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Abstract 

The general focus of this PhD project was the combination of gold and/or silver 

nanoparticles with a polymeric matrix. In particular, PVA films containing pectin-

stabilized AgNP and gold nanostars (GNS) coated with HS-PEG or HS-PEG-

COOH have been prepared. These materials proved to combine an intrinsic 

microbicidal activity, due to the release of Ag⁺ ions, with an on-demand action 

given by the photothermal response of GNS upon laser irradiation in the NIR bio-

transparent window. Films containing GNS coated with HS-PEG-COOH, that act 

directly as cross-linking agents, are most promising for the development of 

medical devices for wound healing applications.  

In addition, the study of PEG coating of AuNP has been carried on, particularly by 

potentiometric titration, in order to investigate the effect of NP-binding on the 

acid-base properties of PEG thiols. After the determination of the protonation 

constants of a set of molecules with different mw, an experimental procedure for 

the titration of PEG-coated AuNP was set up. The first results on AuNP@HS-PEG-

COOH show a reduction of the average acidity of the carboxylic groups, attributed 

to the interaction between the neighboring molecules confined on the NP surface. 

Eventually, a novel photothermal material has been produced by the inclusion of 

GNS in a sponge-like PDMS scaffold, obtained via a simple templating method 

which could also enable control over pore size and porosity. Very elastic, 

hydrophobic sponges have been obtained, both with and without PEGylated GNS 

embedded. Preliminary data from natural solar irradiation show a remarkable 

photothermal response of the PDMS@GNS samples; however, a finer control is 

required over irradiation parameters as well as new experimental setups to assess 

their performance as solar water evaporators and/or oil separation platforms. 
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1.1 NANOCOMPOSITE MATERIALS 

Sometimes technological advances can simply arise from the innovative 

combination of known materials. Nowadays, nanoparticles are widely studied and 

used in a large variety of research fields, ranging from catalysis to electronics, 

nanomedicine, sensing, environmental remediation, cosmetics and food 

technology, and can even be found at commercial level in some cases. The 

enormous interest is given by the peculiar properties that arise when a material is 

limited to the nanometric range, that are surprisingly different from those 

presented by the bulk counterpart. 

The constant emergence of new applications for nanomaterials is made possible 

by the increasing knowledge not only on the preparation, but also and most 

importantly, on the modulation of the surface chemistry, (bio)functionalization 

and self-assembly of nanoparticles of different chemical nature (metals, 

semiconductors, metal oxides, polymers etc.). At the same time, their combination 

with other materials is fundamental in the development of hybrid materials that 

hold the promise of not only mitigating the intrinsic limitations of the building 

blocks, but also providing additional functionalities.1  

More specifically, when considering noble metals nanomaterials, the preparation 

of monodisperse nanoparticles with specific shape, size and optical properties is 

often performed by wet-chemistry through the fine tuning of synthetical 

parameters. However, the resulting colloidal suspensions are rather delicate and 

are easily destabilized by changes in the ionic strength, solvents or temperature, if 

not otherwise protected. The incorporation in another material, such as a 

polymeric matrix, can yield robust composites showing advanced properties with 

diverse potential applications as, for instance, opto-electronic devices, smart 
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biomedical devices or biosensing platforms.2 In particular, the combination of 

noble metals nanoparticles with a polymeric material could lead to many 

advantages: the stabilization of the NP inside the polymer matrix, leading to the 

modulation of their reactivity (e.g. oxidability) and their potential toxicity, the 

enhancement of mechanical properties of the material, the gain of specific 

properties given by the NP, such as plasmonic and stimuli-responsive effects in 

general. 

This synergistic effect given by the interplay of the different components have 

boosted the interest in the investigation of this promising class of materials from a 

multi-disciplinary point of view in the past decade.3 One of the earliest works on 

such materials described the immobilization of gold nanoparticles (AuNP) in 

polyacrylamide (PAAm), obtained by swelling the dehydrated gel in the presence 

of the colloidal solution, giving a uniform distribution of the AuNP in the gel 

matrix.4 Later on, various approaches have been reported for the preparation of 

these nanocomposites. 

Four main approaches can be followed for the preparation of polymeric 

nanocomposites (Figure 1):  

a) polymer matrix formation in a nanoparticle suspension,  

b) nanoparticle incorporation into a preformed polymer matrix,  

c) in situ nanoparticle formation within a preformed polymer and 

d) polymer matrix formation driven by functionalized nanoparticles.  

 

 

 

 



15 
 

The choice of the method must take into account, and is generally determined by, 

the final application aimed for the composite material. For example, for the 

fabrication of plasmonic polymer nanocomposites for applications requiring well-

defined or modulated optical responses, an approach based on in situ nanoparticle 

synthesis would not be suitable, as it would allow a poor control on the 

nanoparticles shape and dimensions, that in turn strongly influence their 

plasmonic response.  

If the role of nanoparticles in the polymer nanocomposite is instead to enhance the 

mechanical or thermal properties, then approaches involving a strong bond 

(covalent or coordinative) between the nanoparticles or their coating and the 

polymer matrix are preferred.  

Figure 1 Alternative approaches for the fabrication of polymer nanocomposites: (a) polymer matrix 

formation in a nanoparticle suspension; (b) nanoparticle incorporation into a preformed polymer 

matrix; (c) in situ nanoparticle formation within a preformed polymer; (d) polymer matrix formation 

driven by functionalized nanoparticles. [2] 
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1.1.1 Noble metals nanocomposites 

The combination of metal nanoparticles with a polymeric substrate allows the 

preparation of hybrid materials that generally retain the properties of the bulk 

polymer with the addition of those imparted by the embedded nanoparticles, such 

as improved electrical conductivity, response to optical stimuli, antimicrobial 

action, etc. The applications of these hydrogels are found in catalysis, sensors, 

biomedical devices as well as microfluidics and separation technology.  

1.1.1.1 Silver-based materials 

Silver nanoparticles can add electronic, optical and antibacterial properties to a 

variety of polymer hydrogels. Tokarev and coworkers demonstrated that AgNP 

enhance the efficacy of surface plasmon resonance (SPR)-based sensors.5 AgNP 

incorporated into pH-responsive hydrogels with the enzyme glucose oxidase 

function as glucose concentration sensors. The swelling-shrinking transition of 

AgNP filled hydrogels alter the interparticle distance and so affect the LSPR 

absorptions of the nanoparticles, leading to sensitive glucose detection.6 

Additionally, AgNP have been incorporated into hydrogels to form electrically 

conducting hydrogels. The correlation between initial precursor Ag+ ions 

concentration and swelling ratio of the hydrogel have a direct impact on 

conductivity. A higher concentration of Ag+ ions resulted in better conductivity, 

but reduced swelling ratios, and vice versa.7 Other authors reported 

multicomponent hydrogels made from polymer particles that are decorated with 

polymer brushes and cross-linked within a poly(vinyl alcohol) matrix. Additional 

silver nanoparticles (35 nm) are generated on the surfaces of the brush particles or 

within the PVA matrix. The resulting hydrogels have a catalytic activity for the 

reduction of p-nitrophenol that is retained over several months.8 
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1.1.1.2  Gold-based materials 

Stimuli-responsive AuNP composites have been reported by several groups.9,10 

External stimuli such as temperature or pH cause a change in conductivity of an 

hydrogel due to the change of the inter-particle distance. Even though AuNP-

hydrogel composites have shown efficacy as SPR based sensors11 and in anti-

bacterial applications,12 the high cost of gold has so far prevented wide-scale 

adoption of AuNP for such applications. Irradiation of light at the Au plasmonic 

peak induces localized heating within a temperature-responsive gel matrix. This 

phenomenon has been proposed for remote-controlled drug delivery.13  If the 

temperature rises above the lower critical solution temperature (LCST) of the gel 

matrix, the gel structure collapses resulting in an on-demand burst release of drugs 

as opposed to a diffusion-controlled release. Shiotani and coworkers have 

demonstrated this concept using a system of Au nanorods-NIPAAm composite 

hydrogels and rhodamine-based materials.14 They reported a fast and reversible 

shrinking and re-swelling of this composite hydrogel. The fast response was 

attributed to heat generation within the gel matrix, rather than external to the 

matrix. Different sized or structured AuNPs immobilized in a thermo-responsive 

hydrogel matrix can also function as remote-controlled microfluidic valves. The 

principle behind this application relies on the variation of thermal response with 

nanoparticle size. The use of different excitation wavelengths renders opening of 

different valves when the correct amount of energy is delivered by matching the 

plasmonic resonant peaks of the NP. On irradiation with 532 nm light, Au colloids 

(3–10 nm diameter) with plasmonic peak at 532 nm collapse the hydrogel network, 

opening the valve. Valves containing Au nanoshell (diameter 120nm, shell 

thickness 10nm) hydrogel composites remain unaffected. Opening of these valves 

containing Au nanoshells could be achieved upon illumination at 832 nm. Another 
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application of gold nanoparticle hydrogels describes how the spatial coupling of 

the nanoparticles is dependent on the stimuli induced swelling/de-swelling of the 

poly(2-vinyl pyridine) polymer. This pH-dependent process changes the localized 

surface plasmon resonance, allowing the material to analyze pH by measuring the 

change of the UV–vis spectrum of the hydrogel. The authors report a significant 

improvement in sensitivity and processing conditions compared to other 

technologies.15 

1.1.2 Perspectives 

Nanoparticle-hydrogel composites exhibit multi-functional and stimuli responsive 

properties, making them ideal for “smart” materials, including i) antimicrobial 

scaffolds; ii) photothermally active hydrogels; iii) soft material catalysts; iv) 

environmental absorbents; v) drug delivery vehicles; vi) optical detection sensors 

and vii) soft actuators. Potential applications include i) safe, clinically implantable 

nanoparticle-hydrogel composite systems for bio-sensing and therapy; ii) 

environmental remediation systems for catalytic oxidation of toxins/removal of 

pollutants; iii) recyclable catalytic nanoparticle hydrogel composites for chemical 

synthesis and iv) composite hydrogel patches for cosmetic applications. 

Control of the covalent and supramolecular interactions by synthetic design and 

prediction of the resultant properties in the nanoparticle-hydrogel composite are 

major areas to be developed in this emerging field. Such predictions upon 

experimental validation will form the foundation of design for the next generation 

nanoparticle-hydrogel composites with optimal properties for a desired 

application. In the coming years, such design of nanoparticle-hydrogel composites 

will not only result in advanced applications but will also steer the fundamental 
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understanding of material interactions, aiding computational prediction of 

properties of new composites from existing components.   
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2.1 BACKGROUND 

2.1.1 Silver nanoparticles as antibacterial agents 

The use of silver as antibacterial have been known for centuries. Given its noble 

nature (E°Ag+/Ag = 0.800 V), silver cannot be oxidized by water or strong acids unless 

some oxidizing agents or ligands able to bind Ag+ cations are present. In aqueous 

colloidal solutions the Ag to Ag+ oxidation of silver nanoparticles can be 

potentially promoted by the dissolved O2, as the O2 + 4e- + 4H+ ⇌ 2H2O semi-

reaction has E° = 1.23 V. However, in pure, neutral water the process is extremely 

slow and takes days to be effective,16 unless strong ligands for Ag+ are added.17 

Already since 19th century the antibacterial properties of metallic silver, for 

example in its use in containers for the disinfection of water, have been attributed 

to Ag ions,18 that are released in small quantities, also due to the contact with 

biological material containing a variety of possible ligands for the metal. The 

toxicity of Ag+  for microbial organisms is attributed to different mechanisms, such 

as the interaction with thiols and amines of proteins, with nucleic acids and with 

membranes.19 This kind of mechanisms ensure a non-selective action, making 

silver a generic, wide range antimicrobial agent, that cannot be subjected to the 

development of specific resistance, as instead is happening for many bacterial 

strains presenting multi-drug resistance to molecular antibiotics.  

For all these reasons, the use of Ag in nanometric dimensions as antibacterial is 

one of the most explored fields in the application of nanotechnologies, as 

documented by the almost 18000 publications found on the topic while writing 

this thesis (February 2022).20 Silver nanoparticles (AgNP) used as antibacterial 

agents are typically spheres of 5-20 nm diameter.19 While generally colloidal 

solutions are employed in the antibacterial studies,19 many papers also present 
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AgNP monolayers as coatings for antibacterial surfaces,21–24 AgNP dispersed in 

hydrogels25 or embedded in solid films. Examples of applications for these material 

range from food packaging,26,27 to water filtration,28,29 and wound dressing.30,31 In 

all these cases, the antibacterial action of AgNP is mainly due to their slow surface 

oxidation, giving a prolonged release of Ag+ ions,19 although an additional 

nanomechanical effect is sometimes observed, exerted by the disruptive contact of 

the high-energy AgNP surface with bacterial membranes.22 

2.1.1.1 AgNP with pectin 

The preparation of AgNP from AgNO3 and pectin in a basic acqueous environment 

has been described by our research group,32 with a recent variation on the salt 

precursor.33 The reduction to Ag0 proceeds thanks to the oxidation of the diol 

moiety of the galacturonic acid units of pectin, with consumption of hydroxide 

anions, as represented in Figure 2.  

 

Figure 2 Scheme of the reaction involved in the formation of pectin-stabilized AgNP. 

[32] 
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This synthesis allows a fast and reproducible preparation of spherical AgNP of 

8.0(2) nm of diameter, with a  100% reduction yield (residual Ag+ < 0.8% of total 

Ag).32,33 Under an established set of optimal conditions (1% w/w pectin in water, 

1.0 mM AgNO3 and a starting pH in the 10.5-11 range, at T = 60 °C), the 

galacturonic acid units of the pectin chains are in large excess with respect to Ag+, 

thus preventing AgNP oxidation by O2.16,17,32 In addition, pectin can efficiently 

stabilize AgNP against aggregation.  

This preparation exerted not only a strong antibacterial effect on planktonic cells 

of Gram-negative E. coli and Gram-positive S. epidermidis bacteria, but also a 

considerable killing action against pre-formed biofilms of both strains.32,33 

Moreover, pectin-coated AgNP demonstrated no significant cytotoxicity against 

human fibroblasts cells and even a promotion of their proliferation up to 130% 

with respect to the control (i.e. treatment with complete medium), holding good 

promises for their application in wound healing. 

2.1.2 Microbicidal action of photothermal nanoparticles 

Noble metals nanoparticles present intense absorption bands due to the 

phenomenon of Localized Surface Plasmon Resonance (LSPR).34 Excitation of these 

bands, typically with a laser source, results in thermal relaxation, generating a local 

temperature increase.35 Photothermally active nanoparticles in general find many 

potential uses in nanomedicine,36 biosensing,37 and solar energy technology.38 In 

particular, they are intensively studied in cancer therapy for localized 

hyperthermal tumoral cell ablation and photothermally induced drug release.39–42 

Their application for novel quantitative biochemical analysis,43 cell stimulation,44 

and bacterial eradication has also been exploited.22 
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Gold nanoparticles (AuNP) are commonly used for this purpose. Being the noble 

character of gold stronger than that of silver (E°Au+/Au = 1.83 V; E°Au3+/Au = 1.52 V), no 

oxidation is observed for AuNP colloidal solutions under a wide range of 

conditions, including all the physiological and bio-mimicking ones. Accordingly, 

AuNP do not release gold cations and differently from Ag nanoparticles do not 

exert intrinsic antibacterial action, although a poorly efficient membrane-

disrupting contact effect is hypothesized. However, their photothermal properties 

can be exploited to exert an on-demand hyperthermal microbicidal action.45  

At this regard, nanoparticles with non-spherical, anisotropic shapes (such as 

nanorods, nanostars, etc.) are particularly interesting, as their absorption bands 

due to longitudinal plasmon resonance fall in the near infrared (NIR) range.46–49 

This means that irradiation can be carried out with an intrinsically low energy 

radiation and inside the so-called first bio-transparent window (750-900 nm, 

Figure 3), a wavelength range in which water, blood, skin and muscles are less 

absorbing and allow significant laser beam penetration (some cm).50  

Figure 3 Absorption spectra of different biological tissues and fluids showing 

the first and second biological windows. [50] 
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This allows treatments of infected areas through tissues that avoid undesired 

hyperthermia of healthy tissues nearby, provided that suitable gold nanoparticles 

are localized in the relevant area. In this perspective, colloidal solutions of gold 

nanorods, for example, have proved to exert an efficient photothermal killing 

action against S. aureus and Propionibacterium acnes bacterial strains.51 

However, the use of colloidal suspensions, with their intrinsic limitations in 

reusability and long-term stability, prevents the full-potential exploitation of 

photothermally active NP for biotechnological and biomedical applications. In 

addition, the relevant heat dissipation in solution, due to the thermal capacity of 

water, generally requires high irradiances to generate a significant photothermal 

response. The challenge seems therefore to develop lightweight materials with 

enhanced, long-lasting and controllable photothermal properties. 

2.1.2.1 Gold nanostars 

Gold nanostars are generally intended as nanoparticles in which two or more 

branches protrude from a spheroidal core47 and this is the type of gold nanostars 

that have been used in this PhD research. However, also less simple shapes (e.g. 

nanourchins) and in general multibranched nanoparticles are named “nanostars” 

in the literature.52  

The synthetic method used to obtain GNS with Triton X-100 was developed in our 

laboratory53 and later employed by other groups.54,55 This is a seed-growth process 

in aqueous solution, where the non-ionic surfactant Triton X-100 directs the 

growth of pre-formed small spherical AuNP (seeds) and eventually acts as GNS 

protecting agent, together with ascorbic acid (AA) as reducing agent, HAuCl4 as 

gold precursor and AgNO3 that is required in small quantities to help directing the 

anisotropic growth. These nano-objects present 2-6 sharp branches protruding 
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from the central core, giving two intense LSPR absorption bands falling in the 750 

– 1100 nm and 1200 – 1600 nm wavelength ranges, respectively.56 The morphology 

of these GNS, and in particular their aspect ratio, can be controlled by varying the 

synthetic parameters (such as AA, AgNO3 and seeds concentration), allowing a 

fine tuning of the LSPR bands position, as can be noticed in Figure 4.  

Upon irradiation with a laser source matching the LSPR bands, GNS solutions 

show a steep temperature increase (T), reaching a plateau at the equilibrium 

temperature. The entity of the observed plateau T ultimately depends on the 

absorbance shown at the excitation wavelength. 

Figure 4 (A) Extinction spectra of GNS prepared with Triton X-100 at different 

reductant (AA) concentrations. (B), (C) and (D) TEM images from GNS solutions 

with corresponding spectra (i), (iii) and (v), respectively. [53] 
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2.1.3 Antibacterial nanocomposite materials 

One of the best options to further extend the scope of applicability of antimicrobial 

nanoparticles is their combination with polymers to obtain composite materials 

that find their use in several fields such as medical devices, water treatment and 

food technology.57 The development of polymeric antimicrobial materials is urged, 

for example, by the fact that a large part of hospital acquired infections (HAIs) are 

spread through contact with plastic-based surfaces, as in the case of catheters.58 

Infections are the main cause of biomaterial implant failure in modern medicine. 

This aspect is even more relevant in the light of the constant expansion of the 

polymer market in healthcare applications.  

The use of antimicrobial polymers can offer different advantages, such as the 

enhancement of the efficacy and selectivity of existing antimicrobial agents, the 

extension of their lifetime and the reduction of their release and residual toxicity 

in the environment.59,60 

The inclusion of nanoparticles with microbicidal activity can be achieved either by 

immobilization onto the surface of a bulk polymeric material or by incorporation 

into the polymer matrix. This second approach generally allows for more facile 

preparation and convenient utilization of the resulting composites. Anyway, the 

best strategy will always depend both on the final intended application and on the 

nature and physicochemical properties of the selected components to be 

combined. 

2.1.3.1 Intrinsic antibacterial materials 

Silver nanoparticles (AgNP) are the most used antimicrobial filler in polymeric 

nanocomposites. The design of Ag-based polymer nanocomposites aims at 
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providing protection for the AgNP along with control on the metal release for a 

sustained microbicidal action.  

Research has mainly focused on the development of hydrogel composites where 

AgNP are in situ synthesized via the reduction of an Ag salt precursor, such as 

AgNO3. In these cases, the polymer matrix can act as a nanoreactor for the 

formation of the NP.57 For instance, swollen poly(acrylamide-co-acrylic acid) 

hydrogels have been used for the formation of AgNP of around 25–30 nm 

diameter. These nanocomposites demonstrated good antibacterial activity 

against E. coli, with a dependance on the size and the amount of the NP.61 A variety 

of AgNP-embedded materials presenting antibacterial activity have been 

developed with this in situ approach from different polymers, such as poly(vinyl 

alcohol) (PVA),62 poly(vinyl pyrrolidone) (PVP) and poly(acrylamide) (PAAm),63 

N-isopropylacrylamide (NIPAAm) and sodium acrylate.64 AgNP have also been 

synthesized by reduction in water in the presence of poly(acrylates) of different 

molecular weights, showing the influence of the reduction method and the 

polymer chain length on the resulting NP. Antimicrobial textiles were then 

prepared by functionalizing cotton, wool and polyester samples with the colloidal 

suspensions.65 Beside the described in situ approach, several nanocomposites have 

been prepared by mixing preformed particles with polymers.60  

In recent years, the focus has moved to the use of natural polymers, which can act 

both as reducing agent and stabilizing agent for the NP.66 For example, alginate 

was employed to prepare AgNP, that were further blended with varying amounts 

of chitosan. The resulting polyelectrolyte complexes were casted to obtain blended 

film displaying an excellent antibacterial activity.67 The possibility to obtain 

biodegradable composite materials is interesting for the production of implantable 
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dressings, which can provide a prolonged disinfection without the need to remove 

the dressings.  

2.1.3.2 Switchable antibacterial materials 

The immobilization of photothermal nanoparticles on a solid substrate allows the 

preparation of materials showing an hyperthermal response upon irradiation that 

can be exploited against bacteria colonization of the functionalized surface. An 

example of such antibacterial composite has been prepared by coating an inert 

surface with a GNS monolayer, after the preliminary formation of a molecular 

SAM for the adhesion of the NP.56,68 These surfaces do not show any intrinsic effect 

against planktonic bacteria or biofilms grown on them. However, laser treatment 

at a wavelength matching the LSPR absorption of the GNS (800 nm) generates a 

photothermal response that is capable of killing most of the planktonic cells as well 

as eradicating the biofilms. A 30-minutes irradiation is sufficient to reduce the 

viability of a biofilm grown from S. aureus on the functional surface. 68 Nonetheless, 

the incorporation of photothermally active nanoparticles into a polymeric matrix 

is a convenient alternative that allows the production of soft materials, with the 

additional advantages of a greater protection of the embedded NP and reduced 

cytotoxicity, plus the capability of a remote on-demand activation of an efficient 

photothermal action.69  

Many examples of polymer-embedded photothermal NP have been reported too, 

such as hydrogel-embedded gold nanorods70 or PDMS-embedded GNS71. PVA 

films with GNS embedded have been already obtained thanks to our active 

collaboration with two research groups at Milano-Bicocca and CNR-Pozzuoli.72 

The inclusion was possible after coating of the GNS with a thiol polyethylene 

glycol (HS-PEG). Photothermal antibacterial tests have been performed on E. coli, 
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finding a 50% decrease of the bacterial viability after 5 minutes of laser treatment 

at 1064 nm (matching the second LSPR band of the GNS). Results from control 

experiments on irradiated blank films (without GNS) and GNS-containing films 

without irradiation did not significantly differ from the reference, as expected. A 

more recent work explored the preparation of similar PVA-based materials by 

spray-coating instead of film casting.73 In this case not only GNS, but also Prussian 

Blue nanoparticles (PBNP), a promising alternative component as photothermal 

additive, have been considered for the inclusion in the polymer matrix, giving 

noteworthy microbicidal results against both P. aeruginosa and S. aureus. 

2.1.3.3 Combined antibacterial nanocomposites 

The production of mixed materials possessing both an intrinsic and a 

photothermal on-demand microbicidal action is an essential advance in the 

production of efficient antibacterial devices. Indeed, the prolonged protection 

against bacterial infection given by AgNP is combined with the photothermal 

action exerted by AuNP, which can be switched on in case of more severe 

conditions, like the formation of a biofilm on the surface of an indwelling device 

or in a chronic wound. As mentioned above, employing LSPR bands in the bio-

transparent window, this treatment can be in principle carried out through tissues 

and avoiding damages to the surrounding healthy areas.  

However, the coexistence of the different types of NP has to be guaranteed in 

solution or in a solid material. This is not a trivial point given the different intrinsic 

stability16,17 and required synthetic routes24,46,68,74,75 for AgNP and AuNP. Moreover, 

the marked differences in shape, surface energy, oxidation potential and solubility 

between spherical AgNP of 5-20 nm diameter and bigger, non-spherical AuNP can 
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lead to interparticle Ostwald ripening processes76 and underpotential Ag+ 

deposition on gold77, leading to Ag-promoted AuNP reshaping.78,79  

One possible approach recently described is the formation of two separate 

monolayers of GNS and AgNP on top of each other, starting from a glass surface 

acting as a platform (see Figure 5, left).80 The obtained material showed a marked 

antibacterial effect due to the spherical AgNP (d = 8 nm) grafted on top, plus a 

strong hyperthermal antibacterial effect when the LSPR band of the embedded 

GNS was excited with a 800 nm laser source. However, this layer-by-layer 

approach requires a time-consuming multistep procedure and a simpler, direct 

preparation would be welcome.  

Basing on these considerations, the first main part of my PhD research work 

focused on the preparation of polyvinyl alcohol (PVA) films containing both AgNP 

and photothermally active GNS. The aim was the facile production of stable 

functional nanocomposites, that could combine the intrinsic and switchable 

antibacterial actions as described above, possibly for their use in the treatment of 

wounds. Indeed, a straightforward procedure was adopted, demonstrating that 

this kind of films can be prepared in a single casting step, after mixing aqueous 

Figure 5 Left, layer-by-layer approach for the preparation of antibacterial glass slides with separate 

monolayers of GNS and AgNP, as described in ref. 77; right, single-step approach for the casting of 

PVA films with both NP, as described in this work (see below). [81] 
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solutions of the polymer with properly protected GNS and AgNP (see Figure 5, 

right).81 PVA was chosen due to its low toxicity, biocompatibility, and easy film 

forming procedures.82,83 Moreover, the strong hydrophilicity of PVA films is a 

potentially useful property for the capture of the exudate if used in wound healing 

processes.84 
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2.2 EXPERIMENTAL DETAILS 

2.2.1 Materials and instrumentation 

2.2.1.1 Reagents 

Silver nitrate ACS reagent, ≥99.0%; Pectin from citrus peel (galacturonic acid ≥74.0 

%, dried basis); Triton™ X-100 (laboratory grade); Gold(III) chloride solution 

99.99% (30 wt. % in dilute HCl); Sodium borohydride ≥98.0%; L-Ascorbic acid 

≥99.0%; poly(ethylene glycol) methyl ether thiol (HS-PEG-OMe, mw 2000); O-(3-

Carboxypropyl)-O′-[2-(3-mercaptopropionylamino)ethyl]-polyethylene glycol 

(HS-PEG-COOH, mw 3000); poly(vinyl alcohol) Mw 89,000-98,000, 99+% 

hydrolyzed; poly(ethylene glycol) (mw 200); Citric acid ≥99.5%; sodium hydroxide 

≥98%, pellets; nitric acid ≥65%; hydrochloric acid ≥37% have all been bought by 

Merck Life Sciences, Milano, Italy, and used without further purification.  

2.2.1.2 Glassware pre-treatment 

All the glassware used in the syntheses was pre-treated with aqua regia for 15 

minutes and then washed three times with bidistilled water in an ultrasound bath 

for 5 minutes. 

2.2.1.3 Instrumental procedures 

Ultracentrifugation  

Ultracentrifugation was carried out using the ultracentrifuge Hermle Z366 with 

polypropylene 10 mL tubes. 

pH 

Measurement of pH was carried out with a XS Instruments pH-meter (pH 50 

model) with a Thermo Scientific Orion 91022 BNWP combined glass electrode. 
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Electrode calibration was carried out before measurements, with solutions 

buffered at pH = 4, pH = 7 and pH = 10. 

UV-Vis-NIR spectroscopy  

Absorption spectra were recorded on a Varian Cary 60 spectrophotometer, either 

in solution in 1 mm and 1 cm optical glass cuvettes or directly on films by means 

of a dedicated sample holder. 

Transmission Electron Microscopy (TEM) 

Colloidal solutions were diluted 10-100 times with bidistilled water and 10 μL 

were deposited on nickel grids (300 mesh) covered with a Parlodion membrane 

and dried in a desiccator. Images were taken using a JEOL JEM-1200 EX II 140 

instrument with a 100 kV acceleration voltage. 

Scanning Electron Microscopy (SEM) 

Samples were sputtered with gold and observed with a Zeiss EVO MA10 

instrument (Carl Zeiss, Oberkochen Germany). The images were acquired at high 

voltage (20 kV), in high vacuum, at room temperature and at different 

magnifications. 

Thermograms 

Samples were irradiated with an 808 nm laser source (Thorlabs L808P200 AlGaAs 

laser diode) with a beam waist of 1.0 cm and power tunable up to 200 mW. Thermal 

images were taken with a FLIR E40 thermal camera with FLIR Tools+ dedicated 

software for data acquisition and analysis. For each sample a region of interest 

(ROI) was defined, comprising the laser-irradiated area, and the maximum 

temperature was determined for each thermal image inside the ROI (±0.1 °C 

accuracy). In a typical experiment thermal images were acquired at 1 fps rate for 

60-240 seconds. 
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Determination of Ag and Au by ICP-OES spectroscopy 

90 mg portions of the films were suspended in 3.0 mL of bidistilled water in a 

stoppered vial and incubated at 37 °C for 1, 5 and 24 hours. The “refresh+24 h” 

data were obtained by removing the films from vials after 24 h and, after quick 

washing, dipping them in 3.0 mL of “fresh” bidistilled water for further 24 h. Then, 

1.0 mL of the resulting solutions was collected, treated with 1.0 mL of aqua regia 

and allowed to react for 15 minutes. After a further addition of 3.0 mL of bidistilled 

water the samples were analyzed by Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES) on a Perkin Elmer Optima 3300 DV instrument. 

Film thickness 

Average film thickness was determined by 10 measurements on different points of 

a same film sample with a digital micrometer (Neoteck). 

Tensile tests 

Mechanical properties of films were assessed by means of a TA.XT plus Texture 

Analyzer (Stable Micro Systems, Godalming, UK), equipped with a 5 kg load cell. 

Before testing, film thickness was measured by means of Sicutool 3955 G-50 

(Sicutool, Milan, Italy) apparatus. Each film was cut in 1×3 cm strips and then 

clamped on A/TG tensile grips probe; an initial distance of 1 cm between the grips 

was set. The upper grip was raised at a constant speed of 5 mm/s up to a distance 

of 30 mm, corresponding to 300% elongation. Maximum deformation force (Fmax), 

forces at different deformations (F50, F100, F150 and F200 at 50%, 100%, 150% and 

200% elongation, respectively) and deformation work (Wmax) were measured. 

2.2.2 Nanoparticles preparation 

All solutions were prepared with bidistilled water, if not stated otherwise. 
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2.2.2.1 pAgNP synthesis 

Pectin-coated AgNP were prepared according to a procedure previously described 

by our research group.32 Briefly, 0.3 g of pectin from citrus peel were dissolved in 

30 mL of bidistilled water by stirring at 60 °C. When dissolution was complete, 1.0 

mL of 0.03 M AgNO3 was added, quickly followed by 3.0 mL of a standard 0.5 M 

NaOH aqueous solution. The solution was kept stirring at 60 °C for 14 h. The 

resulting yellow-orange colloid has a pH between 10.5 and 11.4, that was adjusted 

to 7.0-7.5 by slowly adding 0.1 M HNO3. 

2.2.2.2 GNS synthesis 

The preparation of Au nanostars was carried out according to a seed-growth 

method developed by our group.53 First, a seed solution was obtained by mixing 

5.0 mL of 0.2 M Triton X-100 with 5.0 mL of 0.5 mM HAuCl4 and then quickly 

adding 600 μL of ice-cooled 0.01 M NaBH4. The resulting light orange solution was 

kept in an ice bath and used within 1 hour. For the growth, 50 mL of 0.2 M Triton 

X-100 were put in a 250 mL flask under magnetic stirring at room temperature and 

then the following additions were made in a fast and sequential fashion: 2.5 mL 

AgNO3 4 mM, 50 mL HAuCl4 1 mM, 1.7 mL ascorbic acid 78.8 mM and finally 120 

μL of a freshly prepared seed solution. The solution quickly turned from pale 

yellow to colorless and, after the last addition, to violet and eventually blue-black 

color, at which point stirring was stopped. However, the growing process was 

allowed to proceed and considered complete after 2 hours.  

2.2.2.3 GNS coating and purification 

GNS obtained as described above were then coated with HS-PEG (mw 2000) or 

HS-PEG-COOH (mw 3000). Respectively, 4.0 mg or 6.0 mg of the thiols were 

dissolved in 2.0 mL of bidistilled water and then added to the freshly prepared 
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gold colloids and allowed to react for at least 3 hours at room temperature. After 

that, pegylated GNS were purified by ultracentrifugation at 13000 rpm (15870 rcf) 

for 25 min. The colorless supernatant was discarded and each pellet redissolved in 

10 mL of fresh water. The procedure was repeated three times, with the aim of 

removing all the surfactant and other subproducts from the synthesis, but after the 

last cycle the pellets were redissolved in a total volume of 3 mL to obtain 

concentrated GNS solutions. 

2.2.3 Film production 

Films were prepared by an established procedure with slight modifications.85 10 

mL of 6% w/w PVA solution were prepared by dissolving the polymer in water at 

90 °C. The solution was then allowed to cool down to room temperature and 66.0 

mg of PEG200 were added. After stirring for 1 hour, the following additions were 

made, alternatively:  

a) nothing → film-blank;  

b) 1.0 mL of 1% w/w pectin solution → film-pec;  

c) 1.0 mL of pAgNP → film-Ag;  

d) 0.5 mL of concentrated GNS@PEG → film-GNS;  

e) 1.0 mL of pAgNP and 0.5 mL concentrated GNS@PEG → filmMIX-

Ag/GNS;  

f) 0.5 mL of concentrated GNS@PEG-C → film-GNS-C; 

g) 1.0 mL of AgNP and 0.5 mL concentrated GNS@PEG-C → filmMIX-

Ag/GNS-C 

After stirring for further 3 hours, only for cases a) – e) 66.0 mg citric acid were 

added and allowed to solubilize. This was not added in cases f) and g), where GNS 

are coated with HS-PEG-COOH, as the carboxylated particles can act themselves 
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as cross-linking agent. Finally, all the film-forming solutions were casted in 9 cm 

diameter Petri dishes, treated in an oven at 130 °C for 5 minutes and then allowed 

to dry at RT for 4 days, after which time the final films can be easily peeled off and 

are ready to use. 

2.2.4 Microbiological experiments 

2.2.4.1 Antimicrobial activity on planktonic cells 

Staphylococcus aureus ATCC 6538 and Escherichia coli ATCC 10356 were used 

(ThermoFisher Diagnostic S.P.A, Italy). Tryptone soya Agar (TSA) and tryptone 

soya broth (TSB) were purchased from Oxoid (Basingstoke, UK).  

Determination of microbicidal effect in suspensions  

Bacteria were grown overnight in TSB at 37 °C. The bacteria cultures were 

centrifuged at 2000 rpm for 20 minutes to separate cells from broth and then 

suspended in phosphate buffer saline (PBS, pH 7.3). The suspension was diluted 

to adjust the number of cells to 1 × 107 – 1 × 108 CFU/mL. A portion of each film at 

30 mg/mL concentration was added to the microorganisms suspensions. For each 

microorganism used, a suspension was prepared in PBS without PVA films and 

used as control. Bacterial suspensions were incubated at 37 °C. Viable microbial 

counts were evaluated after contact for 5 and 24 hours with PVA films and in 

control suspensions; bacterial colonies were enumerated in Tryptone Soya Agar 

after incubation at 37 °C for 24 h. The microbicidal effect (ME value) was calculated 

for each test organism and contact time according to the following equation:86 

ME = log NC – log NA (1) 

where NC is the number of CFU of the control microbial suspension and NA is the 

number of CFU of the microbial suspension in presence of the PVA film. 
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Determination of film contact effect  

Microbial suspensions were filtered with an initial inoculum of approximately 1-2 

× 107 CFU/mL on filter membranes of cellulose acetate with a porosity of 0.22 μm. 

The membranes were then deposited on Petri plates containing TSA, suitable for 

the growth of microorganisms selected. The filter membranes were covered with 

PVA films for 5 and 24 hours contact times. Similarly, plates were prepared 

containing membrane filters without PVA films (control). After contact, the filter 

membranes were recovered, washed by suspending them in sterile water with a 

standardized method and at the end of the washing procedure, dilutions of the 

microbial suspensions were made to determine the microbial content with 

subsequent plating in TSA in order to count the viable cells and calculate the 

contact, apparent microbicidal effect (ME) as: 

ME = log NC – log Nd (2) 

where NC is the number of colonies forming unit (CFU) of the control and Nd is the 

number of CFU in the cases of contact with the films. 

2.2.4.2 Photothermal antibacterial activity 

Escherichia coli MG1655 and Staphylococcus aureus ATCC 6538P strains were 

routinely grown in LB (Bacto tryptone 10 g/L; yeast extract 5 g/L; NaCl 10 g/L) 

(Difco; Franklin Lakes, NJ, USA) agar plates, incubating at 37 °C. For antibacterial 

effect assessment a single bacterial colony was inoculated in 5 mL of liquid LB 

broth and incubated at 37 °C under aeration for 16-18 hours. Following incubation, 

the bacterial culture was diluted 1:10 in the same medium to adjust the bacterial 

concentration to approximately 1-5 × 108 CFU/mL.  
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The followed method has been already described by Borzenkov and coworkers.87 

Briefly, films were cut to fit laser beam size (~1 cm diameter) and placed in Petri 

dishes with a cover glass bottom (MatTek, Ashland, MA, USA). An amount of 20 

μL of diluted bacterial suspension was inoculated on the top of the glasses, and 

the films were gently air-dried under a laminar flow hood. The films were 

irradiated with 800 nm laser light (Mai Tai, Spectra-Physics), 0.30 W/cm2 irradiance 

on the sample plane and different durations of irradiation (0, 15, 30 min). 

Irradiated and non-irradiated (control) samples were stained with Film Tracer 

Live/Dead viability kit (L10316, Invitrogen, Carlsbad, CA, USA) based on the use 

of the SYTO® 9 and propidium iodide stains mixture in an appropriate 

concentration ratio (0.167 or 3.34:20) to ensure that bacteria with intact membranes 

(live) stain fluorescent green (SYTO® 9) whereas propidium iodide stains red only 

bacteria with damaged membranes (dead). The stained samples were analyzed 

with a Leica SP5 TCS confocal microscope using a 20× dry objective (HC PL 

FLUOTAR 20× 0.5, dry, Leica, Wetzlar, Germany). At least four z-stacks of raster 

scanned images were collected from three distant regions in the film by using the 

488 nm argon ion laser emission in both spectral intervals (510–580 nm and 590–

700 nm, where the bleed through of the green dye at the concentration used for the 

staining experiments is negligible). Each image has been acquired with either 512 

× 512 or 1024 × 1024 pixels and 400 Hz of line scan frequency, with fields of view 

ranging from 64 μm × 64 μm to 110 μm × 110 μm. Z-stacks were acquired by taking 

planes every 1.0 μm. The images have been analyzed by employing a threshold 

filter [Fiji, version 2.0.0-rc-43/1.52n, NIH] and measuring the percent area in the 

red (Adead) and green (Alive) channels.   
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2.2.4.3 Biocompatibility assays  

Cytotoxicity test 

Dried films (1 cm2) were soaked in 2 mL of complete culture medium (CM) at 37 

°C for 24 h under mild stirring (60 rpm). After 24 h, the “conditioned” medium 

was recovered and put in contact with a monolayer of Normal Human Dermal 

Fibroblasts, NHDF (PromoCell GmbH, Heidelberg, Germany). Briefly, cells were 

seeded on 96-well plates (3.5 × 104 cells in 200 μL of CM/well) and incubated (37 

°C and 5% CO2) for 24 hours in order to reach semi-confluence. 200 μL of each 

sample (conditioned medium) were put in contact for 24 hours with cells; CM was 

used as reference. After incubation, an MTT assay was performed. Briefly, samples 

and reference were removed from the 96-well plate and cell monolayers were 

washed with PBS; subsequently, 50 μL of MTT 7.5 μM in 100 μL of DMEM without 

phenol red were added to each well and incubated for 3 hours (37 °C and 5% CO2). 

Finally, 100 μL of DMSO, used as solubilization agent, was added to each well. In 

order to promote the complete dissolution of formazan crystals, obtained from 

MTT dye reduction by mitochondrial dehydrogenases of alive cells, the solution 

absorbance was measured by means of an iMark® Microplate reader (Bio-Rad 

Laboratories S.r.l.) at a wavelength of 570 nm and 690 nm (reference wavelength) 

after 60 s of mild shaking. Results were expressed as % cell viability by normalizing 

the absorbance measured after contact with each sample with that measured for 

CM. Twelve replicates were performed for each sample. 

Fibroblasts proliferation test 

Dried films (1 cm2) were soaked in 2 mL of medium without serum (M w/S) at 37 

°C for 24 h under mild stirring (60 rpm). After 24 h, the “conditioned” medium 

was recovered and put in contact with a fibroblast monolayer. The capability of 

each “conditioned” medium to promote NHDF proliferation was evaluated. Cells 
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were seeded on 96-well plates (2 ×104 cells in 50 μl of CM/well) and immediately 

put in contact with 200 μL of each sample for 24 h. CM and medium without serum 

(M w/s) were used as references. A MTT assay was performed as previously 

described. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Nanoparticle synthesis and characterization 

2.3.1.1 pAgNP 

Colloidal solutions of AgNP were prepared following a procedure introduced by 

our group32, using an established set of optimal conditions as described in 2.1.1.1. 

Upon addition of NaOH to a solution containing AgNO3 and excess pectin, the 

solution immediately turns to a yellow-brown colour, indicating the fast formation 

of the AgNP, given by the reduction of Ag+ by pectin, that proceeds only in basic 

conditions.  

The obtained colloids present a sharp LSPR absorption band centered at 412 nm, 

typical of small, spherical AgNP.88–90 The absorption maximum and the band shape 

are nicely reproducible, as can be seen in Figure 6 (spectra obtained from 3 

different syntheses).  

Figure 6 Extinction spectra of different pAgNP colloids. 
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Also, the Ag nanoparticles shape and dimensions are well reproducible, as we 

always obtain spheres with d = 8(2) nm. The as-prepared solutions had a pH 

between 10.5 and 11.4, that was adjusted to 7.0-7.5 with 0.1 M HNO3 in order to 

increase the stability of pAgNP when mixed with GNS (see 2.3.1.3). 

2.3.1.2 GNS 

Gold nanostars were also prepared according to the method already developed in 

our laboratory.56 This seed-growth synthesis exploits the non-ionic surfactant 

Triton X-100 to direct the anisotropic growth of small, spherical Au seeds. The 

procedure, as described in 2.2.2.2, yields a blue-grey colloidal solution that 

presents multiple LSPR absorption bands.  Figure 7 shows the extinction spectra 

in the 300-1100 nm range of three GNS colloidal solutions used in this research. 

The intense peak with max between 790 and 850 nm is associated to the 

longitudinal plasmonic resonance of the GNS branches.  

Figure 7 Extinction spectra of different GNS colloids 
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A second peak falls above 1100 nm, thus out of the range of the instrument used. 

This is related to the tip-to-tip oscillation of the conduction electrons, generated by 

the coupling of the longitudinal resonances in the case of aligned branches.  The 

smaller peak at 520 nm is due to spherical by-products and to the transversal 

oscillation of the electrons in the branches, typical of all elongated gold 

nanoparticles.46,91 A weak shoulder at 650 nm can also be noticed, that is attributed 

to a minor population of partially grown nano-objects.  

As it can be seen in Figure 7, reproducibility is only partial, as typical of the 

complex mixtures of gold nanostars obtained with this type of synthesis. The GNS 

obtained under the described synthetic conditions are mainly 5- or 6-branched, 

with a tip-to-tip maximum distance of around 100 nm (see Figure 8). However, 

despite the complex spectra and the related manifold populations, the synthesized 

GNS are suitable for the aim of this work, as they present a strong, large LSPR 

absorption in the bio-transparent window, with the maximum of the band falling 

close to the typical NIR laser source wavelength of 808 nm. 

Once grown, GNS need to be coated with a thiolated polyethylene glycol (HS-

PEG). As a matter of fact, “nude”, as obtained GNS do not resist to 

ultracentrifugation (that leads to aggregation). Grafting of PEG molecules on their 

surface allows instead GNS to withstand repeated ultracentrifugation cycles that 

are required to purify the colloids, in particular to remove the cytotoxic Triton X-

100 surfactant that is used in excess in the growth process, and be then readily 

redispersed.92 Moreover, with this procedure concentrated colloids can be 

obtained by simply adding the desired small volume of dispersant to the pellet 

obtained after the final ultracentrifugation step.  

Both a “plain” thiol PEG (methoxy-terminated, mw 2000) and an α,ω-bifunctional 

HS-PEG-COOH (mw 3000) were used in this work. PEG coating of GNS is also 
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intended to improve their biocompatibility and stability in complex media, in 

particular upon mixing with pAgNP, to avoid a fast reshaping.81  

2.3.1.3 pAgNP/GNS mixtures  

Solutions containing both the pre-synthesized nanoparticles were prepared by 

mixing pectin-coated AgNP at neutral pH and concentrated PEGylated GNS. A 

standard volume ratio AgNP:GNS 2:1 was adopted as it gave a similar intensity 

for the two relative LSPR absorbances.81 A representative spectrum of the resulting 

deep green mixtures is shown in Figure 8, together with TEM images obtained 

from this solutions, where both types of nano-objects are recognizable. 

100 
nm 

200 nm 

Figure 8 Extinction spectrum of a typical pAgNP/GNS-PEG 2:1 standard mixture (top); TEM 

images obtained from the mixed solution at different magnifications (bottom) 
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The pH of the silver colloids must be neutralized before mixing with GNS to avoid 

AgNP consumption and GNS reshaping in the short run. Indeed, a decrease of the 

AgNP LPSR band has been noticed on a 1-7 days range, with the simultaneous 

blue shift of the GNS NIR band, when using as-prepared pAgNP (i.e. with basic 

pH) in the mixture.81 This  could be due to the slow reduction of the equilibrium 

concentration of Ag+ from pAgNP (10 ppm) on the highest-energy portions of the 

GNS surface, a process that would be enabled by the presence of excess pectin in 

a basic environment.32 To highlight the importance of pectin coating and pH 

regulation, we checked the stability of mixed solutions containing standard citrate-

coated AgNP (d = 7-8 nm)24,75. The complete disappearance of the plasmon band at 

394 nm was observed in 6 hours (Figure 9). 

  

Figure 9 Extinction spectra of a mixture of citrate-coated AgNP (ref. 10,40) and GNS, 

recorded upon mixing and then every hour for 6h. Reference spectra for the two 

isolated preparations (black line and red line, respectively) are also reported. 
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2.3.2 PVA films 

2.3.2.1 Film casting 

Films were prepared by casting a 6% w/w aqueous solution of PVA (mw 89000-

98000) containing also a short chain PEG as plasticizer (mw 200, 11% w/w relative 

to PVA), following the procedure described in 2.2.3. The crosslinking of the 

polymer relies on the ester formation between the hydroxyl groups of the PVA and 

the carboxylic functions of a crosslinking agent – either citric acid or the HS-PEG-

COOH grafted on GNS (Figure 10).93 

A 

ester group 

B 

Figure 10 Crosslinking schemes of PVA with (A) citric acid and (B) GNS-PEG-

COOH 
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Small volumes of 1% w/w pectin, pAgNP, GNS-PEG and/or GNS-PEG-COOH 

aqueous solutions were added to the film-forming mixtures (Figure 11), giving the 

set of entries listed in Table 1. Citric acid (CA, 11% w/w relative to PVA) was added 

in all cases except when GNS-PEG-COOH are present. After casting and drying, 

films were peeled off from the Petri dishes and were ready for further 

characterization. 

Knowing the amount of all the solid components added, the approximate total 

mass of the prepared film samples can be calculated, as well as the total content of 

Ag and Au, from the concentrations of the two metals in the colloidal solutions 

(the relevant data and mass film composition are reported in Table 1). The actual 

weights of the dried films show that the water content is in all cases < 2% of the 

total film mass.  

As it can be also noticed, the total noble metal content is always lower than 1 mg; 

in particular, the content of silver, a potentially toxic element, is extremely low (< 

0.03% w/w). It is worth to recall that some Ag comes also from the GNS colloids, 

as it takes part in the nanostars growth. 

Figure 11 Picture of film-forming solutions for, from left to 

right, film-GNS, filmMIX-Ag/GNS, film-GNS-C and 

filmMIX-Ag/GNS-C. 
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Table 1 Composition of the casting solutions, total metal content and weight of the resulting films 

 Pectin1 AgNP2 
GNS-

PEG3 

GNS- 

PEG-

COOH4 

CA5 

Total Ag 

(mol;  

g) 

Total Au 

(mol; 

g) 

Calc. film 

mass6 

(mg) 

Dry film 

mass7 

(mg) 

film-

blank 
- - - - ✓ - - 732 731(5) 

film-pec 1.0 - - - ✓ - - 742 740(8) 

film-Ag - 1.0 - - ✓ 
8.8210-7  

95.1 
- 742 748(10) 

film-GNS - - 0.5 - ✓ 
9.710-7  

104 

4.3410-6 

855 
733 728(12) 

film-GNS-

C 
- - - 0.5 - 

9.310-7  

99 

4.2610-6 

840 
667 660(11) 

filmMIX-

Ag/GNS 
- 1.0 0.5 - ✓ 

1.8510-6 

199 

4.3410-6  

855 
743 746(9) 

filmMIX-

Ag/GNS-

C 

- 1.0 - 0.5 - 
1.8110-6 

194 

4.2610-6 

840 
677 686(8) 

1 mL of 1% w/w pectin solution added to 10 mL of PVA solution; 2 mL of pAgNP solution added to 10 mL 

of PVA solution; 3 mL of concentrated GNS-PEG solution added to 10 mL of PVA solution; 4 same, for GNS-

PEG-COOH; 5 the ✓ symbol indicates the presence of citric acid in the solution (11% w/w relative to PVA); 
6 sum of the mass of all solid components added; 7 actual film weight after preparation and 4 days drying at 

RT (s.d. in parentheses). 

Effects of PVA inclusion on NP 

When GNS-PEG are mixed in the PVA solution their spectral features are 

somehow affected. Indeed, a red shift along with an intensity decrease of the NIR 

LSPR band was observed right after the addition, both with and without AgNP 

present (Figure 12A-B).  
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The absorption of the latter does not change significantly instead, as it can also be 

noticed in Figure 13, where pAgNP spectra in the presence of PVA, PVA + PEG200 

and PVA + PEG200 + citric acid are reported. Absorption spectra of all the other 

components of the films except GNS have been recorded as well for comparison 

(Figure 13).  

It is interesting to notice that, when GNS-PEG-COOH are used instead of GNS-

PEG, both alone and in the mixed solutions with AgNP, the spectral changes 

described above do not take place (Figure 12C-D). A possible explanation could be 

that, in the case of GNS-PEG, portions of the PVA chains interact directly with the 

Figure 12 Extinction spectra of nanoparticles before (solid lines) and after 

(dashed lines) addition in PVA. (A) GNS-PEG; (B) pAgNP/GNS-PEG 

mixture; (C) GNS-PEG-COOH; (D) pAgNP/GNS-PEG-COOH mixture. 
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GNS surface; indeed, it has been already observed how the surface of HS-PEG-

coated GNS is still accessible to different molecular species.94 In that case, the 

higher PVA refractive index (1.4748) compared with that of water (1.33) and the 

high sensitivity of the NIR bands of GNS to refractive index changes74 would 

account for the observed changes. Conversely, the presence of carboxylic functions 

on the coating would explain the absence of a band shift in the case of GNS-PEG-

COOH, since the crosslinking reaction can prevent the direct contact of PVA with 

the gold surface. Although the full reticulation is not a fast process, it is reasonable 

to think that the condensation of the hydroxyl groups of PVA with the carboxylate 

functions on the GNS starts immediately, anchoring the polymer on the far end of 

the PEG molecules. The hypothesis of a fast esterification is corroborated by the 

presence of a large excess (500,000-fold) of the functional groups of the PVA 

involved in the reaction compared to those from HS-PEG-COOH in the conditions 

used here, which can be estimated from the published data of % weight of HS-PEG 

on these GNS (10%).68 

Figure 13 Absorption spectra of all the components of the films except GNS 

and their combinations. 
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2.3.2.2 Film characterization 

The visual appearance of the obtained films is displayed in Figure 14A. They are 

transparent, allowing excellent light transmission, so that the absorption bands of 

the included nanoparticles can be easily observed with a spectrophotometer 

(Figure 14B-C).  

Figure 14 (A) Picture of different films i) film-blank; ii) film-Ag: iii) film-GNS; 

iv) filmMIX-Ag/GNS; v) film-GNS-C; vi) filmMIX-Ag/GNS-C. (B) 

extinction spectra of freshly prepared (green solid line) and 30-days (green 

dashed line) aged filmMIX-Ag/GNS. (C) same, for filmMIX-Ag/GNS-C. 

Spectrum of film-blank (black solid line) is shown for comparison. 
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All the films retain the color of the relative colloids used in the preparation. As 

expected, films containing both AgNP and GNS have a dark green color. However, 

samples containing GNS-PEG (film-GNS and filmMIX-Ag/GNS) present a fainter 

color compared to those prepared with GNS-PEG-COOH (film-GNS-C and 

filmMIX-Ag/GNS-C), despite the equivalent concentration of GNS. This 

observation is confirmed by extinction spectra, as the GNS LSPR band in freshly 

prepared films is weaker for films with GNS-PEG, as can be noticed in Figure 14B-

C for the case of the mixed films. 

The stability of the nanoparticles in the prepared films has also been investigated 

by absorption spectroscopy. After 30 days at room temperature, films containing 

GNS-PEG present a low, almost flat NIR LSPR band, while the same is only slightly 

diminished when GNS-PEG-COOH are present (see dashed spectra in Figure 14B 

and C for the cases of filmMIX-Ag/GNS and filmMIX-Ag/GNS-C, respectively). 

Instead, the AgNP LSPR band in film-Ag remains practically unchanged after the 

same ageing time. The modifications in the films containing nanostars could be 

attributed to a residual mobility of the GNS in the PVA matrix and to the tendency 

of PEG-coated gold nano-objects to segregate in hybrid materials, a process that 

has been already observed in the laboratory where I worked for spherical Au 

nanoparticles.95 Segregation leads to short interparticle distances, that in turn cause 

plasmon hybridization and band flattening.96–98 On the other hand, the fact that 

GNS-PEG-COOH act as cross-linking agents drastically decrease the mobility of 

the particles in the polymer, preventing segregation. From these results, film-

GNS-C and filmMIX-Ag/GNS-C appear as better candidates in the view of 

obtaining stable photothermal antibacterial materials with intense absorption in 

the NIR range. 
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Thickness 

While the average thickness of all the films obtained with citric acid as cross-linker 

are similar (87-100 m range), the samples containing GNS-PEG-COOH are 

thinner, suggesting a more compact structure when the nanostars are directly 

involved in cross-linking (Table 2). 

Table 2 Average thickness (s.d.) of the different 

types of films  

Film sample Thickness (μm) 

film-blank 100(3) 

film-pec 90(4) 

film-Ag 87(3) 

film-GNS 99(2) 

filmMIX-Ag/GNS 93(5) 

film-GNS-C 68(4) 

filmMIX-Ag/GNS-C 65(3) 

 

Mechanical properties  

Tensile strength tests on the films prove that all the samples can be stretched up to 

3 times their original length without losing their integrity. Indeed, stress vs. strain 

profiles reported in Figure 15A show an increase in the normalized force on 

increasing strain up to 200% without breakdown of the film structure. The 

inclusion of AgNP and/or GNS-PEG does not significantly affect the mechanical 

properties and the ultimate resistance of the derived films. On the contrary, the 

presence of GNS-PEG-COOH correlates with an increase of the maximum force. 

This improvement in the mechanical resistance of films containing GNS-PEG-

COOH with respect to those cross-linked with citric acid is confirmed by the 
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normalized tensile work values, calculated as the area under the force vs. 

deformation distance curve (Figure 15B). 

Interestingly, the sample showing the highest tensile work value, when compared 

on statistical basis with all the other films considered in the study is filmMIX-

Ag/GNS-C. A role of the hydrolyzed pectin present in this film as AgNP coater 

taking part in the cross-linking process may be hypothesized to explain this 

finding, although no further investigation has been carried out on this point. 

Morphology  

Low magnification (20000×) Scanning Electron Microscopy imaging was 

performed on film-blank, filmMIX-Ag/GNS and filmMIX-Ag/GNS-C. Figure 

17C shows that the latter has a smoother and more compact appearance, compared 

to the two citric acid-reticulated films, which present a rougher and even cracked 

surface (Figure 17A-B). This is in agreement with previous observations on the 

different cross-linking approaches.  

Figure 15 (A) Normalized force vs % strain curves; (B) normalized work of deformation. 
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Higher magnification SEM on filmMIX-Ag/GNS-C allowed to image GNS close 

to the surface (Figure 16; the smaller AgNP cannot be observed on this scale) and 

to verify their homogeneous distribution in the sample (see Figure 17D-E for 

backscattered electrons images of the surface and of a cross-section of the film). 

Figure 17 Low magnification SEM images of (A) film-blank, (B) filmMIX-Ag/GNS and (C) 

filmMIX-Ag/GNS-C, scale bar = 1 µm; (D) backscattered electrons SEM images of the filmMIX-

Ag/GNS-C surface and (E) of its cross-section. 

Figure 16 SEM image (200,000×) of filmMIX-Ag/GNS-

C. 
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Hydration properties 

PVA films are strongly hydrophilic. All the samples quickly absorb water up to 

200-300% of their initial dry mass when soaked for 1 hour. Hydration degree does 

not significantly increase for longer immersion times, but partial films disruption 

starts to occur after 6 hours. For the more resistant films containing GNS-PEG-

COOH, water absorption capacity has been measured also by placing dry samples 

in contact with a filter paper impregnated in buffered water at pH 7.2 at 37°C, in 

order to mimic real use conditions. In this case, the amount of absorbed liquid by 

both film-GNS-C and filmMIX-Ag/GNS-C in 1 hour is around 17% of their dry 

mass, with minor increases for longer contact times (18-20% for 24 hours). 

Release of metals 

Release of silver and gold in water has been evaluated according to the protocol 

described in 2.2.1.3. Release solutions, obtained by placing 90 mg film portions in 

3 mL of bidistilled water for 1, 5 or 24 hours, have been analyzed by ICP-OES to 

determine the amounts of the two metals present.  

Figure 18 (A) Ag release (μg/mL) from different film samples in water (30 mg film/mL) after 1, 5 

and 24 hours; “refresh+24h” indicates samples removed from water after 24 h and dipped in fresh 

water for further 24 h; (B) same, for Au. 
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Results for Ag are presented in Figure 18A, while Figure 18B shows data for Au. 

Samples named “refresh+24h” refer to films that, after 24 hours, have been 

transferred into fresh water and then analyzed after further 24 h of immersion. 

Silver is released in water, from films containing AgNP, reaching concentrations 

of nearly 1 ppm after 24 hours. Some Ag, although in smaller amounts (<0.3 ppm), 

is released also from film-GNS and film-GNS-C, where it is present inside the 

lattice of the nanostars. Most of the metal seems to be released in the first 24 hours, 

as the “refresh+24h” values are much lower (light blue bars in Figure 18A). This is 

in line with previous findings on AgNP immobilized on solid surfaces, where a 

rapid increase of Ag+ in solution was measured in the first 24 hours, while only a 

minor additional release was observed on longer times.22,99 Based on this 

references, it can be supposed that silver is released in its ionic form, derived from 

a slow AgNP oxidation by O2. The amount released from film-Ag is 15.0% (1h), 

17.1% (5h) and 23.9% (24h) of the total Ag content of the sample, while for fimMIX-

Ag/GNS and filmMIXAg/GNS-C values are slightly lower (between 9.0% and 

11.4% for the first; between 5.8% and 8.5% for the second). Unexpectedly, minor 

amounts of gold are also found for films containing GNS (Figure 18B). In 

particular, the maximum level of Au detected in solution is 0.41 ppm after 24h for 

filmMIX-Ag/GNS (corresponding to 1.2% of the total Au present). Given that 

GNS cannot be oxidized by O2, these data could be explained by the release of 

unreduced noble metals ions that remain adsorbed on the surface of the 

nanoparticles from the synthesis.16,17 However, a leakage of AgNP and GNS in 

traces (no plasmonic features can be found in the absorption spectra of the release 

solutions) cannot be excluded, especially considering the partial film degradation 

observed for long immersion times.  



62 
 

2.3.2.3 Photothermal effect 

Thermograms of filmMIX-Ag/GNS, filmMIX-Ag/GNS-C, and film-Ag presented 

in Figure 19A were acquired with the help of a thermal camera, following the 

procedure described in 2.2.1.3. Dry film samples have been irradiated with a laser 

source at 808 nm with 0.13 W/cm2 irradiance. 

In all cases when GNS are present, a prompt increase of the temperature (T) is 

observed in the first 20-30 seconds of irradiation, then reaching a plateau within 

60 s. This thermal response is due to the excitation of the NIR LSPR band of the 

embedded nanostars. The difference in the T values at plateau showed by the two 

GNS-containing films reflects the different intensity of the absorption of the two 

films at the excitation wavelength, as it can be seen in Figure 14B-C. Similar values 

were measured for film-GNS and film-GNS-C. Instead, as expected, no heating 

occurred in film-blank, film-pec and film-AgNP upon irradiation, as can be 

noticed by the flat grey plot in Figure 19A for film-AgNP, since they do not present 

any absorption over 600 nm (see Figure 13). Heating of filmMIX-Ag/GNS-C at 

Figure 19 (A) Thermograms (ΔT vs time) for filmMIX-Ag/GNS-C, filmMIX-Ag/GNS and film-

Ag, irradiance 0.13 W/cm2; inset: thermogram for 5 ON-OFF cycles (60 s + 60 s) on filmMIX-

Ag/GNS-C. (B) ΔT vs irradiance for filmMIX-Ag/GNS-C. 
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different laser powers have been carried out, confirming the expected linear 

dependence of the photothermal response on the irradiance (Figure 19B). At the 

maximum power used of 200 mW, corresponding to 0.26 W/cm2, the sample can 

reach over 30°C of T increase. It is important to underline that all used irradiances 

with the 808 nm laser source remain under the 0.32 W/cm2 limit imposed by ANSI 

(American National Standard Institute) for the use of lasers of such wavelength on 

human skin.100,101 To demonstrate the thermal stability of the responsive films and 

the reproducibility of the experiment, five cycles of irradiation ON (60 s) and OFF 

(60 s) have been performed consecutively on filmMIX-Ag/GNS-C (see inset of 

Figure 19A). Perfectly superimposable T vs irradiation time profile were found 

for all cycles. 

2.3.2.4 Antibacterial activity on planktonic cells 

The microbicidal effect of all films was determined against E. coli and S. aureus 

planktonic suspensions, according to the protocol described in 2.2.4.1. The cell 

viability was evaluated after 5 and 24 hours of contact with film samples immersed 

in the suspensions at the same concentration used for release experiments (30 

mg/mL). The colony forming units (CFU) counted in all cases are compared with 

those from a control suspension without any film added. The microbicidal Effect 

(ME) is expressed as: 

 

ME = log NC – log NA    (1) 

 

where NC is the number of CFU counted for bacteria in reference suspensions and 

NA for bacteria treated with films. Results are presented in Table 3. 
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Table 3 Microbicidal effect (ME) values at 5 h and 24 h on planktonic E. coli and S. aureus1 

 E. coli S. aureus 

 5 h 24 h 5 h 24 h 

film-blank 1.2(0.2) 2.3(0.2) 2.9(0.2) 3.2(0.2) 

film-pec 1.7(0.3) 3.0(0.2) 3.1(0.2) 3.7(0.3) 

film-Ag 5.5(0.3) > 7 3.1(0.3) > 7 

film-GNS 2.2(0.2) 4.9(0.3) 3.7(0.2) 4.6(0.3) 

film-GNS-C 0.8(0.1) 2.3(0.2) 1.1(0.2) 2.3(0.2) 

filmMIX-Ag/GNS 5.6(0.3) > 7 3.5(0.3) > 7 

filmMIX-Ag/GNS-C 0.2(0.1) 4.4(0.3) 1.3(0.2) 4.7(0.3) 

1All reported data are the average of 3 experiments, standard deviation in parentheses 

A first observation is that, as expected, ME values are always higher after 24 hours 

than after 5 hours of immersion. In general, it can be noticed how AgNP-

containing films show a remarkable effect against both E. coli and S. aureus. For 

two films in particular, namely film-Ag and filmMIX-Ag/GNS, ME values after 

24 hours are higher than 7, meaning that nearly 0 CFU have been found after 

exposure. A significant antibacterial effect has been observed also for films 

containing only GNS but not AgNP, with film-GNS showing ME values close to 

5. To explain this, it must be remembered that these films release Ag+ too, due to 

the metal present in the GNS lattice (see 2.3.2.2 and Figure 18A for release data). 

What is more surprising is that even film-blank and film-pec exert a relevant 

action, although their components are not supposed to possess bactericidal 

properties. To further examine this aspect, the effect of all the single components 

(PVA, PEG200, citric acid and pectin) has been checked by preparing solutions of 

these in PBS at concentrations corresponding to their total content in the relative 
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films (i.e. equivalent to 100% release). No ME was observed in any of the cases 

against both strains. Therefore, a purely mechanical effect can be hypothesized to 

explain the reported values for film-blank and film-pec. This means that 

planktonic cells are probably removed from the suspension thanks to their 

adhesion to the film samples. To support this hypothesis, a specific experiment has 

been devised to evaluate this “contact” effect. Briefly, bacterial suspensions have 

been filtered on cellulose acetate membranes, which were then placed in direct 

contact with samples of film-blank; a membrane alone, loaded with bacteria but 

without any film, was taken as control (see 2.2.4.1 for experimental details). After 

5 hours of contact, the bacteria remaining on the recovered filter membranes have 

been resuspended, in order to count the viable cells and evaluate the apparent 

microbicidal effect given by this contact mechanism. 24h experiments had to be 

excluded, since films could not be completely detached from the membranes. 

Obtained ME values (1.57 for E. coli and 1.53 for S. aureus) are comparable with the 

results on planktonic cells, thus confirming the tendency of both strains to adhere 

to PVA films.  

A 

10 μm 

B 

10 μm 

C 

10 μm 

Figure 20 SEM images (10,000×) of E. coli bacteria adhering on (A) film-GNS, (B) film-GNS-C 

and (C) a glass slide, for reference. 
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However, the ME of film-GNS-C is much lower than that of film-GNS and a 

similar decrease is observed also for filmMIX-Ag/GNS-C compared to filmMIX-

Ag/GNS. So, in other words, films that are cross-linked with GNS-PEG-COOH 

show a markedly more contained ME than their equivalent with GNS and citric 

acid. Given that an antibacterial action of citric acid itself has been excluded (at 

least in the range of concentration relevant to such experiments) and that Ag 

release is similar between the two films of each pair, the observed difference may 

be ascribed to the more compact texture of the films containing GNS-PEG-COOH 

as well as probably to the negative charge given by the carboxylate groups not 

involved in the reticulation. Both factors are likely to decrease the bacterial 

adhesion to the films, thus removing the additional, apparent ME effect, otherwise 

observed in all other cases. This hypothesis is supported by SEM images taken on 

films immersed for 5 hours in a suspension of E. coli. As can be noticed in Figure 

20A, film-GNS is much more crowded with bacterial cells than the sparsely 

populated film-GNS-C surface (Figure 20B), which present a scarce adhesion of E. 

coli, comparable to that on a plain glass slide (Figure 20C). 

2.3.2.5 Photothermal antibacterial effect 

The on-demand bactericidal action of photothermal films upon irradiation has 

been investigated, according to a method recently proposed by the group of 

Pallavicini and Chirico and described in detail in 2.2.4.2.87 PVA films have been 

inoculated with suspensions of E. coli or S. aureus, gently air-dried at RT and 

irradiated with a laser source at 800 nm and 0.30 W/cm2 irradiance for 15 or 30 

minutes; inoculated, non-irradiated samples have been tested as control. Samples 

were then stained with a live/dead kit that marks viable bacteria in green and those 

with damaged membranes in red and analyzed by confocal laser scanning 
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microscopy (CLSM). The extent of the microbicidal effect have been evaluated by 

the ratio between the red and the green areas in the acquired images, that allowed 

to calculate the percentage of dead cells.  

Results for film-Ag, film-GNS-C and filmMIX-Ag/GNS-C are reported in Figure 

21A and B (on E. coli and S. aureus, respectively). Figure 21C-E show representative 

CLSM images for the case of E. coli on filmMIX-Ag/GNS-C after 30 min 

irradiation.  

Figure 21 (A) % fraction of death E. coli bacteria inoculated in the films, with no irradiation (black 

bars), and laser irradiated at 808 nm for 15 min (white bars) and 30 min (red bars). (B) same, for S. 

aureus. (C) green channel (living cells) in stained filmMIX-Ag/GNS-C inoculated with E. coli and 

irradiated for 30 min; (D) same, red channel (death cells); (E) same, both channels. 
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For the two films containing GNS, thus exhibiting a photothermal effect, there is a 

clear enhancement of bacterial mortality upon laser irradiation. In particular, 60-

70% of E. coli cells have been killed already after 15 minutes with both film-GNS-

C and filmMIX-Ag/GNS-C, but further irradiation does not bring a substantial 

increase (73 and 70%, respectively, after 30 min). On the contrary, 15 min of laser 

treatment are not enough to drastically affect S. aureus, but after 30 min an 

impressive 87% death is reached with both types of film. This different response 

of the two strains relates to the higher resistance of Gram-positive bacteria, such 

as S. aureus, with respect to Gram-negative ones, such as E. coli, due to the rigid 

peptidoglycan cellular walls of the former.102  

Also for film-Ag % death values of around 40% have been found on both strains, 

but, as expected, no significant increase is observed upon irradiation, since it does 

not produce any T increase on this sample. In fact, these values are due to the 

intrinsic bactericidal effect of the films with AgNP. For film-Ag this is higher than 

what found for the GNS-containing films when non-irradiated, even in the case of 

filmMIX-Ag/GNS-C, reflecting approximately the tendency of the different 

samples to release Ag (see data for 1h release time in Figure 18A for comparison). 

Finally, it must be pointed out that film-blank has been tested as well for reference 

and even in this case a fraction of dead cells between 21 and 26% was found for 

both strains, independently of the irradiation time (not shown in Figure 21). The 

reason behind these data appears to be the inherent stress conditions of the 

experimental setup, since bacteria inoculated on films are kept at room 

temperature, in a nutrient-free environment for the time needed to complete the 

experiment. This was confirmed by further control tests with an inert surface, such 

as a glass slide, where similar values have been measured. Overall, the obtained 

data show that the photothermal effect brings an additional contribution to the 
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microbicidal action, on top of the intrinsic one, against both the tested bacterial 

strains, although requiring different irradiation times. 

2.3.2.6 Biocompatibility studies 

Biocompatibility of PVA films have been verified evaluating their cytotoxicity 

against human fibroblasts by an indirect test, as described in 2.2.4.3.  

Results reported in Figure 22A show that viability is preserved ( 100%) with the 

two films containing GNS-PEG-COOH, while film-Ag, film-GNS and filmMIX-

Ag/GNS cause a modest reduction of the fibroblasts viability (87, 91 and 92%, 

respectively). On the whole, these data indicate an acceptable biocompatibility of 

all the obtained films.  

A similar experiment has been performed to determine the capability of PVA films 

to promote fibroblasts proliferation. Unfortunately, as can be noticed in Figure 

22B, no significant increase of cells growth is observed when incubated with the 
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Figure 22 % cell viability for (A) cytotoxicity test and (B) proliferation test on NHDF; complete 

medium (CM) and medium without serum (M w/S) were considered as references (mean values ± 

s.d.; n=12). 
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“conditioned” medium that is obtained from the films (see experimental details in 

2.2.4.3). However, no inhibition occurs as well, confirming the compatibility of the 

material.  
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2.4 CONCLUSIONS 

After finding the proper conditions that allowed the stable inclusion of AgNP and 

GNS together in the same precursor solution, PVA films were prepared. A set of 

films containing both nanoparticles, mixed or separate, were obtained by casting 

and cross-linking with either citric acid or exploiting the terminal carboxylate 

group of GNS coated with HS-PEG-COOH.  

In general, NP-containing films demonstrated an intrinsic antibacterial activity, 

which lasts and increases up to at least 24 hours. This is attributed to the well-

known action of Ag+, that in this case can be released from the GNS lattice, where 

a small fraction of Ag is included from the synthesis, as well as from AgNP. 

However, when the latter are present the microbicidal action is markedly stronger 

at both times examined (5h and 24h). Adhesion of bacteria was also noticed, 

particularly on films reticulated with citric acid, leading to their removal from 

planktonic suspensions. This, in turn, gives rise to an apparent microbicidal effect 

that contributes to the overall antibacterial action of all the films, except for those 

with GNS-PEG-COOH, where this mechanism is much less relevant, due to their 

more compact structure and smoother surface.  

In addition to this intrinsic effect, an on-demand photothermal antibacterial action 

was demonstrated upon laser irradiation of the GNS-containing films. While in the 

case of filmMIX-Ag/GNS (with citric acid as cross-linker) the GNS LSPR 

absorption band placed in the NIR range drastically decays within a month, it 

remains unaltered in filmMIX-Ag/GNS-C, which appears to be the best candidate 

for the potential development of a bifunctional medical device, aimed for practical 

applications such as wound disinfection and healing. With this material, a CFU 

reduction higher than 4 log units (ME) was observed after 24 hours on both 
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planktonic E. coli and S. aureus strains, thanks to the intrinsic action of silver alone. 

Moreover, laser treatment for just 30 minutes allows to kill the large majority of 

the bacteria in direct contact with the film. Such irradiation is performed with a 

low energy radiation (800 nm) falling inside the bio-transparent window, with 

applied irradiances (0.3 W/cm2) well within the limit imposed by ANSI for human 

skin treatment.  

Finally, the suitability of this material for real use on wounds is supported by its 

good biocompatibility, as observed in cytotoxicity tests on human fibroblasts. 

Unfortunately, films cannot also significantly promote the proliferation of these 

cells, but this could be enhanced, for instance, with the inclusion of specific 

additives, such as growth factors, in the material.  
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3.1 BACKGROUND 

3.1.1 The role of NP surface ligands 

The choice of proper surface ligands is fundamental for the design of advanced 

nanomaterials. Indeed, these molecules play a significant role not only for the 

synthesis of robust nanoparticles with specific size, morphology and properties, 

but also for their further modification and combination with other components. 

Their action can range from the regulation of the solubility and availability of 

species involved in the NP preparation to their post-synthetic stabilization by 

minimization of surface energy and prevention of agglomeration phenomena. 

Moreover, depending on the coating chemical nature, successive functionalization 

by coupling reaction may be envisaged, together with responsive behavior 

switched by changing parameters such as pH or temperature.  

The variety of ligands employed for the coating of NP includes small organic 

molecules, polymers of different molecular weight and polarity, surfactants and 

various biomolecules (e.g. peptides, proteins, nucleic acids, aptamers), all 

providing NP with specific additional features (Figure 23).103 Moreover, the 

possibility to graft multiple different ligands on the NP surfaces, thus creating 

mixed coatings, enables a richer and finer set of possible reactions and properties 

associated with the NP core, obviously expanding the arsenal of potential 

applications. Therefore, it is evident how the selection of appropriate ligands is 

crucial to obtain a final nanomaterial with suitable properties for the target 

application. The choice must take into account different factors, such as the 

chemical nature of the NP surface and its interaction with the coating molecules as 

well as their surrounding environment and the need for further modifications.  
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A direct example of the coating role was encountered in my PhD research and is 

described in the previous part of this thesis. The coating of GNS with an , 

bifunctional PEG – one end featuring the –SH grafting group, the other a –COOH 

function – allowed to obtain a more stable precursor solution with respect to –

OCH3 terminated PEG of similar mw. In addition, GNS with such coating were 

able to act as cross-linker in the formation of the PVA polymeric films, yielding 

products with superior stability and mechanical properties. On the other hand, this 

case, in which the end function of the linear polymeric coating molecule is a 

carboxylic acid, led to the decision of studying how the acid-base properties of a 

molecule may be influenced by the presence of a “substituent” of “infinite” 

dimensions (a spherical nanoparticle, a nanorod, a nanostar) and by the reciprocal 

influence exerted by a high number of functions gathered in a nano-volume. This 

is the theme of this part of the PhD thesis. Due to the hard synthetic challenges 

posed by this kind of study (see 3.3.2.2) and to the scarce reproducibility of gold 

nanoparticles with complex shapes, the decision was taken to work on the simplest 

possible model, i.e. spherical gold nanoparticles. 

Figure 23 Scheme of different possible NP coating and 

functionalization. [103] 
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3.1.1.1 AuNP coating 

After the first chemical preparations of gold colloids reported Michael Faraday in 

1857,104 based on the reduction of an aqueous solution of tetrachloroaurate and 

phosphorus dissolved in carbon disulfide, an efficient alternative method was later 

described by Turkevich for the facile preparation of spherical AuNP via the 

reduction of gold ions in an aqueous boiling solution of trisodium citrate.105 This 

method was then developed by Frens to enable control over the NP size by varying 

the gold/citrate ratio.106 The synthetic process has been extensively investigated in 

the following years, finding that sodium citrate plays multiple roles in the reaction, 

not only reducing the gold salt and stabilizing the resulting NP through 

electrostatic repulsion, but also determining the process pH, which ultimately 

affects the particle size distribution.107–109  

However, citrate-coated AuNP have the major drawback of all electrostatically 

stabilized NP, that is irreversible aggregation induced by high salt concentrations 

and/or pH modifications. On the other hand, the weak binding of citrate (6.7 kJ/ 

mol) allows for an easy ligand exchange.110  This can be done with many species 

bearing different functional groups that can bind more strongly on the AuNP 

surface, such as thiolates and amines.111,112 Thiols in particular have been widely 

employed, as the strong sulfur-gold interaction (126−167 kJ/mol) yields an efficient 

exchange and greatly enhances the colloidal stability.113–115 

3.1.2 Polymeric coating 

The use of polymers that are able to interact with the NP surface by physi- or 

chemisorption can give a greater steric stabilization, sometimes coupled with an 

electrostatic contribution.  
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During synthesis, polymers can bind preferentially to specific crystallographic 

planes of the NP surface and promote anisotropic growth or serve as a matrix for 

nanocrystal growth. For example, poly(vinyl pyrrolidone) (PVP)-stabilized AuNP 

showed changes in their optical properties due to energy transfer between PVP 

and the NP core.116 It was observed how PVP molecules dispersed in hot water not 

only act as surface ligands but also control clustering and growth of polygonal 

AuNP (25−50 nm). Similar to PVP, poly(vinyl alcohol) (PVA) has also been shown 

as a suitable ligand for NP synthesis. Polyelectrolyte-protected AuNP of different 

sizes have been obtained directly by heating AuCl4⁻ in an aqueous solution of 

amine-containing polyelectrolytes such as poly(ethylenimine)117 and 

poly(allylamine hydrochloride).118 Wang and coworkers reported a one-step 

aqueous preparation of highly monodisperse AuNP smaller than 5 nm using 

thioether- and thiol-functionalized polymer ligands: dodecanethiol (DDT)-

poly(acrylic acid), DDT-poly(methacrylic acid), DDT-poly(vinylsulfonic acid), 

DDT-poly(vinylpyrrolidone), DDT-poly (hydroxyethyl acrylate), and DDT-

poly(ethylene glycol methacrylate). Here particle uniformity and colloidal stability 

were strongly dependent on changes in ionic strength and pH.119 

3.1.2.1 PEG-based coatings 

A very popular class of polymeric coatings are polyethylene glycols (PEG) and 

their derivatives. This is a unique category of various molecular weight polymers, 

presenting interesting properties such as high solubility in water as well as many 

organic solvents, efficient NP stabilization against aggregation, high 

biocompatibility and stealth functions.120  
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One of the first demonstration of the promising role of these polymers as NP 

coating was reported in the development of Doxil®, the first FDA-approved nano-

formulation of doxorubicin. The grafting of PEG molecules around the liposomes 

loaded with the anticancer drug was effective in preventing the non-specific 

adsorption of plasma proteins, thus minimizing the accumulation of liposomes 

into the liver and spleen rather than in the target delivery site.121 Since then, the 

use of PEG became a common practice in the design of nanomedical formulations, 

both at the research and commercial levels, with the aim of stabilizing NP against 

aggregation, preventing undesired uptake in vivo, increasing their circulation time 

in blood and enhancing the accumulation into target organs.122 

Figure 24 Different possible strategies for the PEGylation of nanoparticles. [120] 
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PEG coating of NP (PEGylation) can be achieved by simply adding the desired 

PEG molecules in the synthetic process. This approach is commonly employed to 

coat polymeric NP and it has also been reported for the functionalization of some 

inorganic NP.120 However, “plain” PEG molecules are only weakly bound to the 

NP surface and can easily detach during processing of the colloid (e.g. dilution, 

centrifugation, heating, drying, mixing with other components). A common 

strategy to overcome this limitation is the use of PEG molecules bearing functional 

groups able to bind onto the NP surface, such as thiols, amines, carboxylic acids, 

or silanes, depending on the NP nature (Figure 24).  

In the case of AuNP, thiolated PEG ligands provide exceptional colloidal stability 

under a wide range of conditions, thanks to the strong coordinative S-Au bond, 

and enhanced biocompatibility.123 The stability of the Au-S bond in gold 

nanoparticles has been recently reinvestigated by the groups of Pallavicini and 

Chirico.124 The coordinative nature of such bond has been confirmed, and also its 

high stability, based on a thiolate (-S⁻)-Au⁺ interaction. However, it was observed 

that a temperature increase to 40°C leads to a partial detachment of the thiols 

grafted on a GNS. The % of detachment depends on heating time (e.g. 5% for 40 

min heating for a bodipy-thiol molecule, and 1% for 20 min heating) and is also 

proportional to the solubility of the thiol in the receiving solution. The latter point 

must be seriously taken into account when a hydrophilic coater such as a PEG-

thiol is used, especially if PEG-coated AuNPs are planned for in vivo use 

(considering 37°C as the typical body temperature). On the other hand, a 

fundamental point relevant to the studies carried out in this part of the PhD 

research, is that the Au-S bond in GNS is sufficiently strong and/or kinetically inert 

to remain definitely intact, at least at room temperature, provided that competing 

species (like, for instance, other thiols or amines) are not present in the Au 
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nanoparticles colloidal solution. Although the mentioned study regarded the 

oddly-shaped GNS, it was assumed that the same Au-S bond stability is found for 

HS-PEG coatings, at room temperature, on spherical AuNP. This assumption was 

also confirmed by potentiometric titration data (see 3.3.2.2). 

As a final consideration, the grafting of bifunctional PEG and the study of their 

acid-base properties, as already pointed out, is important for additional 

functionalization of the coating layer with various (bio)molecules, such as 

fluorophores, peptides and antibodies, typically through amide bond formation 

(for amine or carboxyl-terminated PEG@AuNP) or click chemistry reactions (e.g. 

azide-PEG@Au NP), while maintaining the stability of the system.120,125 The 

addition of end groups whose charge depends on pH, such as carboxylates or 

amines, also affects the properties of the coating (non-functional PEG generally 

displays little net-charge), altering the interactions with other biomolecules and 

the surrounding environment in general.126 

3.1.3 Investigation of the coating properties 

3.1.3.1 Confinement effects 

Immobilization of coating ligands onto nanoparticles can modify the 

physicochemical properties of these molecules, including the redox potentials, 

ability to undergo conformational changes and the availability for further 

functionalization or assembly of superior structures.127 

The effect of confinement of molecules in a limited volume on their acid/base 

properties has been already explored in micellar systems.128 Indeed, micelle-

included molecules are confined inside a nanometric volume, generating a huge 

increase of their local concentration. For example, when a lipophilic molecule is 

added to a bulk aqueous micellar solution, even at micromolar or sub-micromolar 
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concentration, its local in-micelle concentration rises up several orders of 

magnitude, thanks to micellar inclusion. Therefore, reciprocal interactions (e.g. 

coordinative, donor–acceptor, hydrogen bonding) between different molecules 

inside a micelle will be strongly promoted.  

This phenomenon, together with poor solvation and low ions concentration, 

particularly affects the tendency to protonate/deprotonate of the included 

acid/base active species. For example, dodecyldimethylamine included in micelles 

from Triton X-100 displays a logarithmic protonation constant of 7.84, almost 3 log 

units lower than the value for the reference triethylamine in water.129  

Moreover, the electrostatic effect played by the overall charge on the micellar 

surface can be modulated by varying the composition of the micelles in terms of 

surfactants (e.g. anionic, cationic or non-ionic),  enabling a certain degree of control 

on the pKa and log K values of micelle-included species.130  

3.1.3.2 Potentiometric titrations 

A crucial point in the optimization of functional NP for successive modifications 

or combination with other components is an extensive characterization of their 

coating, including the accurate quantification of the available functional groups 

grafted on the NP surface and the assessment of their physicochemical properties. 

Potentiometric titrations have been proposed as a powerful and convenient tool 

for this purpose.131,132 Indeed, the possibility this technique offers to determine both 

the number of surface functional groups and their properties in terms of ionization 

state can help improving the quality and reproducibility in the development of 

advanced nanomaterials.  
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Acid-decorated NP have been widely exploited for the formation of advanced 

coatings by bioconjugation or self-assembly on the NP surface.125,133 In all these 

systems, the knowledge of the protonation state of the carboxylic groups is of key 

importance for a proper functioning. How NP binding affects the immobilized 

ligands has been scarcely investigated, with a focus on the modification of the acid-

base equilibria of the acidic coating molecules. For example, it has been 

demonstrated that the pKa of a self-assembled monolayer (SAM) of a model acidic 

ligand, 11-mercaptoundecanoic acid (MUA), on AuNP differs from the value 

characterizing the SAM on a flat surface by as much as two pH units.132 The authors 

also observed a variation of the pKa shift that is correlated with the NP curvature. 

In particular, with the NP radius decreasing, the distance between the charged end 

groups increases, thus lowering the electrostatic repulsion between them. 

Therefore, smaller NP have smaller pKa shifts. It was also described how the value 

of the pKa can be controlled by the concentration of salt in solution and by the size 

of the ions.132  Similarly, another work found a positive pKa shift of 2−2.5 units for 

MUA molecules grafted onto AuNP compared to the free ligand value. The 

increase was attributed to the accumulation of negative charges on the surface, as 

carboxyl groups deprotonate. Even higher pKa shifts were measured in the case of 

Figure 25 Schematic approach for the characterization of NP coating by potentiometric titrations. 

[131] 



84 
 

a shorter ligand, 3-mercaptopropanoic acid (MPA).131 Such findings are consistent 

with older studies on carboxyl-terminated thiols SAM on planar Au surfaces.134,135 

It is then clear that NP-bound coating molecules display a different chemical 

reactivity than that of the starting material. For instance, the weak nucleophilicity 

of carboxylate groups will be exerted at different pH when free in solution or when 

supported on NP. The use of potentiometric titrations for the quantitative 

characterization of NP coating enables the control of its stability as well as the 

efficiency of purification procedures or the yield of functionalization reactions. 

This method of investigation can be extended to other types of coated NP and can 

help tailor the properties of nanostructured materials and systems based on 

ionizable molecules. 
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3.2 EXPERIMENTAL DETAILS 

3.2.1 Materials and instrumentation 

3.2.1.1 Reagents 

Gold(III) chloride solution 99.99% (30 wt. % in dilute HCl); Trisodium citrate 

dihydrate; 2-(2-Methoxyethoxy)ethanethiol 97%; O-(2-Mercaptoethyl)-O′-methyl-

hexa(ethylene glycol) ≥95%; Poly(ethylene glycol) methyl ether thiol (HS-PEG-

OMe, mw 750); Poly(ethylene glycol) methyl ether thiol (HS-PEG-OMe, mw 2000); 

Poly(ethylene glycol) methyl ether thiol (HS-PEG-OMe, mw 5000); Methoxyacetic 

acid 98%; 2-(2-Methoxyethoxy)acetic acid; [2-(2-Methoxyethoxy)ethoxy]acetic 

acid; O-(2-Carboxyethyl)-O′-methyl-undecaethylene glycol ≥95%; Thiol-dPEG®4-

acid ≥95%; O-(2-Carboxyethyl)-O′-(2-mercaptoethyl)heptaethylene glycol ≥95%; 

O-(3-Carboxypropyl)-O′-[2-(3-mercaptopropionylamino)ethyl]-polyethylene 

glycol (HS-PEG-COOH, mw 3000); O-(3-Carboxypropyl)-O′-[2-(3-

mercaptopropionylamino)ethyl]-polyethylene glycol (HS-PEG-COOH, mw 5000); 

Sodium nitrate ≥99%; Potassium phthalate monobasic acidimetric standard; 

Sodium hydroxide standard solution 0.1 M; Nitric acid standard solution 1 M; 

Nitric acid ≥65%; Hydrochloric acid ≥37% have all been bought by Merck Life 

Sciences, Milano, Italy, and used without further purification.  

3.2.1.2 Glassware pre-treatment 

All the glassware used in the syntheses was pre-treated with aqua regia for 15 

minutes and then washed three times with bidistilled water in an ultrasound bath 

for 5 minutes. 
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3.2.1.3 Instrumental procedures 

Ultracentrifugation  

Ultracentrifugation was carried out using the Hermle Z366 ultracentrifuge with 10 

mL polypropylene tubes or 30 mL polycarbonate tubes. 

Rotary evaporation 

Gold colloids were concentrated using a LABOROTA 4000eco rotary evaporator 

(Heidolph), keeping the water bath at 30-35°C. 

UV-Vis-NIR spectroscopy  

Absorption spectra were recorded on a Varian Cary 60 spectrophotometer in 1 cm 

optical glass cuvettes. 

Dynamic Light Scattering (DLS) 

DLS analysis was performed with a Zetasizer Nano ZS90 instrument (Malvern 

Instruments) equipped with a 4mW 632.8 nm laser source. Size were carried out in 

a quartz fluorescence cuvette (1 cm×1 cm) with a 90° detecting angle. For zeta 

potential measurements a folded capillary cell (DTS1070) was used. 

Thermogravimetric analysis (TGA) 

Dried AuNP samples were analyzed with a TGA Q5000 instrument (TA 

Instruments) by heating in a Pt crucible under nitrogen flux, from room 

temperature up to 600 °C with a linear ramp of 5°C/min. Data were elaborated by 

Universal Analysis v.4.5A software (TA Instruments) and the mass loss and 

temperature at mass loss values were evaluated considering the DTG signals. 

Potentiometric titrations 

All the potentiometric titrations were performed with the help of a Mettler-Toledo 

G20 automatic titrator, equipped with a combined glass electrode (DGi115-SC), in 

a glass titration vessel connected to a circulating thermostat (LAUDA Ecoline 
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RE207) at 20°C. Standard 0.1 M NaOH solution was used as titrant; titer was 

checked before each titration session by standardization with potassium hydrogen 

phthalate. All titrand solutions were prepared in bidistilled water with NaNO3 0.05 

M and HNO3 1 M standard solution was added in small amounts to adjust the 

starting potential. Nitrogen was bubbled in the vessel for 5 min before starting the 

titrations and then kept flowing throughout the whole experiment to maintain an 

inert atmosphere. Experiment control and data collection was carried out by the 

Mettler-Toledo LabX software; data analysis was performed with Hyperquad2008 

software. 

3.2.2 Gold nanoparticles preparation 

All solutions were prepared with bidistilled water, if not stated otherwise. 

3.2.2.1 AuNP synthesis 

Spherical gold nanoparticles (AuNP) were prepared through the standard citrate 

reduction method by Turkevich.105 87 μL of HAuCl4 solution (30 wt. % in dilute 

HCl) were added to 500 mL of bidistilled water and brought to boiling. Then, 25 

mL of a 0.017 M solution of sodium citrate dihydrate in water were added and, 

after the color turned to ruby red, heating was switched off, leaving the solution 

stirring for 2 hours. Before further use the prepared colloid was allowed to cool 

down to room temperature. 

3.2.2.2 AuNP coating and purification 

Citrate-coated AuNP from the synthesis were then treated with a HS-PEG or HS-

PEG-COOH to exchange the coating ligand. The selected thiol was dissolved in the 

colloid so as to get a PEG concentration of 2×10-5 M and allowed to react for at least 

3 hours at room temperature. Then, pegylated AuNP were purified by 
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ultracentrifugation at 13000 rpm (15870 rcf) for 30 min. The supernatant was 

discarded and each pellet redispersed in the original volume of fresh water. The 

procedure was repeated two times, after which the AuNP are ready for further 

characterization. For TGA measurements, a third ultracentrifugation cycle was 

performed on 100 mL of the colloid. The resulting pellets were reunited, dried 

under a gentle nitrogen flow until complete solvent evaporation and then kept 

under vacuum in a desiccator before the analysis. 

3.2.3 Potentiometric titrations 

3.2.3.1 Free ligands titration 

20 mL of 0.1 mM, 0.5 mM and 1 mM solutions of the molecules considered were 

prepared, either by directly dissolving the solid in water (with NaNO3 0.05 M) or 

by dilution of a 0.01 – 0.1 M stock solution, and placed in the thermostatic titration 

vessel, allowing to thermally equilibrate to 20°C. After the addition of 50 μL of 1 

M HNO3 standard solution, they were titrated with NaOH 0.1 M standard 

solution, using stepwise additions of 10 μL. A gentle nitrogen flow was kept in the 

empty space over the solution in the titration vessel, in order to avoid atmospheric 

CO2 interference. 

3.2.3.2 PEG-coated AuNP titration 

For potentiometric titrations of the PEG molecules bound on AuNP, concentrated 

colloids were necessary. In order to have sufficient AuNP solution for the 

experiments, the synthesis described in 3.2.2.1 was scaled up to 2.5 L. In this case 

the amount of PEG added to coat the NP was exactly that needed to obtain a 100% 

coverage, as calculated from TGA data. In particular, 15.0 mg of HS-PEG5000-COOH 

and 19.0 mg of HS-PEG3000-COOH were used alternatively. The procedure for the 
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coating is the same reported in 3.2.2.2. After pegylation, the whole volume of 

AuNP was reduced to roughly 250 mL by rotary evaporation. The obtained 10× 

solution has been then purified with 3 cycles of ultracentrifugation at 13000 rpm 

for 30 min. After each cycle, the supernatant was not completely colorless, given 

the high colloidal concentration, so a second round of centrifugation was 

performed to maximize the NP recovery. All the pellets obtained were collected 

together and redispersed in a total volume of 25 mL with bidistilled water. This 

100× concentrated AuNP solution was then placed in a dialysis tube membrane 

(MWCO 14 kDa) and thoroughly purified for one week to achieve the complete 

elimination of all the citrate present, which obviously would interfere in the 

potentiometric measurement. At this point, after the addition of the supporting 

electrolyte (NaNO3 at 0.05 M concentration) and excess acid (250 μL of HNO3 1 M), 

the whole batch was transferred in the thermostatic titration vessel, allowing to 

thermally equilibrate to 20°C, and titrated with standard 0.1 M NaOH, using 

stepwise additions of 10 μL, under a N2 atmosphere.  
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3.3 RESULTS AND DISCUSSION 

3.3.1 PEG-coated AuNP 

3.3.1.1 AuNP preparation and coating 

Citrate-coated AuNP have been prepared via a standard citrate reduction method 

(see experimental details in 3.2.2.1) yielding monodisperse spherical nanoparticles 

with an average diameter of 17(1) nm. A typical extinction spectrum, presenting a 

sharp LSPR band at 519 nm, together with a picture of the colloid and an electron 

microscope image of the NP are shown in Figure 26. Hydrodynamic diameter 

(dhyd) and zeta potential (ζ), measured by Dynamic Light Scattering (DLS), are 

reported in Table 4. 

Freshly prepared AuNP have been then coated with various thiolated 

polyethylene glycols with different molecular weights (general structures of the 

molecules are shown in  Figure 29). In particular, four methoxy-terminated PEG 

(HS-PEG) with average molecular weight of 2000 (n ~ 44), 5000 (n ~ 112), 10000 (n 

~ 226) and 20000 (n ~ 453) were chosen, together with two α,ω-bifunctional 

polymers (HS-PEG-COOH) with mw = 3000 (n ~ 64) and 5000 (n ~ 110).  

Figure 26 (A) Extinction spectrum, (B) picture and (C) TEM image of a freshly prepared solution 

of citrate-coated AuNP. 
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In all cases, an equal, slight red-shift of 2-3 nm of the LSPR absorption band has 

been observed upon pegylation, due to the small local refractive index variation 

associated with the substitution of the coating ligand on the NP surface (see Figure 

27 for a representative spectrum of AuNP@HS-PEG5000-COOH compared to that of 

the starting AuNP solution).  

3.3.1.2 Coating characterization 

Size and zeta potential 

All the samples have been analyzed with DLS in terms of hydrodynamic diameter 

(dhyd) and zeta potential (ζ). Results are reported in Table 4. As-prepared AuNP 

have a highly negative ζ value (−32 mV) due to the layer of citrate anions adsorbed 

onto their surface. These are displaced by the addition of PEG thiols, that bind on 

the Au surface in the thiolate form (-S-PEG). This explains how the zeta potential 

observed with neutral PEG (without -COOH) is still negative, although less 

Figure 27 Extinction spectra of a solution of citrate-coated AuNP (black line) 

and of the same coated with HS-PEG5000-COOH (red line)  
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pronounced and moving toward zero with increasing coating thickness. Longer 

polymeric chains shield more the negative charge present on the AuNP surface – 

considering that ζ is measured at the slipping plane, which is moved further from 

the surface with bigger PEG molecules. 

Table 4 Zeta potential (ζ), hydrodynamic diameter (dhyd), % PEG/Au ratio and average 

number of PEG molecules per particle for AuNP coated with different HS-PEG and HS-

PEG-COOH. Data for citrate-coated AuNP are reported for reference. 

 AuNP 

citrate 

AuNP 

HS-PEG 

AuNP 

HS-PEG-COOH 

PEG MW  2000 5000 10000 20000 3000 5000 

ζ (mV) -32 -13 -5 -9 -1 -22 -13 

dhyd (nm) 21 23 54 74 93 48 56 

%w/w PEG/Au - 11.5% 29.4% 29.7% 43.6% 14.4% 10.9% 

n PEG/NP - 1805 1759 889 652 1434 652 

 

Accordingly, a clear trend can be noticed in the size of the coated particles, with 

the hydrodynamic diameter increasing with the polymer length, both in the case 

of HS-PEG and HS-PEG-COOH. Instead, as expected, similar dimensions have 

been found for particles coated with PEG molecules with the same mw, regardless 

of the terminal functional group, as can be verified comparing values for 

AuNP@HS-PEG5000 and AuNP@HS-PEG5000-COOH.  

Zeta potential in the case of carboxylated AuNP is clearly more negative, due to 

the presence of charged -COO⁻ groups (fully deprotonated at working conditions) 

on the outer part of the coating. However, a decrease of its absolute value with 

increasing PEG mw seems to occur also in this case, but this is likely related to the 

decrease of the NP coverage (see discussion below). 
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Determination of PEG coverage 

In order to evaluate the average number of coating molecules grafted on a single 

particle, thermogravimetric analysis (TGA) was performed on all AuNP samples 

considered. This technique allows to precisely quantify the amount of substance 

lost (or eventually gained, e.g. in reactions with oxygen) from a sample upon 

heating. A linear temperature ramp of 5°C/min has been used. Since, after 

purification, the only organic material remaining in the samples should be the PEG 

grafted on the AuNP, the weight loss occurring in the 200-400°C range can be 

entirely attributed to the NP coating. Once the amount of Au fraction in the sample 

is derived by difference from the initial weight of the whole sample (residual 

water, sometimes visible in the TGA curves as a small loss around 100°C, must be 

subtracted too), the PEG/Au ratio can be calculated (see results in Table 4). From 

these data, the average number of PEG molecules per particle can be obtained 

knowing the average NP mass, calculated in turn from the Au density and the 

volume of the NP core (measured with TEM imaging, i.e. from the average 

diameter of the nanospheres).  

 

 

Figure 28 Schematic representation of the coating of AuNP with different HS-PEG, illustrating 

how the coverage decreases with increasing PEG length (left) and how the coverage achieved for a 

HS-PEG-COOH is lower than with the correspondent HS-PEG with the same mw (right). 
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It is evident from the values reported in Table 4 that the amount of PEG molecules 

present on a single NP decreases with increasing the length of the polymer chain. 

This trend can be attributed to a hindering effect, both on the available surface on 

the AuNP by the already grafted molecules and on the thiol group of the incoming 

ones, an effect that is more relevant for longer chains. Finally, for the same PEG 

molecular weight, a lower coverage is achieved when -COOH is present, most 

probably due to the repulsion between the charged end groups (Figure 28). 

3.3.2 Potentiometric studies 

3.3.2.1 Protonation constants determination of free PEG molecules 

As preliminary experiments, with the perspective of studying the behavior of 

thiol-PEG molecules grafted on AuNP, potentiometric titrations of various HS-

PEG, and HS-PEG-COOH free molecules have been performed in order to 

determine their protonation constants. A series of analogue molecules with 

different molecular weights have been studied for each class, ranging from the 

smallest ones, with few monomeric units (formally not PEG but oligo-ethylene 

glycols), up to medium-length chains of hundreds of EG units (mw of few 

thousands). The general structures of the examined molecules are shown in Figure 

29. The screening allowed to appreciate the effect of the PEG chain length on the 

acidity of the terminal functional groups. PEG-COOH have also been examined 

for comparison, to better evaluate the effect on the two distinct groups.  

Figure 29 General structures of HS-PEG (left), PEG-COOH (middle) and HS-PEG-COOH (right) 

molecules. 
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Table 5 pKa values for a series of PEG-COOH, HS-PEG and HS-PEG-COOH 

molecules obtained from the fitting of potentiometric titration curves 

 MW n pKa1 pKa2 

PEG-COOH 

90 0 3.85(2) - 

134 1 3.85(2) - 

178 2 3.86(2) - 

589 11 4.56(1) - 

5000 112 4.78(1) - 

HS-PEG 

136 1 - 9.49(2) 

350 6 - 9.51(2) 

750 15 - 9.62(4) 

2000 44 - 9.4(2) 

5000 112 - 9.34(7) 

HS-PEG-COOH 

282 4 4.44(2) 9.67(2) 

459 7 4.47(2) 9.70(2) 

3000 64 4.7(1) 9.6(1) 

5000 110 4.8(1) 9.5(2) 

 

The potentiometric titration profile (pH vs added base volume) of a solution of the 

molecule of interest at a known concentration, obtained as described in detail in 

3.2.3.1, and fitting of the resulting curve with the Hyperquad software package136 

allowed to derive its pKa values.  

Results obtained from titration of 0.5 mM solutions are presented in Table 5. Data 

for 0.1 mM solutions are not reported, because in most cases the concentration of 

the weak acid was too low to observe a titration profile different from that of a 

strong acid with a strong base (and constants could not be determined by the 

fitting program). On the other hand, data for 1 mM solutions are incomplete 
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(results for HS-PEG-COOH are missing for a shortage of materials; as an example, 

20 mL of 1mM solution of HS-PEG-5000 would require a solution containing 100 

mg of product).  

The increasing length of the molecules yields an evident shift of pKa1 to higher 

values. This could be attributed to the possibility for the -COOH to establish 

intramolecular interactions with longer PEG chains as well as to the higher 

entropic cost needed to expose the terminal group towards the solvent once 

deprotonated. Both effects are related to a higher flexibility and conformational 

variability of longer molecules, that eventually cause the observed decrease of 

their apparent acidity by “trapping” or hiding the hydrophilic –COOH group, e.g. 

by H-bond interactions with the non-bonding couples of the –O– units. On the 

contrary, no clear trend can be noticed for the -SH group, coherently with the lower 

electronegativity of the S atom, not allowing H-bond interactions. 

3.3.2.2 Potentiometric titrations of AuNP@HS-PEG-COOH  

The following step was of course to attempt potentiometric titrations on HS-PEG-

COOH grafted on the surface of AuNP, for the purpose of understanding how the 

properties of the coating molecules are affected when confined on the surface of 

the nanoparticles.  

In particular, the aim was to determine the variation of the acidity of AuNP-bound 

HS-PEG-COOH with respect to the free molecules (Figure 30), given that the –SH 

acid/base behavior is not observable, due to the stability (at least at 20 °C) of the S-

Au bond. 
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Significant experimental problems were encountered. For example, considering 

AuNP coated with HS-PEG-COOH with mw 5000, PEG is only 10% w/w of the 

coated particle, as we have seen from TGA data. A 0.1 mM concentration of such 

PEG in 20 mL of titrating solution requires 10 mg of the polymer and, 

consequently,  90 mg of Au, that is a huge quantity and an unusually high 

concentration for a gold colloidal solution. Therefore, highly concentrated 

solutions of pegylated AuNP had to be prepared in order to get a barely sufficient 

ligand concentration (> 10-4 M) for the detection of the protonation equilibrium of 

the -COOH group and the determination of its constant.  

The starting AuNP solutions (2.5 L) have been intensively purified after 

pegylation, concentrated 100 times and then titrated (see experimental details in 

3.2.3.2). The experiment has been performed on AuNP@HS-PEG5000-COOH and 

AuNP@HS-PEG3000-COOH. The concentration of PEG in the final colloidal 

solutions was 0.12 mM and 0.25 mM, respectively. Figure 31 shows both 

experimental and calculated titration curves for the latter sample.  

 

 

Figure 30 Schematic representation of the protonation equilibrium for the carboxylic acid of a 

general HS-PEG-COOH free molecule (left) and when grafted to AuNP 
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The actual situation in these samples is complex, as the molecules grafted on a 

single AuNP are confined on a limited space and are then somehow affected by 

the surrounding environment. In particular, different carboxylic groups can 

interact between themselves, so that they cannot be considered as independent. 

The deprotonation of one -COOH affects the equilibrium of those of its 

neighboring molecules, as a negative charge adds up in the system, making the 

following deprotonations less favorable. This, in turn, leads to a progressive shift 

of the single protonation constants to higher pKa values, i.e. a decrease in the 

acidity, generating overall a distribution of close yet different values. So, the 

AuNP@HS-PEG-COOH system ought to be considered as a whole, as 

characterized by multiple equilibria that can also vary in the course of the 

experiment.  

Figure 31 Potentiometric titration curve (pH vs mL) for AuNP@HS-PEG3000-COOH; 

observed data are indicated in blue, red dashed line is the fitted curve. 
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However, given the inconvenience of setting countless similar protonation 

constants, not to mention the difficulty in determining them numerically, a simpler 

model with a single constant was adopted. This is intended as an apparent 

constant, representative of the average situation of the more complex system. The 

constant related to the thiol function of the PEG was not considered in the model, 

as its protonation is supposed not to occur at working conditions (starting pH 

around 2), with the sulfur atom remaining firmly bound to the Au surface. This is 

confirmed by the stability of the AuNP throughout the whole experiment, since 

protonation would otherwise lead to the detachment of the coating molecules and 

therefore to a general destabilization of the colloidal solution. Moreover, a titration 

was carried out also on a colloidal solution of AuNP coated with HS-PEG5000-

OCH3, i.e. with no acid/base functions. Beside some interference due to citrate (that 

was not accurately eliminated in this first experiment), the reassuring data was 

that no titration curve inflection was observed in the pH range in which -SH 

groups are expected to undergo deprotonation (8-10), a further indication that no 

significant HS-PEG release from AuNP occurs. 

In both experiments, a clear increase of more than 1 unit of the carboxylic acid pKa 

was observed. In particular, similar values of 5.9(4) for AuNP@HS-PEG5000-COOH 

and 6.0(7) for AuNP@HS-PEG3000-COOH were found, corresponding to a shift of 

1.1 and 1.3 units, respectively, relative to the values for the free molecule (see Table 

5 for comparison). The fact that the obtained values are only indicative of a broader 

distribution of pKa is reflected in the higher standard deviation associated to these 

values compared to those obtained for the free molecules. The slightly stronger 

variation in the case of AuNP@HS-PEG3000-COOH could be related to the higher 

NP coverage given by this molecule, as observed in 3.3.1.2. As a matter of fact, a 
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“denser” coating layer would increase interactions between nearby molecules, 

making the deprotonation accordingly more difficult. 
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3.4 CONCLUSIONS 

The coating of gold nanoparticles with different PEG thiols has been thoroughly 

investigated. Spherical AuNP have been coated with various HS-PEG and HS-

PEG-COOH of different molecular weights and examined by Dynamic Light 

Scattering (DLS) and Thermogravimetric Analysis (TGA) to study the properties 

of the coated AuNP. Size, zeta potential and PEG coverage results, in terms of 

average number of molecules per particle, all show a clear correlation with the 

molecular weight of the polymer. In particular, the latter parameter is affected by 

the steric hindrance of longer chains, that prevent an easier access to the NP surface 

of other molecules and their closer arrangement, as in the case of smaller 

molecules.  

Potentiometric titrations of HS-PEG, PEG-COOH and HS-PEG-COOH molecules 

allowed to determine their protonation constants. Even in this case, a trend related 

to the different molecular weight was observed in the pKa values. In particular, the 

acidity of the carboxylic acid decreases with increasing length of the polymer 

chain, probably as an effect of increased intramolecular H-bonds, hindering the 

deprotonation process. 

Eventually, two different AuNP@HS-PEG-COOH samples have been titrated, 

demonstrating a further shift of the apparent pKa of the -COOH groups to higher 

values when confined on the AuNP. The simplest interpretation is that this 

phenomenon occurs because the tendency of each functional PEG to undergo 

deprotonation is affected by the presence of other nearby molecules grafted on the 

NP surface and decreases in the course of the experiment (depending on the degree 

of dissociation of the system). So, the obtained constants are only averaged values 



104 
 

of a complex situation, where this interaction between neighboring molecules 

generates a distribution of multiple different protonation constants. 

As future perspectives, further titrations of AuNP coated with non-functional HS-

PEG may be performed as a control, to confirm that the thiolate group is in any 

case (i.e. independently on the chain length) still bound to the Au surface and does 

not present any acid/base activity and, in general, to better understand the whole 

system and the significance of such experiments.  

However, the complex procedure of purification and concentration needed to 

obtain a suitable sample for potentiometric titration is quite demanding in terms 

of time and materials and not so mild on the colloidal solution. For this reason, it 

appears quite unfeasible to perform it on all the other possible samples coated with 

the different thiol-PEG available. Therefore, an alternative approach seems 

necessary for a more practical/convenient screening of the set of PEG molecules 

considered that could be grafted on AuNP. A possible option would be to exploit 

DLS to perform zeta potential titrations, that could as well give some indication on 

the collective behavior of the functional groups on the coating. This method should 

then allow faster measurements, as it can be applied on as-prepared pegylated 

AuNP, thus not requiring strong concentration of the samples. If effective, this 

could serve as a preliminary screening to plan potentiometric experiments aimed 

at selected samples.   
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PART 4. PHOTOTHERMAL 

PDMS SPONGES 
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4.1 BACKGROUND 

In recent years porous materials have received an increasing attention in literature, 

often with the purpose to mimic natural occurring porous structures. A variety of 

materials have been developed, starting from inorganic zeolites, active carbon, 

porous silicates, to hybrid metal-organic frameworks (MOFs) and porous organic 

polymers (POPs).137,138 Porous polymers have been particularly studied as they 

combine typical properties of porous structures, such as large surface area and 

well-defined porosity, with the advantages of polymeric materials, namely the 

ease in processability, with multiple possible routes for their fabrication and 

functionalization. The use of porous polymeric materials has been developed for 

various applications, such as greenhouse gas adsorption, proton conduction, 

energy storage and conversion, sensing, separation, catalysis, drug delivery and 

tissue engineering.139–145  

4.1.1 PDMS-based porous materials 

Among many possible porous polymeric materials, the growing research interest 

on polydimethylsiloxane (PDMS) sponges is based on the remarkable properties 

of this polymer. Indeed, PDMS has been the most widely used silicon-based 

organic elastomer since the first silicones were synthesized by Wacker Chemie in 

the 1950s. Its viscoelasticity, biocompatibility, chemical and mechanical resistance, 

low glass transition temperature, high cost-effectiveness and good moldability, 

promoted its widespread practical use. The Si–O–Si backbone (see Figure 32 for 

the structure) provides high flexibility, non-toxicity, non-flammability, thermal 

and electrical resistance, and low bulk density. PDMS ensures high transmittance 

and low UV absorption, making it suitable for fine optical applications.146  
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Because of its excellent contour accuracy of less than 10 nm, it is widely employed 

in micro- and nanofabrication.147 PDMS is resistant against most aqueous reagents 

and alcohols, while organic solvents, such as xylene, are able to give swelling.148 In 

addition, it is permeable to small unreactive vapor and gas molecules such as 

water and oxygen. The surface of pristine PDMS is hydrophobic, presenting a low 

surface tension. However, its wettability can be increased on purpose, with the 

introduction of hydroxyl groups by oxygen plasma treatment; this also enables the 

further functionalization of the surface.149,150 However, this modification is 

temporary, as it regains its hydrophobic properties owing to chain migration.151  

Different approaches can be followed to generate the porous structures in PDMS 

sponges, such as template leaching, phase separation, gas foaming or 3D 

printing.152 The appropriate fabrication method, yielding materials with the 

required structural characteristics (total porosity, pore size, geometry and 

distribution, etc.). should be selected according to the desired functions; not every 

fabrication method could meet the needs of the intended application. The template 

leaching approach involve generally the use of sugar cubes (or other macroscopic 

objects with a definite shape) to assist the infiltration of the liquid pre-curing 

mixture (SYLGARD™ 184 Silicone Elastomer Kit) into the voids of the sacrificial 

template.  Then, the PDMS-soaked cubes are cured in an oven to complete PDMS 

Figure 32 General structural formula of a linear 

polydimethylsiloxane (PDMS). 
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polymerization and eventually the sugar template is leached out by water, giving 

a 3D interconnected porous polymeric structure. The pore size and porosity of the 

PDMS sponges can be tuned by varying the particle size in the template and the 

mixing ratio with the PDMS precursors. The typical pore size obtained by sugar 

leaching techniques is in the range from tens to hundreds of μm. The fabrication 

of PDMS sponges with optimized performance for oil absorption has been already 

reported using sugar crystals153 or NaCl microcrystals154 of different sizes to obtain 

the templates. More recently, an alternative leaching method was described, 

employing citric acid and ethanol as solvent, which is capable of wetting PDMS, 

thus optimizing the template removal. Accordingly, the obtained sponges 

presented high performances in oil absorption.155 Other sacrificial templates, such 

as polystyrene (PS) microspheres with specific dimensions, have been reported for 

generating fine-tuned porous structures.156 A major drawback in these cases is the 

need of hazardous solvents for the leaching of the templates. 

The possibility to functionalize the PDMS sponges, either by inclusion of active 

components or by modification of the pores surface, provide these materials with 

extensive scope for application as flexible conductors, sensors, energy generators 

and storage devices, adsorbents, oil/water separators, biomedical scaffolds.152 The 

inclusion of photothermally active nanoparticles, for instance, is a promising way 

for the production of materials for efficient solar energy harvesting and 

conversion.35 In continuity with the inclusion of photothermal GNS in polymeric 

films studied in the first part of the PhD research, the inclusion of such active 

plasmonic nanoparticles was also studied during the PhD period, in particular 

with the perspective of obtaining floating materials for solar-driven water 

evaporation. 
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Solar-driven evaporation is a growing technology with many potential 

applications including desalination, power generation, purification, sterilization, 

and phase separation.157 Recently, a PDMS porous material containing carbon 

nanoparticles (CNPs) has been produced by Wang et al. via salt-leaching technique 

and tested as an interfacial receiver for solar-driven water evaporation.158 The 

inclusion of CNPs significantly increases the solar absorptivity of the material to 

∼97% without impacting their inherently low thermal conductivity. Modification 

with polyvinyl alcohol (PVA) was carried out to impart hydrophilicity to the 

porous structure, enabling continuous water transport to the air-water interface.  

GNS have been already successfully embedded in bulk PDMS in our laboratory, 

by coating them with HS-PEG-OMe (mw 5000) and dispersing in THF or ethanol. 

In this way,  photothermally active PDMS films were produced, capable of 

exerting a good microbicidal action against E. coli upon laser irradiation at 800 

nm.71 This prompted me to study the preparation of PDMS sponges containing the 

same kind of photothermal gold nanoparticles. 
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4.2 EXPERIMENTAL DETAILS 

4.2.1 Materials and instrumentation 

4.2.1.1 Reagents 

Gold(III) chloride solution 99.99% (30 wt. % in dilute HCl); Triton™ X-100 

(laboratory grade); Silver nitrate ACS reagent, ≥99.0%; Sodium borohydride 

≥98.0%; L-Ascorbic acid ≥99.0%; Poly(ethylene glycol) methyl ether thiol (HS-PEG-

OMe, mw 5000); Tetrahydrofuran, ≥99.9% were all purchased from Merck Life 

Sciences (Milano, Italy). SYLGARD™ 184 Silicone Elastomer Kit was supplied by 

Dow Chemical (Midland, MI, USA). Kitchen sugar (sucrose) was purchased from 

a local supermarket. All reagents were used without further purification.  

4.2.1.2 Glassware pre-treatment 

All the glassware used in the syntheses was pre-treated with aqua regia for 15 

minutes and then washed three times with bidistilled water in an ultrasound bath 

for 5 minutes. 

4.2.1.3 Instrumental procedures 

Ultracentrifugation 

Ultracentrifugation was carried out using the ultracentrifuge Hermle Z366 with 

polypropylene 10 mL tubes. 

UV-Vis-NIR spectroscopy  

Absorption spectra were recorded on a Varian Cary 60 spectrophotometer in 1 cm 

optical glass cuvettes. 
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Thermograms 

Thermal images were taken with a FLIR E40 thermal camera with FLIR Tools+ 

dedicated software for data acquisition and analysis. Different regions of interest 

(ROI) were defined, each comprising a single irradiated sample, and the maximum 

temperatures inside each ROI (±0.1 °C accuracy) were determined for all the 

thermal images recorded. Thermal images were acquired at 1 fps rate for 200 

seconds. 

4.2.2 PDMS sponges preparation 

4.2.2.1 GNS synthesis 

GNS were prepared according to the same general method described in Part 1.53 In 

detail, a seed solution was first obtained by mixing 5.0 mL of 0.2 M Triton X-100 

with 5.0 mL of 0.5 mM HAuCl4 and then quickly adding 600 μL of ice-cooled 0.01 

M NaBH4. The resulting light orange solution was kept in an ice bath and used 

within 1 hour. For the growth, 50 mL of 0.2 M Triton X-100 were put in a 250 mL 

flask under magnetic stirring at room temperature and then the following 

additions were made in a fast and sequential fashion: 2.5 mL AgNO3 4 mM, 50 mL 

HAuCl4 1 mM, 1.7 mL ascorbic acid 78.8 mM and finally 120 μL of a freshly 

prepared seed solution. The solution quickly turned from pale yellow to colorless 

and, after the last addition, to violet and eventually blue-black color, at which point 

stirring was stopped. However, the growing process was allowed to proceed and 

considered complete after 2 hours.  

4.2.2.2 GNS coating and purification 

The obtained GNS were then coated with HS-PEG (mw 5000) by adding to the 

colloidal solution the proper amount of thiol to give a 2×10-5 M final concentration 
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and allowing to react for at least 3 hours at room temperature. After that, 10 mL of 

the pegylated GNS were purified by ultracentrifugation at 13000 rpm (15870 rcf) 

for 25 min. The colorless supernatant was discarded and the pellet redissolved in 

10 mL of fresh water. The procedure was repeated three times, with the aim of 

removing all the surfactant and other subproducts from the synthesis, but after the 

last cycle the pellet was dried under a gentle N2 flow and then redispersed in 100 

μL of THF. 

4.2.2.3 Production of PDMS-GNS sponges 

First, sacrificial templates for PDMS were obtained by packing the sugar, with the 

addition of few drops of water (~ 1% w/w), in a silicone mold. After drying in an 

oven at 60°C for 4 hours, the templates were extracted from the mold and were 

ready to use. PDMS precursor mixture was obtained according to the 

manufacturer instructions, mixing the two components of the kit, base elastomer 

and curing agent, in a 10:1 weight ratio. For the preparation of PDMS sponges with 

GNS embedded, 100 μL of the concentrated GNS suspension in THF were added 

to 5 g of the polymer mixture, stirring until uniform distribution of the GNS was 

achieved. Then, the mixture was casted into a Petri dish and a sugar template was 

dipped in it, keeping everything under vacuum in a desiccator for 2 hours to allow 

the degassing of the polymer mixture and its full permeation in the template. The 

PDMS-soaked templates were then heated in an oven at 45 °C overnight to allow 

the curing process of the polymer. The cross-linked samples were then placed in a 

bidistilled water bath until the complete dissolution of the sugar templates, giving 

the final PDMS sponges with GNS included. Blank PDMS sponge samples were 

obtained by the same procedure without the addition of any NP.  
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4.3 RESULTS AND DISCUSSION 

4.3.1 Photothermal PDMS sponges  

4.3.1.1 GNS 

Gold nanostars were prepared according to the same method described in the first 

part.53 For a detailed description and characterization of GNS refer to 2.3.1.2. Since 

as-prepared GNS would not withstand ultracentrifugation, leading to irreversible 

aggregation, coating with a thiolated polyethylene glycol (HS-PEG) is necessary to 

perform the purification of the colloidal suspension, that is required to remove all 

the by-products from the synthesis and in particular the excess of the Triton X-100 

surfactant. The grafting of HS-PEG molecules on the GNS surface allows the 

nanoparticles not only to withstand repeated ultracentrifugation cycles, but also to 

be dried, handled as a powder and then be readily redispersed in a variety of 

solvents, including non-hydrophilic ones.53 Concentrated GNS solutions can be 

obtained as well, by simply adding the desired small volume of the selected 

dispersant to a dry pellet of PEG-coated GNS. 

In this case, GNS were coated with a methoxy-terminated thiol PEG (mw 5000) 

and, after 3 cycles of ultracentrifugation, redispersed in THF using 1/100 of the 

original water volume, obtaining a concentrated solution in THF, a non-aqueous 

solvent that is miscible with the components of the PDMS precursor kit (see 

below). The absorption spectra of GNS-PEG in water (black line) and in THF after 

purification (red line) are displayed in Figure 33. Given that the spectrum in THF 

has been recorded in such a volume to have the original GNS concentration, the 

absorbance of the LSPR band around 800 nm should be identical. However, the 

repeated ultracentrifugation procedure caused a noticeable loss of material, that is 

responsible of the lower absorption. 
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4.3.1.2 PDMS sponges 

Polydimethylsiloxane (PDMS) was employed to produce porous sponge-like 

scaffolds via a simple templating method. Common sugar (sucrose) has been used 

here as sacrificial template to absorb the PDMS precursor mixture via capillary 

forces and thus support its curing process, yielding the formation of a self-standing 

PDMS structure. The hydrophobic nature of PDMS allows the use of a water-

soluble template, which can be easily dissolved after curing the polymer, leaving 

a network of highly interconnected pores in the resulting PDMS scaffolds (Figure 

35).  

Figure 33 Extinction spectra of GNS@HS-PEG5000 in water (black line) and 

in THF (red line), after purification. 
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By the inclusion of GNS, photothermally active PDMS sponges have been 

produced. As mentioned above, GNS need to be coated with a HS-PEG to be 

transferred in a solvent compatible with PDMS, such as THF, allowing their 

efficient dispersion in the polymer mixture.71 A small amount of the concentrated 

GNS-PEG solution in THF obtained by ultracentrifugation has been added to the 

precursor mixture. By curing at 45°C overnight, the cross-linking reaction in PDMS 

is promoted, and the polymer structure is consolidated. At this point, the templates 

have been leached in water, to obtain self-standing PDMS-GNS sponges. A 

reference blank sample has been also prepared, without the addition of any GNS 

in the mixture. Pictures of the obtained samples are shown in Figure 34.  

Figure 35 Schematic representation of the templating process for the preparation of PDMS sponges. 

[152] 

Figure 34 Appearance of the obtained PDMS sponges with GNS-PEG 

embedded (left) and without (blank sample, right) 
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4.3.1.3 Solar photothermal response 

The photothermal effect of the produced PDMS sponges has been tested directly 

under natural solar irradiation. Thermograms and thermal images reported in 

Figure 36 have been recorded with the help of a thermal camera, according to the 

procedure described in 2.2.1.3. 

As can be noticed in Figure 36A (dark line), the temperature of PDMS-GNS 

rapidly increases, reaching a plateau after 2 minutes. The maximum temperature 

measured on the sample is around 35°C, corresponding to a T of 12 °C. The 

oscillations present in the curve are likely due to the slight variations of the solar 

irradiance and to the modifications of the atmospheric conditions in general, that 

cannot be controlled. The simultaneous irradiation of PDMS-blank did not 

produce any heating of the sample (T ~ 0), as expected (light line). Figure 36B and 

C show a thermal image of the two samples, respectively, after 180 s of irradiation.  

A B 

c

C 

Figure 36 (A) Thermograms (ΔT vs time) obtained by solar irradiation of PDMS sponges with GNS 

(dark line) and without (blank sample, light line). (B) Thermal image of the sample containing GNS 

at 180 s of irradiation; (C) same, for blank PDMS sample. 
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4.4 CONCLUSIONS  

In the last part of my PhD, porous PDMS scaffolds were prepared with a simple 

template leaching procedure. PDMS sponges with GNS embedded were obtained 

for the first time. The homogeneous dispersion of GNS in the polymer was made 

possible by their coating with thiol-PEG molecules (mw 5000) and transfer to THF.  

The resulting material is very elastic and possess high absorption capacity. 

Moreover, it floats over water without sinking. These properties, together with its 

hydrophobicity and biocompatibility, make it suitable for oil separation/water 

decontamination, and vapour production by direct solar light absorption. 

However, due to lack of time and unavailability of proper instrumentation, an 

accurate characterization in terms of mechanical properties, porosity, pore size and 

morphology could not be performed within my PhD research period, and it will 

be necessary for a finer tuning of the final material properties. In addition, control 

of the pore size and porosity could be achieved by modulation of the template 

particle size and packing.  

However, it was possible to measure the photothermal response of the PDMS 

sponges under real solar irradiation. Samples containing GNS presented an 

interesting temperature increase of more than 10°C, reached within 2 minutes, 

while blank samples showed no heating, as expected. The irradiation with natural 

solar light, as it was performed, present some limitations due to the poor control 

on the experimental conditions, such as the solar irradiance and the atmospheric 

conditions, that are always subjected to some oscillations. Such experiments would 

best be performed in a solar simulator, that would allow a fine control of all the 

parameters. However, this simple experiment is a clear indication of the heating 

efficiency of these materials when used in real life conditions. Moreover, it would 
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be certainly worth exploring different amount of included GNS, trying to enhance 

the photothermal response, or even to use different photothermal particles. 

While such porous materials could serve as solar evaporators, by thermally 

converting solar power to promote interfacial water evaporation, or as devices for 

oil separation and decontamination of water, the possibility to exploit the 

photothermal effect of the PDMS-GNS sponges to degrade absorbed hydrophobic 

pollutants, such as dyes or pesticides, still waits to be verified. 
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