1). Typically, 380 mg of 

NaIO4 were added to 2% (w/v) PVA aqueous solution to split the polymer into chains 

of shorter length by the specific oxidation of the head-to-head sequences present in 

the backbone as structural defects, i.e. about 2 % of the total repeating units, of the 

polymerization reaction.[2] The reaction mixture was vigorously stirred at room 
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temperature for 2 hours using an Ultra-Turrax at 8000 rpm, generating a fine foam 

made of PVA shelled microbubbles encapsulating air. The shells are stabilized via the 

acetalization of the aldehyde chain ends and the hydroxyl groups of the PVA 

backbone occurring during the foaming. The formed floating MBs were then 

transferred in separating funnels and washed with mQ water collecting the MBs on 

top of the aqueous dispersion. During the acetalization not all the aldehydes were 

converted into crosslinks, some of them were still present at the surface of the shell, 

exposed to the solvent, and were used for further functionalization. 

 

Scheme 1. Chemical reaction of PVA microbubbles synthesis 

 

       2.2.2. Ethylene diamine, EDA, PVA MBs functionalization: 

Surface functionalization of PVA MBs shell with EDA was achieved by reductive 

amination. 10 µmol of EDA were added to 10 ml of an aqueous suspension of PVA 

MBs at a concentration of 5×108 MBs/ml, adjusting the pH to 5 using acetate buffer 

(0.03 M acetic acid, 0.02 M sodium acetate), followed by the addition of NaCNBH3 a 

reducing agent. The suspension was slowly stirred at room temperature with a 

vortex at 500 rpm for 4 days. Finally functionalized PVA-EDA MBs were intensively 

washed with mQ water. The primary amino groups of the MBs coupled with EDA 

were quantified by the Orange II dye method.[3,4] Typically, a 1mg/ml solution of 

Orange II sodium salt (pH 3) was prepared in mQ water, the pH was adjusted using 

HCL 1M. PVA-EDA MBs at a concentration of 108 MBs/ml were sonicated for 10 

minutes in an ultrasound bath, and then re-dispersed in the acidic solution. Small 

known amounts of the Orange II dye solution were added successively. At each 

addition step, microbubbles were incubated for 15 minutes at 40°C, and then 

centrifuged for 10 minutes at 2500 rpm. The absorbance of the unbound dye in the 

head-to-head

head-to-tail

(1)

(2)
air 

PVA microbubble
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supernatant was measured spectrophotometrically at 485 nm using a double beam 

JASCO V-630 (Milan, Italy) UV−vis spectrophotometer. Determination was carried 

out in triplicate. 

       2.2.3. Graphene Aqueous Dispersion Preparation: 

Graphite powder was added to 0.5 mg/ml of glycolic acid ethoxylate-4-nonyphenyl 

ether aqueous solution at an initial concentration of 20 mg/ml, then exfoliated by 

ultra-sonication for 90 minutes at 320 W using a tip sonicator (1/2 inch titanium tip); 

these were the optimized conditions for our study. Vander Waals interactions 

between the graphene planes were overcome by the shear forces caused by the 

sonication and the aid of the surfactant to stabilize the exfoliated sheets in water 

through the interaction between the phenyl moiety of the surfactant with the 

graphene sp2 surface.[5,6] The system was placed in an ice bath during the sonication 

process to avoid over-heating, and the mixture was agitated, every 30 minutes, at 

1500 rpm for 2 minutes to homogenize the non- exfoliated graphite powder 

throughout the aqueous suspension. The resulting dispersion was centrifuged twice 

for 30 minutes at 1300 rpm to remove large aggregates. The graphene concentration 

was estimated by UV spectrophotometry using a double beam JASCO V-630 (Milan, 

Italy) UV−vis spectrophotometer with a 1 cm quartz cell (Hellma, GE), monitored at 

660 nm as reported previously in the literature,[7] and the sheets size distribution 

was estimated by dynamic light scattering. 

 

       2.2.4. Graphene functionalization of PVA-EDA MBs: 

Graphene was conjugated to the PVA-EDA MBs modified shell by EDC/NHS chemistry 

by activating the carboxylic moiety in the surfactant stabilizer and the -NH2 group of 

the shell surface. For G/PVA (10% w/w) MBs, an equimolar amount about 1 µmol of 

EDC/NHS was added to 10 ml of 0.15 mg/ml graphene/surfactant aqueous 

suspension to activate the carboxylic acid moiety present in the surfactant, and the 

pH was fixed to 6.5 with MES buffer. Then, 5 ml of PVA-EDA MBs at a concentration 

of 3 mg/ml was added. The obtained suspension was kept overnight in the dark at 

room temperature under stirring. Finally, the graphene functionalized PVA MBs were 

intensively washed with mQ water. It was observed that the washings were 
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completely transparent, in contrast the floating MBs were dark grey colored 

suggesting that graphene stabilized sheets were homogeneously dispersed and 

coupled by the aid of the surfactant on the PVA MBs modified shells. MBs were then 

sonicated for 2 minutes at 50% in a water bath sonicator to disperse the aggregates 

formed by the stacking interaction between the graphene sheets. The as prepared 

MBs were freeze-dried and stored in the form of powder for further study. It is 

worth to note that coverage of the shell surface with graphene can be tuned by 

varying the amount of MBs in functionalization reaction while maintaining fixed the 

graphene concentration and vice-versa. MBs with lower/higher graphene amount on 

the shell were obtained by conserving approximately the previous graphene amount 

and increasing/decreasing the quantity of MBs put in reaction. 

 

      2.2.5. G/PVA RBITC labeled MBs: 

MBs labeled with fluorescent RBITC were prepared for size distribution 

determination using confocal microscopy. Typically, 1 ml of 108 MBs/ml of G/PVA 

was incubated with 10 µl of RBITC solution (2 mg/ml in DMSO) for 1 hour under slow 

stirring, then intensively washed with mQ water by several steps centrifugation at 

1000 rpm for 5 minutes. 

 

      2.2.6. Optical and confocal microscopy characterization: 

Observations were performed using an inverted microscope Eclipse model Ti-E 

(Nikon Instruments, Japan) equipped with a 60×/1.4 oil immersion Plan Apo 

objective, an Ar+ green laser (λexc = 543 nm) (MellesGriot, Carlsbad, CA, USA), and a 

He−Ne laser (λexc= 633 nm) (Spectra Physics, Mountain View, CA, USA). The 

concentration of microbubbles was determined with the aid of bright field 

microscopy using a Nauber chamber (0.25×0.25×0.1)µm, then analysis of the 

micrographs was performed using ImageJ free software. 
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        2.2.7. Raman spectroscopy characterization: 

The Raman study was carried out using a Raman confocal microscope (Horiba Jobin 

Yvon XploRA), equipped with solid state laser sources at 532 and 785 nm and a 100x 

objective. The characterization of the graphene aqueous suspension was performed 

at 532 nm excitation wavelength by evaporating at room temperature few 

microliters deposited on Si wafer. Also G/PVA MBs were explored at 532 nm. A small 

amount of freeze-dried MBs powder was deposited on Si wafer and dispersed on the 

surface by adding a few microliters of water, then left to evaporate at room 

temperature before the Raman study. 

 

       2.2.8. Thermogravimetric analysis (TGA): 

TGA measurements of PVA MBs and G/PVA MBs different samples with variable 

graphene surface densities, prepared by decreasing the initial amount of PVA-EDA 

MBs, were carried out using TA Q600 instrument. Freeze-dried MBs were placed in 

platinum pan, and the measurement was performed under nitrogen atmosphere 

(100 ml/min) from 25 °C to 1000 °C at a heating rate of 10 °C/min. 

 

         2.2.9. Differential Scanning calorimetry: 

G/PVA MBs with graphene contents 2.5%, 5 % and 10% (w/w) were examined and 

compared to the plain PVA MBs. Approximately 1 mg of freeze-dried microbubbles 

powder was placed in an aluminum pan and sealed with holed aluminum lid. The 

scan was performed from 20°C to 250°C at a heating rate of 10°C/min under a flow 

of 50 mL/min of Nitrogen using a TA Q2000 differential scanning calorimeter, from 

TA instruments Milano, Italy. 

 

         2.2.10. Field emission scanning electron microscopy (FESEM): 

G/PVA MBs aqueous suspensions with graphene shell density percentage of 2%, 5%, 

and 10% (w/w) (see table 1 for details in the SI) were observed. Control experiment 

was carried out with plain PVA MBs. 
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       2.2.11. Ultrasound properties measurements: 

 

 

Scheme 2. Overview of the experimental set-up for acoustic attenuation measurements 

 

Scheme 2 represents the experimental set-up used for the ultrasound transmission 

experiment through G/PVA MBs in water medium, in order to determine the 

acoustic attenuation parameters of the considered microbubbles. Glass cell (2x2x4 

cm), featuring two opening opposite sides separated by a distance of 2 cm allowing 

the contact with emitting and receiving transducers, was filled with 17 ml of mQ 

water.  

The measurements were carried out using flat 10 MHz transducers (Olympus V311) 

for both emitter and receiver, and a waveform generator to produce consecutive 

sinusoidal burst of ultrasonic signals at frequencies ranging from 0.5 to 20 MHz with 

a step of 0.25 MHz. At each frequency, the burst signal was given an input voltage of 

6 V, generating pressure levels below 62 kPa. The received signals were processed by 

comparison with the signals from the mQ water medium taken as a reference. [8] The 

amplitude fundamental of the water medium reference was optimized to 0.35 V, and 

then known volumes of MBs were added up to a final concentration of about 3×106 

MBs/ml. All steps were controlled by LabView software. 

 

    2.2.12. In vitro photoacoustic imaging: 

The in vitro photoacoustic study of the graphene functionalized PVA microbubbles 

was monitored using VEVO® LAZR instrument from Visualsonics (Amsterdam, NL) 
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equipped with an integrated fiber-optic linear array LZ250 transducer with an axial 

resolution of 75 µm and operating at a frequency of 21 MHz 

G/PVA MBs at an initial concentration of 108MBs/ml were injected into a capillary 

tube immersed within a mimicking tissue phantom (see Figure 1). For control 

experiments, another tube was injected only with saline NaCl solution. All PA 

measurements were performed at a gain of 45 dB, and at a laser excitation of 750 

nm, which has revealed as the optimal wavelength for G/PVA MBs. The PA 

enhancement was studied as a function of MBs concentration and compared to the 

phantom tissue.  

 

 

Figure 1. In vitro phantom overview 

 

       2.2.13. In vivo photoacoustic imaging 

In vivo PA experiments were carried out using the same equipment as for the in vitro 

study and was performed at a gain of 50 dB on normal mouse by injecting 30 µl of 

G/PVA MBs (5% w/w, 3×107 MBs/ml) into hind limb muscle. 

3. Results and Discussion 

    3.1. Primary amine groups quantification on modified PVA-EDA MBs 

The estimation of the amount of available functional amine groups in PVA-EDA shell 

is required in order to optimize the tethering of graphene to the MBs surface 

through the carboxylic moiety of the surfactant. The absorbance of the free Orange 

Transducer
Silicon 

transparent 
tubes

Gel
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II is exclusively related to the number of bound dye moieties to form the complex 

PVA-EDA-Orange II, which allows knowledge of available primary amines. The 

amount of amino groups per single PVA-EDA microbubble was estimated as equal to 

(0.7 ± 0.03)×10-15 mol/MB (see Figure 2). 

 

 

Figure 2. Titration of the primary amine groups attached to PVA microbubbles: 

Orange II supernatant absorbance at 485 nm versus added amount of Orange II/MB 

 

     3.2. Characterization of graphene dispersion and G/PVA hybrid MBs 

During ultrasonication in an aqueous medium, the cohesive forces stabilizing 

graphite are broken by the shear energy. The hydrophobic nature of graphene 

makes the aqueous dispersion colloidally unstable. However, the action of a 

stabilizing agent such as a surfactant interacting via π−π stacking with the exfoliated 

graphene sheets avoids the graphene sheets reaggregation. Moreover, this process 

is effective for the spontaneous purification of the graphene material from graphite 

residues. These sheets are a collection of monolayer and few layers of graphene (up 

to four or five planar layers), with a distribution that depends on the exfoliation 

method. The overall byproduct of the exfoliation process is usually indicated as 

pristine graphene since no modification of the graphene structure occurred. The 

ionic and nonionic nature of the surfactant does not play a significant role.[9] For 

example, IGEPAL® a commercial surfactant is considered a good graphene 

dispersant.[10] We took advantage of this finding using a similar molecule, terminated 



Chapter IV 
 

Università di Roma Tor Vergata Page 77 
 

with a carboxylic acid moiety at the end of a PEG hydrophilic tail of the monomer 

(see Scheme 3). This approach enables subsequent functionalization of the stabilized 

graphene sheets and the PEG moiety should, in principle, limit the biological impact 

of the overall systems when injected for in vivo experiments. 

 

Scheme 3. Graphene surfactant assisted ultra-sonication 

 

Stable graphene/surfactant aqueous suspensions were achieved up to a 

concentration of 0.25 mg/ml estimated by UV spectrophotometry. [13] The almost 

independent absorbance to the wavelength exhibited from the visible to the Near 

infrared (NIR) region (see Figure 3a) is characteristic of pristine graphene, this 

absorbance feature in the NIR domain originates primarily from interband 

transitions.[11] The suspension was composed by sheets of few hundreds of nm as 

determined by DLS (see Figure 3b). 

Tethering of graphene to PVA MBs was based on a two-steps reaction: (i) aldehyde 

groups on the MBs shell surface were coupled with ethylene diamine (EDA) by 

reductive amination, (ii) the carboxylic moiety of the surfactant stabilizing graphene 

was conjugated to the –NH2 group of PVA-EDA functionalized MBs via EDC/NHS 

chemistry (see Scheme 4). The obtained MBs are grey-black colored according to the 

coverage of the shell surface with graphene (Figure 3c).  
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Scheme 4. a) PVA MBs modification and graphene functionalization, b) G/PVA MBS detailed 

structure. 
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Figure 3. a) UV-visible-NIR absorbance spectrum of suspension, b) graphene sheets size 

distribution by DLS c) PVA and G/PVA MBs aqueous suspensions; the arrows show 

microbubbles floating at the air-water interface, d) Confocal laser microscopy of RBITC 

labeled G/PVA MBs (× 60). 

 

G/PVA MBs, with an average diameter of (3.6 ± 0.8 µm), were well dispersed (see 

Figure 3d) when freshly prepared, but tend to aggregate with the aging within few 

weeks probably due to the π-π interaction between the graphene material. Such 

hurdle can be overtaken by storing them as freeze-dried powder to disperse before 

the use since G/PVA MBs maintain the property to reconstitute from the freeze-

dried state as already observed for the plain PVA MBs.[12] However, a rapid floating 

process respect to the plain PVA MBs is observed. Such a phenomenon was reported 

by Kim et al. for an aqueous suspension of GO sheets trapped by N2 gas bubbles, 

used as carriers, and collected on the air/water surface by flotation.[13] More than 

two decades ago, a similar practice was described to concentrate graphite at the air- 

water interface as it can be readily attached to air bubbles.[14] In our case, this effect 

can be explained as the graphene sheets play the role of an accelerating carrier for 

the gas filled PVA microbubbles. This can be attributed to the hydrophobic nature of 
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graphene that once tethered to the MBs shell, it repels the water medium increasing 

the floating tendency of the MBs to float at the water/air interface.  

 

     3.3. Raman spectroscopy characterization of graphene dispersion and of G/PVA 

MBs: 

Raman spectroscopy is known as the fingerprint tool to characterize the quality of 

graphene systems. The typical feature of graphene are the first order and the second 

order G and 2D bands at 1580 cm-1 and 2680 cm-1, respectively, where the intensity 

ratio I2D/IG and the shape of the 2D resonance is informative about the number of 

layers. However, the D band at 1350 cm-1 is related to the presence of disorder in 

the structure, thus the intensity ratio ID/IG allows for a quantification of defects.[15,16] 

Confocal Raman mapping at 532 nm laser excitation wavelength of the 

graphene/surfactant dispersion revealed that the suspension mainly contained a 

mixture of single- and few-layers (up to 4 layers) graphene sheets (see Figure 4).  

 

 

Figure 4. a) Graphene dispersion confocal Raman mapping spectra at 532 nm laser excitation 

wavelength; b) G (blue) and 2D (green) Raman bands maps; c) Raman spectra, collected 

from the mapping, of the different existing forms of graphene (single and  few-layers)  in the 

surfactant aqueous dispersion. 
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Figure 5a shows a comparison between Raman spectra of the starting graphite and 

obtained single-layer graphene. The presence of a D band with very low intensity 

compared to the G band indicates a limited number of defects originated from the 

starting graphite before its exfoliation. Moreover, this exfoliation method leaves 

nearly unchanged the pristine graphene structure.  

 
 

 
 
Figure 5. a) Raman spectra comparison between starting graphite powder (red) and single 

layer graphene present in the surfactant aqueous suspension (black) at 532 nm excitation; 

single-layer graphene: b) G Raman band (black line) and the fit (red line) obtained by two 

Lorentzians (G and D’ components) (green lines), c) 2D Raman band (black line) with one 

Lorentzian fit (red line). 

 

The successful graphene tethering to the G/PVA MBs was studied by Raman 

mapping at 532 nm in order to assess the quality and the spatial distribution of 

graphene on the MB shells after functionalization. All spectra were collected at a 

laser excitation wavelength of 532 nm. For comparison, a Raman spectrum of plain 

PVA MBs, i.e. without graphene, is illustrated in Figure 6a. The resonance at about 

3000 cm-1 is attributed to the CH stretching modes of the polymeric shell of the 

microbubble. It should be mentioned that it was not possible to obtain a clear 

Raman spectrum in the case of plain microbubbles, contrarily to G/PVA MBs, 

because of autofluorescence which is a common issue in the Raman spectroscopy 

analysis when dealing with polymeric matrixes. A Raman mapping collected on a 

single G/PVA microbubble is shown in Figure 6b. It is worth to notice that despite the 

complexity of the polymeric matrix, graphene typical spectral features, i.e. G and 2D 
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bands at 1576 cm-1 and 2684 cm-1, respectively, were clearly evidenced (Figure 6b). 

The presence of graphene increases significantly the enhancement of the resonances 

corresponding to the CH stretching of the polymeric moiety (see Figure 6c), which is 

in accordance with the findings reported in the literature about the graphene effect 

on the surface-enhanced Raman scattering (SERS). [17,18] 

Analysis of the Raman mapping bands intensities (Figure 6c) shows an almost 

equivalent, or even higher, intensity of the 2D band with respect to the G band. This 

result suggests that tethering graphene to PVA/EDA modified surface does not 

influence its structure and that the MBs are functionalized with single- and few-

layered graphene sheets which are homogeneously distributed over all the PVA MBs 

shells (see Figure 6e). Raman signals interfering with G and D bands, respectively at 

around 1580 cm-1 and 1380 cm-1, are attributed to the phenyl moiety of the 

surfactant scaffold, which couples graphene to PVA MBs surface, and to the CH3 

bending modes,[19] respectively. The resonances, present in the 1200-1300 cm-1 

range, are attributed the vibrational modes of C-C of the polymer chains of the shell.  
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Figure 6. a) Raman spectrum of plain PVA microbubble; b) G/PVA Raman spectrum obtained 

by confocal Raman mapping on one single G/PVA microbubble, inset: Raman microscopy of 

the mapped G/PVA microbubble (x100); c) Raman mapping of bands intensities of G/PVA 

MB; d) Raman mapping microscopy on several G/PVA MBs (×100); e) Raman spectra 

recorded from the mapping of several G/PVA MBs. All spectra were recorded at an 

excitation wavelength of 532nm. 
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    3. 4. Thermogravimetric analysis of PVA and G/PVA MBs: 

 

Figure 7. Thermogravimetric analysis PVA and G/PVA microbubbles under Nitrogen flow 

 

The amount of graphene tethered on the PVA shells has been determined by 

thermogravimetric analysis. Figure 7 shows the decomposition thermograms of 

G/PVA MBs with different graphene content in comparison with plain PVA MBs up to 

1000 °C. G/PVA MBs yielded a higher residual weight respect to naked PVA MBs, 

proportional to the graphene shell initial feed ratio. The weight loss differences 

imply the presence of non decomposed graphene sheets and suggest that a total 

amount of about 28% of graphene respect to PVA can be achieved. The TGA results 

are in agreement with the estimated graphene from UV absorbance at 660 nm 

(Table1). However, at high coverage densities uncontrollable MBs aggregates are 

formed, which is the reason why for our study we limited the graphene contents to 

10 % (w/w) in order to have a balanced assembly ratio between PVA MBs and 

graphene, thus allowing optimal use of both materials as an injectable device for PAI 

purposes. 
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Table 1. Graphene shell density estimation of G/PVA MBs from UV spectrophotometry 

 
 

 

   3.5. Differential Scanning Calorimetry: 

 
 

 
 

Figure 8. DSC thermograms of PVA and G/PVA microbubbles under 50ml/min Nitrogen flow 
 
 

Differential scanning calorimetry analysis were performed to evaluate the effect of 

the tethering of graphene, with different contents i.e. 2.5 %, 5% and 10% (w/w), on 

the crystallinity of the PVA microbubbles shells. Thermograms of PVA and G/PVA 

MBs are shown in Figure 8. An increase in both melting and crystallization 

temperatures is observed as the graphene content increases to 5% (w/w),  see also 

details in Table 1, which is mainly due to an enhancement of the thermal stability 

induced by the presence of graphene. However, for G/PVA MBs with a graphene 

content of 10% (w/w) no endothermic and exothermic peaks were exhibited, which 

reveals a major decrease in the PVA MBs shell crystallinity. In fact, the degree of 

Sample m (PVA MBs) (mg)
m (Graphene ) (mg) 

_UV
% graphene/MBs 

(w/w)_UV
% graphene/MBs

(w/w)_TGA

G/PVA (a) 49 1.4 3 5

G/PVA (b) 12 1.3 11 16

G/PVA (c) 6 1.3 22 28
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crystallinity for the plain PVA MBs refers to the physical cross-links within the 

polymeric shell network which are typical for the semi-crystalline nature of PVA (ref), 

whereas the non crystalline domains refer to the chemical cross-links formed 

between the aldehyde and hydroxyl groups during the microbubbles synthesis. 

Therefore, it was found that a chemical modification of the plain PVA MBs surface 

results in a decrease of the shell crystallinity as the number of physical cross-links is 

reduced.[20]  

 
Table 2. G/PVA microbubbles DSC Analysis 

 
 
 

 3.6. Field emission scanning electron microscopy: 

 

 
Figure 9.  FESEM images of a) Plain PVA MBs versus G/PVA MBs b) G/PVA 2% (w/w), c) 
G/PVA 5% (w/w), and d) G/PVA 10% (w/w). Arrows show graphene flakes on the MBs shell 
surface. Green selected zones are magnified in the inset. 

 

The morphology of G/PVA MBs as compared to the plain PVA MBs was analyzed by 

FESEM microscopy. The micrographs presented in Figure 9 reveal a very smooth, 

Plain PVA MBs G/PVA MBsa)
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well defined shell with a spherical shape, on which are clearly few-layered (3 to 4) 

graphene sheets. The G/PVA shell aspect is conserved with respect to the plain PVA 

MBs that seem more collapsed (see Figure 9a). The graphene sheets on the hybrid 

microbubbles could be distinguished by taking as a marker the lateral edge contrast 

produced,[21] however thinner layers like single ones are hardly distinguishable on 

the PVA MB surface due to the lower contrast. A higher coverage of the shell surface 

with the graphene sheets is obtained when increasing the graphene content from 

2.5% to 10% (w/w) (see Figure 9b-d). The graphene sheets anchored to the 

microbubbles surface can be either folded or crumpled (see Figure 10).  

 

Figure 10. G/PVA MBs showing crumpled or folded graphene sheets on their surfaces. 

 

The size determination by the FESEM images presented herein confirm the results 

obtained by confocal microscopy and DLS showing a MB size of about 3 µm and 

graphene sheets in the order of 300 nm. The size of microbubbles should be 

compatible with intravenous inejection. The dimensions of the graphene sheets and 

functionalized group as well as their thickness are key parameters for performance 

in biomedical applications and to determine the fate after injection into a living 

body. [22]  
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    3.7. Ultrasound properties of G/PVA MBs: 

 
Ultrasonic attenuation is an important parameter required for determining the 

acoustic properties of a material. Figure 11 illustrates the dependence of the 

acoustic attenuation coefficient of G/PVA MBs from frequency in the range 1 – 20 

MHz. For all tested MBs concentration, the spectra display a broad maximum of 

attenuation at about 10 MHz, whose intensity depends on the MBs concentration.  

 

Figure 11. Acoustic attenuation of G/PVA microbubbles as a function of frequency 

 

The acoustic behavior of G/PVA MBs does not change with respect to the plain PVA 

MBs, indicating that the tethering of graphene to the microbubbles shell does not 

affect the original echogenic properties of the MBs (see Figure 12a). Moreover 

Figure 12b shows that the G/PVA MBs acoustic performance is conserved after 

reconstitution from a freeze-dried powder state. Up to now few studies have 

investigated the acoustic properties of graphene, where it was assumed that 

ultrasonic waves exist in excess of THz frequencies in graphene.[23]
 However, 

Chivikula et al. have demonstrated that surface acoustic waves in graphene may 

occur at lower frequencies (MHz) as a response to an optical irradiation, which 

results from the conversion of the energy of the optical power absorbed by the 

graphene flake to the heating of the sample.[24] 
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 Figure 12. a) Acoustic attenuation vs concentration comparison between PVA MBs (black 

line) and G/PVA MBs (red line); b)  Acoustic attenuation of G/PVA MBs before and after 

freeze-drying. Attenuation values being measured at 11 MHz. 

 

  3.8. Photoacoustic behavior of pristine graphene 

Priorly, to confirm our hypothesis regarding coupling graphene to the PVA MBs as a 

hybrid photoacoustic contrast agent, the efficiency of graphene by itself for PAI 

when dispersed in the surfactant aqueous solution, was investigated both in vitro, 

using the phantom described is section 2.2.12, and in vivo. As shown in Figure 13, 

graphene exhibits a strong PA response which depends on the concentration in the 

spectral range from 680 nm to 850 nm.  

 

 

a)
b)
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Figure 13. In vitro PA measurements of graphene/surfactant aqueous dispersion at different 

concentrations : 150 µg/ml (bleu), 50 µg/ml (purple) and 15 µg/ml (green). A 30 dB gain was 

used. 

Moreover, in vivo experiments carried out on a bulb male mouse bearing a 

subcutaneous tumor have shown a strong PA signal in the selected ROI after the 

injection of 200 µL of the graphene surfactant aqueous suspension at a 

concentration of 0.15 mg/ml (see Figure 14). The PA signal reached its maximal 

amplitude after 16 min from injection, being almost 3 fold higher than the original 

background signal, but then decreases over the time (see Figure 14 and Table 3). At 

the tested dose no anomalies were observed on the tested mouse.  
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Figure 14. In vivo PAI of graphene/surfactant aqueous suspension injected in mouse bearing 

tumor monitored at 680 nm and 40 dB gain: (A) Pre-injection and (B) post-injection PA 

images.  

Table 3. PA intensities in the selected ROI over the time after graphene injection 

Post-injection time (min) PA avr (a.u) 

0 0.352 

1 0.752 

16 0.909 

36 0.672 

 

3.9. In vitro photoacoustic imaging of G/PVA MBs: 

The construction of PA image is based on the following steps: upon NIR pulsed laser 

illumination of an optical NIR absorber; the absorbed energy is converted to heat 

leading to the generation of pressure waves which can finally be detected by 

ultrasound to form the image.[25-27] Contrarily to fluorophores and Au-nanoparticles 

1 min 16 min 36 min

A

B

B-mode PA mode
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based contrast agents investigated for PAI, as well as the endogenous cellular 

tissues, graphene with its strong absorption extending from the visible to the NIR 

region can provide an excellent optical confinement.[28,29] 

Representative in vitro phantom PA images of G/PVA MBs (5% w/w) are shown in 

Figure 15. Sample concentration of 108 MBs/ml exhibited strong PA enhancement 

respect to the tissue mimicking phantom quantified as about 10 times higher in a.u. 

Furthermore, PA enhancement depends on the concentration of G/PVA MBs, the 

detection limit was determined as equal to 106 MBs/ml, for which only PA 

enhancement at the boarder of the ROI was observed and clearly identified from the 

control saline water and the rest of the tissue. Moreover, MBs exhibit as well good 

US enhancement in the non-linear mode (see Figure 16). 

 

 

Figure 15. a) In vitro PA enhancement image of G/PVA MBs (108MBs/ml), b) PA intensity 
versus time, c) In vitro PA detection limit image of G/PVA MBs (106/ml) Vs Phantom tissue: 
The yellow arrows show the accumulation of MBs on the boarder side of the injection tube. 
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Figure 16. In vitro phantom non linear-US enhancement of (107/ml) G/PVA MBs (5%w/w). 

 

G/PVA MBs, as illustrated in Figure 17a, exhibit a strong and wide increase in the PA 

intensity extending from 680 to 850 nm with respect to the saline water control. The 

G/PVA MBs (graphene content 5 % w/w) show better PA enhancement than MBs 

with the lowest content, i.e. 2.5 % w/w, quantified as about 17 times higher as 

compared to the control (see details in Table 4). However, G/PVA MBs (graphene 

content 5% w/w) also shows better PA enhancement with respect to the highest 

graphene content, i.e. 10% w/w (see Figure 17b). These in vitro results suggested 

selecting G/PVA MBs (graphene content 5% w/w) for the subsequent in vivo studies. 

It is also worth to note that the PA spectrum of the G/PVA MBs offers an active 

window for its PA response which does not interfere with blood components such as 

hemoglobin (see Figure 17c). 

Table 4. Description of G/PVA MBs used for PAI test 

Graphene/PVA content (w/w) 2.5 % 5 % Control (water) 

Microbubbles concentration (MBs/mL) 10
8
 3 × 10

7
 0 

Graphene concentration (µg/mL) 26 16 0 

PA average (a.u) 1.4 2.9 0.17 

 

 

B-mode Non-linear mode PA mode 
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Figure 17. a) In vitro PA enhancement spectra of G/PVA MBs(2.5% w/w) (green) and G/PVA 

(5% w/w) (red) versus water (blue) in phantom, inset: corresponding PA signals image; b) In 

vitro PA response comparison between G/PVA 2.5%, 5%, and 10% (w/w); c) In vitro PA 

spectra of G/PVA MBs (5% w/w) in blood (gain 40 dB). 

 

     3.10. In vivo photoacoustic imaging of G/PVA MBs 

Most studies highlighting graphene as PA contrast agent have focused on the use of 

GO and rGO combined with metallic nanoparticles as NIR absorbing molecules.[30-32] 

Graphene doses per mouse discussed in the literature leading to a significant PA 

enhancement without toxicity were up to 400 µg of graphene oxide, which is 

considered within the safety dose range that could extend to 50mg/Kg body 

weight.[32-36] To the best of our knowledge, pristine graphene has not been used for 

in vivo PA imaging. In this work, a preliminary real time in vivo PAI study using 

pristine graphene hybrid device shows the PA signal enhancement as result of the 

injection of 30 µl G/PVA (3×107 MBs/ml, graphene content 5% w/w) into wild mouse 

hind limb muscle. The total amount of pristine graphene loaded on the PVA MBs 

injected is estimated to be less than 4 µg, and the concentration in MBs after the 

injection is approximately as equal to the detection limit determined by the previous 

a)
b)

c)
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in vitro studies. Despite this very low dose compared to the previously reported 

administrated doses in the literature investigating PAI, a good enhancement of PA 

signal in the ROI was observed, 6.632 a.u respect to 0.583 a.u (see Figure 18). In 

deeper tissue the PA enhancement decreases significantly to approximately 1 a.u, 

but does not disappear due to the small injected amount (see Figure 18b, 18d and 

Figure 19). It is also worth to notice that no appearing toxicity or abnormalities were 

observed on the tested mouse monitored for 1 week after the experiment. 

 

Figure 18. Real time In vivo PA images of subcutaneous injection of G/PVA MBs into normal 
mouse hind limb: a) Pre-injection tissue endogenous contrast, b) Post-injection tissue 
endogenous contrast subtracted, c) Pre-injection PA spectra , d) Post injection PA spectra, 
the spectra follow the color of the selected regions 

 Pre-injection Post-injection

Tissue endogenous contrast Tissue endogenous contrast subtracted

a) b)

c) d)
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Figure 19. Real time In vivo PA unmixing response of G/PVA MBs (5% w/w) (green) with oxy-
hemoglobin (red) and deoxy-hemoglobin (blue) after 30 µl subcutaneous injection into 
mouse hind limb 

 

Conclusion 

The work discussed in this chapter has demonstrated the possibility to successfully 

incorporate few and single-layers graphene sheets almost free of defects, obtained 

by surfactant assisted ultrasonication into PVA soft microbubbles matrixes, and has 

shown good potential in PAI as assessed by in vitro and in vivo tests. Nonetheless, 

further tests will be addressed to study and optimize the PA response as a function 

of G/PVA doses.  

The cytotoxicity of this hybrid system with respect to different graphene shell 

density will be evaluated using Fibroblast NIH 3T3 cells. 
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1. Introduction 

In this chapter we aim to determine how diamine intermediate allows the tethering 

of graphene onto the PVA MBs shells and influences the properties of the hybrid 

microbubbles. The herein studied diamines were selected as a function of their 

length, varying from a short alkylene carbon chain to PEG backbones with different 

molecular weights. Such diamines were conjugated to the surfactant stabilizing 

graphene as described in the previous chapter. The interest behind this study is to 

introduce a modification on the steric hindrance, flexibility and hydrophilicity when 

incorporating moieties ranging from saturated carbon chains to PEG’s with different 

molecular weights. PEGylation has been remarkably used in the biomedical literature 

for several purposes i.e. from polymers functionalization, to fabrication of 

nanoparticles and core/shell systems. In the latter case, it has been proved that in 

addition to preventing the immune recognition of the material, it modifies the 

interface characteristics of the particle with the solvent medium.[1,2] Hence, 

PEGylation can offer a better control on the optimization of the G/PVA MBs 

properties in terms of stability, photo-acoustic efficiency and biocompatibility. 

2.1. Materials 

The following materials were all purchased from Sigma Aldrich, Milan, Italy: 

poly(vinyl alcohol) (PVA) with a number-average molecular weight, Mn, and weight 

average molecular weight, Mw, of 30 ± 5 and 70 ± 10 kg/mol, respectively; sodium 

metaperiodate (NaIO4);  pentamethylene diamine (PMDA); polyethylene glycol 

diamine with molecular weight 2000 and 6000 (PEGDA2000 and PEGDA6000, 

respectively); orange II sodium salt; glycolic acid ethoxylate-4-nonyphenyl ether; 

synthetic graphite powder with particle size < 20 µm; N-(3-Dimethylaminopropyl)-N'-

ethyl-carbodiimide hydrochloride (EDC); N-hydroxy-succinimide 98% (NHS); MES 

99%, acetic acid, thiazolyl blue tetrazolium bromide (MTT) and Dulbecco’s modified 

Eagle’s medium (DMEM). Methanol (MeOH) and sodium cyanoborohydrate 95% 

powder (NaCNBH3) were purchased from Carlo Erba, Milan, Italy, and Alfa Aesar, 

Heysham UK, respectively. mQ quality water (18.2 MΩ·cm) was produced using a 

deionization apparatus Pure Lab from USF (Perugia, Italy).  Mouse fibroblast cell line 
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NIH 3T3 was obtained from Istituto Zooprofilattico della Lombardia e dell’Emilia 

Romagna. 

2.2. Methods 

     2.2.1. Diamine Surface Modification of PVA Microbubbles and Graphene 

Functionalization 

Surface functionalization of PVA MBs shell with different diamine intermediates i.e. 

PMDA, PEGDA2000 and PEGDA6000, was achieved by reductive amination. Typically, 

an excess amount of diamines molecules was added to the PVA MBs. The pH of the 

mixtures was adjusted to 5 using an acetate buffer (0.03 M CH3COOH, and 0.02 M 

CH3COONa) followed by the addition of NaCHBH3. The microbubbles suspensions 

were slowly stirred at room temperature for 4 day using a vortex at 500 rpm. The 

resulting microbubbles products i.e. PVA-PMDA, PVA-PEGDA2000 and PVA-

PEGDA6000, were finally washed with mQ water by several step centrifugations.  

 

      2.2.2. Primary Diamine Quantification of PVA Microbubbles Modified Surfaces: 

The available primary amine groups on PVA-PMDA, PVA-PEGDA6000 and PVA-

PEGDA2000 were quantified by Orange II (O-II) dye method.[3] A 1mg/ml solution of 

Orange II sodium salt (pH 3) was prepared in mQ water, the pH was adjusted using 

HCL 1M. The MBs samples at a concentration of 108 MBs/ml were sonicated for 10 

min in a sonicator bath, and then re-dispersed in the acidic solution. Fixed amounts 

of the Orange II dye solution were added step-by-step. At each addition, 

microbubbles were incubated for 15 min at 40°C, and then centrifuged for 10 min at 

2500 rpm. The absorbance of the unbound dye in the supernatant was measured 

spectrophotometrically at 485 nm. 

      2.2.3. Graphene PVA Diamine Microbubbles Functionalization:  

Graphene sheets were tethered to each type of diamine modified microbubbles 

surfaces with a content of 5% (w/w), as described previously in Chapter IV section 

2.2.4, through the carboxylic moiety of its stabilizing surfactant and the primary 

amine groups on the microbubbles shells via EDC/NHS chemistry at pH 6.5 using a 

MES buffer. The overall reaction is shown in scheme (1) below. The resulting G/PVA-
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PMDA, G/PVA-PEGDA2000 and G/PVA-PEGDA6000 were washed by mQ water and 

sonicated (when necessary) for 2 min in a water bath sonicator at 50% of power to 

redisperse the aggregates formed by π-π stacking of the graphene sheets, then 

stored as freeze-dried powders. 

 

Scheme 1. Graphene PVA microbubbles functionalization with pentamethylene diamine and 

PEG diamine (2000 and 6000). 

      2.2.4. Acoustic Attenuation Measurements of Graphene PVA Diamines 

Microbubbles: 

Acoustic attenuation measurements were carried out using the same set-up 

described in chapter (4) for PVA and G/PVA MBs. The received signals were 

processed by comparison with the signals from the mQ water medium taken as a 

reference. The amplitude fundamental was optimized to 0.35 V, then known 

amounts of G/PVA-PMDA, G/PVA-PEGDA2000 and G/PVA-PEGDA6000 MBs were 

added respectively and compared to the same batch of plain PVA MBs 11 days after 

its preparation. 

      2.2.5. MTT Cytotoxicity Assay of Graphene PVA Diamines Microbubbles: 

For MTT assay, typically, 5 × 104 NIH 3T3 fibroblasts were seeded in 24-well plates 

and cultured in DMEM supplemented with 2 mM L-glutamine, 1% 

penicillin/streptomycin and 10% FBS at 37°C in a humidified atmosphere containing 
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5% CO2. The Well plates containing the cells were left for 12 hours in incubator 

(HeraCell 150i, ThermoScientific) to allow cell adhesion. Afterwards, 900 µl of DMEM 

and 100 µl corresponding to amounts ranging from 105 to 108 of each PVA, G/PVA-

EDA, G/PVA-PMDA, G/PVA-PEGDA2000 and G/PVA-PEGDA6000 were added. The 

microbubbles were transformed into capsules by sonication prior to addition. 

After 24 h contact, the cells were washed twice with PBS and incubated for 4 h with 

MTT at a final concentration of 0.5 mg/ml in serum-free DMEM, at 37 °C under 5% 

CO2. Medium was removed after the incubation period and the insoluble formazan 

crystals produced by live cells were solubilized with DMSO. The plate was protected 

from light and put on an orbital shaker for 5 minutes. Then, the absorbances at 570 

nm and at 650 nm (background) were registered by spectrophotometer (Jasco V-

630). The cell viability was expressed as percentage value representing 

mitochondrial activity (see equation 1). Non-treated cells (NT) i.e. without being in 

contact with the microbubbles were used as control.  

               𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦  % =
(𝐴𝑏𝑠  𝑀𝐵)570 −(𝐴𝑏𝑠  𝑀𝐵)650

(𝐴𝑏𝑠  𝑁𝑇)570 −(𝐴𝑏𝑠  𝑁𝑇)650
× 100                      (1) 

where Abs is the absorbance, MB represents a graphene PVA-diamine microbubbles 

treated sample, and NT is the control.  

Data were statistically analyzed using the paired Student t-test within the groups     

(* = p<0.05).  

3. Results and discussion: 

    3 .1. Diamine functionalization of PVA microbubbles: 

The quantification of available primary amine groups on the modified PVA MBs 

revealed a decrease as the diamine carbon chain length increases. With PVA-EDA 

and PVA-PMDA MBs similar results are obtained, whereas the diamine PEGylated 

MBs have shown a significant decrease of the number of primary amine groups (see 

Figure 1 and Table 1), which could be due either to the initial feed ratio or to the 

steric hindrance [4] causing an effective masking of the available aldehyde groups on 

the shell surface of the microbubble. 
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Figure 1.  Diamine quantification of modified PVA MBs with Orange II: Orange II supernatant 

absorbance vs. the added amount of Orange II/MB: a) PVA-EDA, b) PVA-PMDA, c) PVA-

PEGDA2000, d) PVA-PEGDA6000. Each titration was carried out in triplicate. 

Table 1. Primary amine groups quantification on PVA modified microbubbles shell 

Sample PVA-EDA PVA-PMDA PVA-PEGDA2000 PVA-PEGDA6000 

nDA/MB (10
-15

 mol) 10 10 5 5 

Normalized nDA/NH2 3.5×10
-14

 6×10
-14

 5.9×10
-13

 1.8×10
-12

 

nO-II/MB (10
-15

mol) 0.64 0.69 0.074  0.11 

SD 0.03 0.17 0.013 0.015 

nDA is the intial added amount of diamine 

    3.2. Graphene PVA-diamines microbubbles: 

Tethering of graphene to the different PVA-diamines MBs with graphene content of 

5% (w/w) was achieved by the “zero length spacer” EDC/NHS in which the carboxylic 

moiety of the surfactant stabilizing graphene was conjugated to the –NH2 group of 

each of PVA-PMDA, PVA-PEGDA2000 and PVA-PEGDA 6000. All obtained MBs are 

dark grey colored suggesting a successful total tethering of the graphene sheets. 

a) b)

c) d)
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However, it was worth to notice that the longer the carbon chain of the diamine 

intermediate is, the better microbubbles are dispersed in their aqueous medium. 

The PEGylated G/PVA microbubbles exhibited a very good dispersibility, i.e., no 

microbubbles aggregates were observed upon their preparation and without a 

further sonication need (see Figure 2). This is due to an increase of the microbubbles 

hydrophilicity by the presence of ethylene-glycol repeats which have high water 

solubility [5]. Moreover, it is reported in the literature that surface PEGylation of 

small particles (from nano-to micrometer size) prevents their aggregation owing to 

passivated surfaces due to the presence of PEG chains which reduce the charge- 

based contact interactions (or zeta potential) between the PEGylated particles and 

molecules in the dispersing medium. [5,6] Thus, for G/PVA MBs the π-π stacking 

interactions between the graphene sheets causing microbubbles aggregation is 

minimized. This could be attributed to an increase in the flexibility of the spacing 

chains allowing the graphene tethering to the MBs which results in an increase of 

the steric distance between the sheets from the different microbubbles surfaces.  

 

 

Figure 2. Bright field optical microscopy of G/PVA microbubbles without sonication: G/PVA-

EDA MBs (A), G/PVA-PMDA MBs (B), G/PVA-PEGDA2000 MBs (C) and G/PVA-PEGDA6000 

MBs (D) (×40)  (The scale bars measuring 10µm). 

 

   3.3. Acoustic Properties of Graphene/PVA-Diamines Microbubbles: 

Figure 3 illustrates the dependence of the acoustic attenuation coefficient of G/PVA 

MBs with the different diamines intermediates from frequency in the range 1 – 20 

MHz. All spectra reveal that the different types of microbubbles are active in the 

investigated ultrasound region and display an attenuation being proportional to the 

MBs concentration (see Figure 3a-b). Comparison with plain PVA MBs shows a 
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decrease of the acoustic attenuation and a shift in the resonance frequency, which 

increases as the diamine carbon chain gets longer (see Figure 2c-d). The ultrasound 

resonance of G/PVA-PEGDA2000 and G/PVA-PEGDA6000 shifts from a value of 8 

MHz of plain PVA MBs to 10 MHz and 11 MHz, respectively. The addition of PEG 

chains affects the mechanical properties of PVA MBs shell as well as and as their 

acoustic behavior. Moreover, the bubbles concentration needed to achieve the same 

attenuation of the plain PVA MBs nearly doubles for G/PVA-PEGDA600.  This 

decrease in microbubbles attenuation upon PEGylation has been recently reported 

in the literature and could indicate that the shell becomes more easily disrupted. [7] 

 

Figure 3.  Acoustic attenuation spectra of G/PVA-PEGDA2000 and G/PVA-PEG6000 a) and b) 

respectively; comparison of acoustic attenuation spectra comparison at a concentration of 

106 MBs/ml c); Resonance attenuation comparison between plain PVA MBs and G/PVA-DA 

MBs as a function of concentration. 

 

 

a) b)

c) d)
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   3.4. Cytotoxicity Evaluation of Graphene/PVA-Diamines Microbubbles 

The incidence of graphene on the biocompatibility of the modified PVA 

microbubbles with the different diamine intermediates was evaluated on fibroblasts 

NIH 3T3 cells, and compared to cytotoxicity of the PVA MBs. Figure 4a shows a good 

biocompatibity for all the tested systems, and most of the cells conserved their 

normal shape even at the highest microbubbles amount (see Figue 4b) . However, a 

slight decrease in the cell viability to about 80% is observed at high microbubbles 

amounts (108 MBs) for the hybrid PEGylated microbubbles i.e. G/PVA-PEGDA MBs 

with respect to PVA MBs. It is worth to notice that G/PVA-EDA MBs shows a lower 

cell viability which decreases to 70% at 108 MBs than the G/PVA-PEGDA MBs. 

Nonetheless, the two studied molecular weight of the PEG diamine intermediates 

i.e. 2000 and 6000 have shown similar cell viabilities for the studied amounts ranging 

from 105 to 108 microbubbles. This finding indicates that PEGylation of G/PVA MBs 

should greatly reduce the toxicity of graphene in agreement with the literature 

investigating graphene materials toxicity.[8,9]  

 

Table 2.  Graphene content on G/PVA MBs 5% (w/w) 

MBs count 10
5
 10

6
 10

7
 10

8
 

Graphene content (µg) 0.05 0.5 5 50 

 

 

 

Figure 4.  a) MTT  assay of fibroblast NIH 3T3 (5 × 104 cells) treated with PVA and 

Graphene/PVA-diamines microbubbles (5% w/w) after 24 h incubation, error bars represent 

the standard deviation about the cell viability; b) Bright field optical microscopy image of 

cells after 24h incubation with 108 Graphene/PVA-EDA MBs  (×40).  

a) b)
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Conclusion 

The study discussed in this chapter investigates the effect of diamine carbon 

backbone length on the behavior of G/PVA MBs in order to understand and 

overcome many of the challenges surrounding the future in vivo application of 

G/PVA MBs derivatives as PAI contrast agent and as “theranostic” systems. We have 

demonstrated that incorporating a PEG based diamine intermediate for the 

tethering of graphene onto the PVA MBs shows a better microbubbles dispersibility 

and enhances the biocompatibility of the hybrid contrast agent as tested on 

Fibroblast NIH 3T3 cells. It was worth to notice a different acoustic behavior of the 

PEGylated G/PVA MBs with respect to the G/PVA-EDA and G/PVA-PMDA MBs, which 

have shown similar attenuation properties to the plain PVA MBs. The lower PEGDA 

molecular weight i.e. 2000 resulted in a better acoustic performance and a similar 

cytotoxicity at the high doses as compared the higher PEGDA molecular weight i.e. 

6000. We plan to continue developing and optimizing these G/PVA MBs, as they 

represent a great potential in PAI and for functionalization with bioactive molecules. 

Studies are ongoing to investigate biodistribution and to determine the targeting, 

drug loading, and delivery capabilities of these agents for applications in cancer 

therapy. 
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Concluding Remarks and Future Directions 

 

     The central objective of this dissertation was the design of pristine graphene PVA 

based composites to be used as drug carriers and as dual contrast agents for both 

ultrasound and photoacoustic imaging. The experiments conducted as part of this 

dissertation address these relevant research questions: 

 

1. How to stably tether graphene prepared in an aqueous medium while preserving 

its pristine form, i.e. without passing by an oxidation process, to a PVA matrix? 

 

Chapter II and Chapter IV introduce a simple way, taking spur of the recent literature 

about liquid phase production of graphene, to exfoliate the latter directly in water 

and tether it in only one step, and without any oxidation treatments that jeopardize 

its optical and electronic properties, to PVA platforms. This was achieved simply by 

the right choice of a surfactant which can enable good stabilization in water of the 

ultrasonically detached sheets from graphite by non-covalent interaction, and which 

bears the appropriate moieties to be covalently coupled with the functional groups 

of a PVA hydrogel or modified microbubble matrix. This exfoliation process resulted 

in graphene flakes in the range of 300 nm in size. The Raman spectroscopy analysis, 

used as finger print tool to assess graphene materials quality, presented and 

discussed in both chapters II and IV, and in agreement with morphological 

investigation results obtained by FESEM microscopy, revealed evidences of almost 

free defect single-and-few-layered graphene homogenously incorporated to the PVA 

network or surface. Moreover, in this way an exceptional stability of the pristine 

graphene attached to the PVA polymer matrix was noticed over the time, without 

observation of any precipitation of residues for months, which is an asset for the 

biocompatibility of graphene. 
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2. How does graphene affect the features of the PVA matrix? 

 

In chapter II, it was observed that the entrapment of graphene into a PVA-

methacrylate crosslinked hydrogel network (PVAMA) increased significantly its 

storage modulus (G’) which translates an increase of the stiffness resulting therefore 

in enhanced mechanical properties. Moreover DSC characterizations have shown 

that graphene enhances the thermal stability and acts as a nucleation agent in the 

crystallization process of the PVAMA. On the other hand, the work reported in 

chapter IV regards the coupling of graphene to PVA ultrasound active microbubbles, 

showing that the higher is the graphene feed ratio the more microbubbles tend to 

aggregate due to π-π stacking of the graphene sheets from different MBs. However, 

the aggregates can be separated by sonication without damaging the PVA shelled 

MBs as graphene confers to them an enhanced mechanical resistance, and the 

hybrid MBs can be stored as freeze-dried powders. The work also demonstrated that 

the original acoustic features of PVA MBs were maintained although microbubbles 

shells have been modified by a graphene coating. The characterization consisted on 

measuring acoustic attenuation caused by the as described microbubbles, and 

comparing it to the naked ones.  No difference in the resonance frequency or 

attenuation amplitude was noticed when using graphene feed ratio of 5% (w/w). 

However in chapter V, a shift in the resonance frequency as well as diminution of 

attenuation were found as a result of a PEGylation process used as spacer in the 

graphene tethering.  

 

3. How does graphene improve the functionalities of the hybrid system?  

 

The coupling of graphene to PVAMA hydrogel (Chapter II) increase the anti-tumor 

drug (DOX) interaction through π-π interactions with aromatic rings as demonstrated 

by fluorescence studies. As described in Chapter III, the photoacoustic effect occurs 

when light hits an absorber and the thermal energy locally accumulated is converted 

and dissipated in mechanical energy by the emission of ultrasound waves and 

detected by a transducer. The light wavelength used in biomedical PAI is in the near 
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infrared (NIR) spectral window, where light is less attenuated by the tissue and 

water. Endogenous metabolites such as haemoglobin of red blood cells display a 

photoacoustic effect, similarly to other molecules absorbing in the same spectral 

range. This effect can be enhanced by exogenous devices as for example our hybrid 

assembly made by the stable coupling of pristine graphene with PVA microbubbles. 

The efficiency in the enhancement of the photoacoustic signal makes such device an 

unprecedented multimodal contrast agent for ultrasound and PAI. Graphene, with 

its strong absorbance in NIR almost independently from the wavelength, confers to 

the system a strong and wide spectral photoacoustic response even at very small 

doses with respect to the usual tested amounts of other chromophores reported in 

the literature. The preliminary photoacoustic results obtained from the mouse 

animal model regarding graphene PVA MBs (shown in Chapter IV) are very 

encouraging, in addition to not showing any apparent significant side effect at the 

tested doses.  

4. How to define the graphene biocompatibility or toxicity limits? 

One of the main considerations when addressing biomedical use of a material is its 

biocompatibiliy issue, in other terms up to which point the material becomes toxic 

for biological tissues? The few data discussing the different graphene derivative (GO 

and RGO) materials reported in biomedical related literature revealed dose 

dependence toxicity which can be decreased by enhanced stability and 

functionalization with other biocompatible materials. To this regard, PEGylation or 

other surface treatments could be necessary to increase circulation time and 

biocompatibility, reduce clearance by organs such as the liver, and decrease 

immunogenicity. However, there is still no clear evidence between the different 

derivatives concerning the oxidation effect on the graphene biocompatibility. Hence 

graphene exfoliation in surfactant aqueous solutions without modifying its structure 

by choosing the appropriate surfactant for further functionalization, such as with a 

biocompatible PVA polymer, and yielding to a reasonable quantity of pristine 

graphene sheets,  is a potential utility. Moreover, we have shown that the graphene 

doses used in vivo, resulting in satisfactory PA signals and mechanical enhancement 

of PVA were much lower than the reported limit doses (20mg/Kg).  In chapter V of 
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the manuscript, the cytotoxicity evaluation of the hybrid G/PVA MBs with a 

graphene feed ratio of 5% (w/w) resulted in cells viabilities larger than 80% for all 

the tested amounts of each sample, but with noticeable increase of viability at the 

highest doses when using PEG diamine intermediates. 

     In summary, the thesis work demonstrates that the potential of graphene can be 

easily implemented with a strategy applicable to diverse polymeric support. The 

strategy leaves intact the 2D planar structure of graphene and therefore preserves 

its original features. The coupling of graphene on practically any polymer surface can 

be accomplished in mild reaction conditions and in aqueous medium that is an issue 

of relevance in biologically addressed applications.  

This work contains several elements of novelty: 

1) The use of pristine graphene leaves unchanged its relevant properties. 

2) A general strategy for attaching pristine graphene to a large number of 

hydrophilic polymer surfaces in a stable way using mild conditions and 

aqueous media 

3) With this method we have assembled the true hybrid system where a 

hydrophobic moiety, i.e. graphene, is coupled with a hydrophilic moiety, i.e. 

the poly (vinyl alcohol) shelled microbubble, to obtain a novel multifunctional 

device implementing the potentialities of the photoacoustic imaging 

 

Imaging and drug delivery are key in the next generation medicine. The issue is the 

disease detection in the earliest stages as it increases the chance of success of any 

therapy. PAI is among the imaging methods with the highest resolution and this 

allows in the less invasive way to detect at the very beginning a tumor. The targeting 

is key both for a localized diagnostic and to bring a drug focally to the diseased 

tissue. Therefore, graphene together with PVA microbubbles could be a potential for 

theranostics through surface bioconjugation with active molecular targets.  As follow 

up of this thesis work, our group aims to test G/PVA MBs potential in targeting and 

drug delivery, and to determine the threshold dose, i.e. the best tradeoff between 

signal detection and toxicity. Biodistribution and bioelimination are other issues to 
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consider: what is the fate of the graphene/microbubbles hybrid assembly? Where 

the hybrid system is accumulated? What is the elimination curve? Further preclinical 

systematic studies to address these issues will be carried out within Acougraph 

project financed by the University of Rome Tor Vergata. 
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1. Introduction: 

In this appendix we present a preliminary study on the design of photo-crosslinked 

surfactant layers encapsulating a liquid perfluorocarbon (PFC) to obtain nano-and-

microdroplets. The systems described below are based on diacetylene-bearing 

surfactants such as the 10, 12 pentacosodynoic acid (PCDA), and on a very common 

surfactant, Tween 80. Basic characterization of the systems and acoustic droplet 

vaporization tests were performed for this study. 

2. Materials: 

The following materials were purchased from Sigma Aldrich, Milan, Italy: 10,12-

pentacosadiynoic acid (PCDA), Tween 80, Span 60, (1,1,1,2,3,4,4,5,5,5)-

decafluoropentane (DFP) with a boiling point of 55°C, and Nile Red. 

Perfluoropentane (PFP) with a boiling point of 29°C was purchased from Appollo 

Scientific-UK; Irgacure 2959 and Chlorofrom were purchased from from BASF (Milan, 

Italy) and Alfa Aesar, respectively . Milli-Q quality water (18.2 MΩ.cm) was produced 

by a deionization apparatus Pure Lab from USF (Perugia, Italy) 

 

3. Methods: 

     3.1. Poly-PCDA-DFP/ PFP filled droplets preparation 

First, an aqueous solution of PCDA monomeric vesicles is prepared. Typically, 10 mg 

of PCDA powder are dissolved in 10 ml chloroform in a round-bottom flask. The 

solvent is then removed under vacuum for 4 hours using a rotary evaporator 

(Heidolph V V 2000, Milan, Italy) until a lipidic film is formed. The film is further dried 

overnight in a stove at 40°C. The PCDA lipid monomer is dispersed in mQ water at 

70°C and sonicated for 15 min using a sonicator bath at 100% power and its 

concentration is adjusted to 1 mM. The obtained PCDA suspension is finally filtered 

using a 0.45 µm Nylon syringe filters. 

PFC based droplets were formed through sonication of PCDA vesicle/micelle 

aqueous solution. For the DFP droplets preparation, 50 µL of DFP, 100 µL of Nile Red 

dye solution (60 µg/ml in Ethanol) and Irgacure 2959 (0.15 % w/v) are added to 1ml 

of PCDA monomer aqueous suspension at room temperature. The mixture is 
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sonicated for 2 min using a sonicator bath at 100% power to lead to the droplets 

formation, and then 100 µL of span 60 aqueous solution (10 mg/mL) is added as a 

stabilizer. The droplets are photopolymerized under 365 nm UV light for 10 min at a 

power of 400 W. The development of a blue color of the suspension is an evidence 

of the crosslinking reaction (see Scheme 1). For the PFP filled droplets; preparation is 

carried out following the same procedure but the PCDA aqueous suspension is first 

cooled at 2°C in order to condense the PFC added in gas state. Special care of the 

temperature is taken using ice in order to avoid the PFC evaporation prior to the 

droplets formation (see scheme1 below). 

Photo-polymerized droplets are washed with mQ water by centrifugation at 1000 

rpm for 5 min. 

 

Scheme 1. Poly-PCDA PFC filled nanodroplets preparation procedure 

 

     3.2. Tween 80 droplets preparation 

To 10 mL of tween 80 aqueous solution at a concentration of 0.1% (w/v) are added 

0.5 ml of DFP and Irgacure at a concentration of 0.3 % (w/v). The mixture is then 

stirred using an ultraturax homogenizer at 13000 rpm for 15 min to ensure sufficient 

mixing and finally exposed to UV light at 365 nm for 10 min using a 400 W power 

lamp. The obtained microdroplets are washed with mQ water by centrifugation at 
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1000 rpm for 5 min. For the labeled microdroplets 1ml of Nilered solution (60 µg/mL 

in ethanol) is mixed with the DFP prior to addition to the aqueous mixture. It is to be 

mentioned that submicron sized droplets can be obtained directly by sonication for 2 

min in a water bath at 100% power instead of ultraturrax homogenizer.  

The described droplets are counted using a Nauber chamber (0.25×0.25×0.1) µm and 

ImageJ software. 

     3.3. Dynamic light scattering (DLS) 

The size distribution of poly-PCDA nanodroplets is determined by DLS. 1mL of 10 fold 

diluted solution of DFP/PFP filled poly-PCDA is put into a quartz cuvette. The 

measurements were carried out using DLS photometer and a BI-200SM goniometer 

with a BI-9000AT (Brookhaven Instruments Co.) correlation board equipped with a 

solid state laser source emitting at 532 nm, at 90°. Analysis of the autocorrelation 

function, g2(q,t), of the scattered intensity was carried out using the CONTIN 

algorithm provided as part of the standard instrument software package of the 

instrument.  

 

     3.4. Bright field, Fluorescence and CLSM microscopy 

The following experiments and visualization of the different droplets samples were 

carried out using a inverted Eclipse model Ti-E microscope (Nikon Instruments, 

Japan) equipped with a 60×/1.4 oil immersion Plan Apo objective, an Ar+green laser 

(λexc = 543 nm) (Melles Griot, Carlsbad, CA), and a He−Ne laser (λexc = 633 nm) 

(Spectra Physics, Mountain View, CA). The droplet conversion to microbubbles was 

monitored by fluorescence and confocal microscopy on the Nilered labeled cores 

samples. 

 

     3.5. Acoustic droplets vaporization (ADV) 

The ADV experiments are performed using a SP100 sonoporator from SONIDELTM 

(Dublin, IE). Typically, for each droplets systems described above, an “ibidi” channel 

chamber (Milan, Italy) is filled with 200 µL of 10 fold diluted droplets suspension and 

fixed in a polystyrene flask degassed water bath placed on the microscope. An 
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ultrasound probe is placed in the water bath at 37°C and at 2cm height. Acoustic 

vaporization is carried out twice at 1 MHz central frequency, 100% duty cycle and 

5W/cm² power for 30 s. The transition of nano/micro droplet-to-microbubble is 

followed by bright field and fluorescence microscopy on the nilered labeled samples 

(see Scheme 2).   

 

Scheme 2. Acoustic droplet vaporization setup monitored by fluorescence microscopy. 

 

     3.6. Droplets preparation by microfluidics 

The preparation of PCDA and Tween 80 encapsulating PFP or DFP droplets was also 

tested using a microfluidic technique carried out with a Tide Microfluidic technology 

(Twente, ND). This technique uses the outer fluid, or continuous phase, and the 

geometry of the microfluidic chip to confine the inner fluid, or disperse phase. As the 

fluids flow through the junction the disperse phase is confined and focused creating 

a point where it will break-up into small droplets or bubbles of uniform size. The 

dispersant solution (Tween80 or PCDA) allowing formation of the shell of the 

droplets and the PFC (PFP or DFP) liquid core were connected to the device through 

test tubes and fluxed into a microfluidic chip. The device and the chip geometry are 

described below in   Figure 1. The pressure of the dispersant and PFC was regulated 

to 2600 mbar and 2000 mbar, respectively. For the PFP filled droplets the test was 

carried out at room temperature. Collected samples were exposed to UV light at 365 

nm for 20 minutes for polymerization using a 100 W UV lamp (7W/cm²). 
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Figure 1.  Microfluidic device photograph from “Tide microfluidics” for bubbles/droplets 

generation (A), optical micrograph of T-junction microfluidic chip (B). 

 

4. Discussion 

      4.1. PCDA-PFC nanodroplets 

Amphiphilic molecules can self-assemble into a monolayer shell at the interface 

between a gas/liquid core and the surrounding medium, allowing a good control of 

the shell surface architecture and flexibility.[1] The self assembly properties of the 

PCDA monomer which acts like a surfactant make it ideal to form microemulsions of 

stabilized perfluorocarbons (PFC) nanodroplets with a polymerizable shell due to the 

presence of diacetylene moieties in its structure. The monomer should be orientated 

with its lipophilic tail towards PFC whereas its hydrophilic carboxylic head is towards 

the aqueous phase. The hydrophobic tails of PCDA bearing the diacetylene moieties 

can be polymerized by UV light, involving a 1,4-addition reaction which results in the 

conversion into a conjugated polymer shell with an alternating ene-yne sequences 

(see Scheme 3).[2,3] The polymerized “poly-PCDA-PFC” nanodroplets aqueous 

suspension accordingly exhibits a more or less intense blue color (see Figure 2a) 

depending on the irradiation time and therefore on the crosslinking degree of the 

fatty acid chains, and show a maximum absorption at 670 nm (see Figure 2b).  

 

A 

B 

40 µm 
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Figure 2. a) Schematic representation of crosslinked PCDA DFP/PFP nanodroplets, b) UV-vis-

NIR absorbance spectrum of PCDA aqueous suspension before and after UV crosslinking. 
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Scheme 3. 1-4 addition polymerization mechanism of diacetylenes (A), PCDA cross-linking 

reaction (B).  

 

A 

B 
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The colloidal stability of the nanodroplets is assessed by the absence of a 

coalescence process, typical of a physical assembled structure. In fact the suspension 

should remain stable within a period of time suitable for its storage and clinical 

administration. For this reason, systems formed by crosslinkable shells can offer 

some advantages with respect to the phospholipid shells counterparts. By using 

different UV exposure times, the surface properties of poly-diacetylenes such as 

PCDA vary in terms of elasticity and resistivity against gas dissolution according to 

the Laplace law discussed in the Chapter III section 4.1. 

The use of polydiacetylene functionalized phospholipid-PEGylated shells as 

ultrasound contrast agents was recently reported.[4] Indeed, a study by Qin et al. 

demonstrated that the use of polydiacetylenes in liposome based structures make 

them stable against drug leakage, showing a potential for controlled drug delivery 

when activated by laser.[5] Moreover, numerous studies in the literature report the 

biocompatibility of polydiacetylene particles and their efficient role in biosensing 

applications since they undergo a color transition as a response to photo-

crosslinking, pH or temperature changes.[6-8] 

However, we believe that the simpler is the structure, the better is the 

understanding of the system behavior and evaluation of its performance with less 

parameters to be considered. By taking advantage of the surfactant behavior of 

PCDA and its polymerization capability, it is could be possible to make stable 

nanodroplets with a decreased shell thickness but with enhanced stability,which can 

be an asset for its acoustic performance.  

 

In this work two based PFC droplets (DFP and PFP) with a poly-PCDA have been 

tested. The poly-PCDA-DFP droplets i.e. PFC with a boiling point of 55°C, exhibit a 

polydispersed size distribution with two averages populations of 500 nm and 2 µm 

(see Figure 3). The acoustic droplet vaporization using the parameters, described 

above in section 3.5 of this chapter, occurs only for droplets of more than 1 µm in 

size, whereas the submicron droplets need higher acoustic energy to lead to the 

vaporization of the DFP core upon ultrasound irradiation and an increase in the 

diameter up to 20 µm. This was clearly evidenced by fluorescence microscopy, in the 

droplets state, the Nilered labeled poly-PCDA-DFP appear fully fluorescent due to 
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the hydrophobic interaction between the DFP liquid core and the dye. When 

droplets are transformed into microbubbles only a fluorescent ring appears due to 

the amphiphilic nature of the poly-PCDA shell and transformation of DFP into gas. 

Moreover, poly-PCDA-DFP droplets, kept at room temperature, show a reversible 

liquid to gas transition within 20 minutes after ultrasound application (see Figure 5). 

The reversibility phenomenon consists on the return from microbubble to droplet 

state and is due to the condensation of DFP gas as the energy has been dissipated 

and temperature decreases, the elasticity properties of the shell, as a result of the 

chemical crosslinking, play in principle an important role in the ADV reversibility.  

 

 

 
Figure 3. Poly-PCDA DFP droplets size distribution by DLS 
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However, poly-PCDA-PFP droplets show a narrower size distribution as determined 

by DLS with an average diameter of 400 nm (see Figure 5). Indeed, the initial size of 

the nanodroplets is important to allow their extravasation within defective tumor 

tissues.[9] These PFP nanodroplets exhibit a significantly more efficient ADV occurring 

for the major part of the submicron sized droplets respect to the DFP counterparts 

using the same setup parameters. Considering PFP boiling point is at 29°C, the core 

of the droplet is stabilized by the shell Laplace pressure and remains liquid at a 

temperature of 37°C. Increasing the temperature does not allow for its vaporization; 

only if an acoustic pressure is applied, the additional Laplace term increases the 

boiling point of the liquid core well above the physiological temperature.[10] 

Nonetheless, by monitoring the formed MBs for a couple of hours at RT, reversibility 

was not observed as RT is not sufficient to allow for the condensation of the PFP gas 

and its return to the liquid state.  

 

 

Figure 5.  a) Bright field optical microscopy of poly-PCDA-PFP nanodroplets (×40); b) size 

distribution of poly-PCDA-PFP nanodroplets by DLS. 

 

The Figure 6 demonstrates that ultrasound mechanical waves enable the transition 

of the liquid PFP to gas and the passage from the labeled vesicles to MBs, appearing 

as fluorescent rings, with an increase in the average diameter from 400 nm to 8 µm. 

In both cases no coalescence effects were observed due to the crosslinking of the 

shell. The reported behavior opens a perspective on the future exploitation of the 

a) b)
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nanodroplet/microbubble transition for a combined imaging and therapeutic 

approach. The liquid hydrophobic core can be regarded as a drug reservoir to be 

targeted in the vicinity of the pathological tissue and, simultaneously, as a 

sonographic imaging enhancer, via US driven ADV. Finally MBs can be blasted, if 

properly excited by US, to release the drug payload. 

 

 

 
Figure 6. Nile Red labeled poly-PCDA-PFP nanodroplets before US: (A) bright field 

microscopy image and (B) fluorescence microscopy image; Nilered labeled poly-PCDA-PFP 

microbubbles after US: (C) bright field microscopy and (D) confocal microscopy. 
 

     4.2. Tween 80-PFC droplets 

Tween 80 is a non-ionic biocompatible surfactant commercially available and widely 

used in food and pharmaceutical industries and in the literature for biomedical 

applications either as a compound for formulations or as a stabilizing agent.[11] The 

first surfactant based microbubbles, reported in the study of Singhal et. al, were 

produced by Tween 80 aqueous solution mixed with Span 60.[12] Other studies report 

10 µm

10 µm

10 µm

A B

C D
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the use of Tween 80 to improve the stability of microbubbles/microdroplets made of 

phospholipids and to hinder their aggregation.[4] Both of tween 80 and span 60 were 

not able to form microbubbles when not combined together or used with  another 

emulsifier such as the  polyoxyethylene 40 stearate called PEG40S. Herein, Tween 80 

was used as a monolayer shell to formulate PFC filled microdroplets. The vinyl 

moiety in the surfactant structure is susceptible to polymerize upon UV irradiation 

when using a photoinitiator [13] which would afford the microdroplet shell an 

enhanced stability for avoiding coalescence (see Scheme 4).  

 

 

Scheme 4. Tween 80 polymerized shell structure 

 

The fabricated and polymerized Tween 80-DFP as described in section 3.2 

microdroplets precipitate rapidly due to the higher density than water  of the liquid 

PFC and show an average diameter of 4 µm (see Figure 7).  

      

 

Figure 7. Tween 80 DFP microdroplets: a) photograph of microdroplets suspension, arrows 

showing the microdroplets on the bottom of the tube; b) Bright field microscopy of Tween 

80-DFP microdroplets suspension (×40_ barre scale 10µm).  
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After US irradiation, microdroplets increased from 4µm to 30 µm in diameter, after 

monitoring the droplets for 2 hours no reversibility was observed which must be 

probably due to the high viscous nature of Tween 80. 

 

Figure 8. Tween 80-NileRed labeled DFP microdroplets (x40): Fluorescence microscopy 

Before US (A), Fluorescence microscopy after US (B), Bright field optical microscopy after US; 

barre scale (10 µm). 

 

5. Formulation of PFC droplets by Microfluidics 

Microfluidic devices are known for their ability to create microdroplets, bubbles or 

particles with high monodispersity.[4, 14-16] This is due to the techniques of particles 

generation, where each bubble or droplet is created individually. Hence, the ability 

to produce the droplets described above i.e. poly-PCDA and Tween 80 filled PFP and 

DFP liquid cores has been tested by a microfluidic device in order to optimize the size 

distribution and obtain a monodisperse system. The experiment was run as a proof 

of concept and it is worth to mention that the used chip device is not appropriate for 

small sized droplets below 10 µm, and optimization of the chip channels must be 

considered. Nonetheless, both DFP and PFP PCDA filled droplets have shown a good 

size distribution as observed by optical microscopy (see Figure 8 B and D) with an 

average diameter of 1 µm. It was noticed during the experiment running production 

of some microbubbles from 10 to 20 µm when using PFP at a room temperature due 

to the applied pressure inside the chip (see Figure 8 C). However production Tween 

80- DFP microdroplets show a good yield with  an average diameter of 5 µm (see 

Figure 9) , the difference in size in the collected suspension is due to the variation of 

A B C
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pressure during the experiment as some aggregates stuck at the inject input or 

output. 

 

 

Figure 8. (A) Real-time Optical image of PCDA-DFP droplets generation by microfluidics at 

RT, the white arrow shows the aqueous PCDA solution-DFP interface and the yellow arrow 

indicates the generated micro/nanodroplets flow; (B) optical microscopy of collected poly-

PCDA-DFP sample; (C) Real-time Optical image of PCDA-PFP droplets generation by 

microfluidics at RT; (D) optical microscopy of collected PCDA-PFP sample. 

 

 

Figure 9. (A) Real-time Optical image of Tween 80-DFP microdroplets generation by 

microfluidics at RT; (B) Microdroplets fluxing back in the chip after experiment running; (C) 

optical microscopy of the collected Tween 80-DFP sample. 

 

A B C
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6. Conclusion and perspectives 

These results discussed in this appendix are preliminary but show that stable 

monolayer shelled PFC filled nano-and-micro-droplets were successfully produced 

directly, either with the aid of sonication or using a microfluidic device, by using a 

diacetylene fatty acid or surfactant polymerizable moieties. 

  

The micron size of the poly-PCDA-DFP droplets undergo easier ADV as compared to 

nano-sized ones, but allowing also efficient reversibility. However, nano-sized PFP 

filled droplets were efficiently converted into microbubbles upon ultrasound 

irradiation using the same conditions.  

 

Further deep studies are needed in a future work to characterize the shell properties 

of these systems as well as their acoustic properties, since how a microbubble 

behaves in an ultrasound field is largely determined by the mechanical properties of 

the shell. And the performance of these systems as UCAs will be studied in vitro and 

in vivo. 

In particular poly-PCDA nanodroplets surface can be implemented through 

bioconjugation of their carboxylic moieties with antibodies, proteins, peptides as 

tumoral targets, etc. Moreover, the potential of nanodroplets as a reservoir for 

hydrophobic drug delivery and their theranostic ability will be evaluated.   
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