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Abstract 

 
 
 
 
 

Water quality is one of the major challenges that human-

ity has to face. Tackling the problem of pollution needs 

the use of all the resources and expertise available to fill 

the lack of knowledge and technology. Concern is grow-

ing over the many emerging contaminants, including 

heavy metals ions and plastics, which are omnipresent 

and poorly managed. 

 In this contest, the presence of micro- and nanoplastics 

in the marine environment is raising strong concerns. The 

lack of appropriate methodologies to collect the nano-
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plastics from water systems imposes the use of engi-

neered model nanoparticles to explore their main charac-

teristics and behaviour. In order to develop a nanoplastic 

model more reliable and realistic compared to the com-

mon polystyrene nanospheres, in this thesis, laser abla-

tion has been applied to induce the formation of plastic 

nanoparticles in water starting from a bulk polymer film. 

The process was performed on Polyethylene Tereph-

thalate, a commercial polymer used to produce beverage 

bottles, widespread in the environment. PET nanoparti-

cles with an average size <100 nm, were carefully charac-

terized in terms of chemical/physical properties. Size, 

shape, surface chemistry and colloidal stability were ana-

lyzed and compared with what expected from a real sam-

ple. As the oral route has been defined as the main route 

for human exposure to nanoplastics, their biological in-

teractions and the effects on single intestinal epithelial 

cells and on a model of intestinal barrier have been as-

sessed. 

The aquatic environment exposes the nanoplastics to a 

great variety of substances and contaminants. The nano-
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plastics can therefore act as carriers for many toxic sub-

stances with risks for aquatic organisms but also for hu-

mans. The nanoplastic model was studied in presence of 

three model contaminants a pesticide, a drug and a heavy 

metal ion (glyphosate, levofloxacin and Hg2+ respec-

tively). The binding capacity toward these contaminants, 

was demonstrated and characterized quantitatively and 

qualitatively. The synergic biological effect of the contam-

inant-nanoplastic complexes was investigated in vitro on 

macrophages and intestinal epithelial cells. The conven-

tional toxicological assays have been implemented with a 

preliminary metabolomic analysis.  

Concerning heavy metal ions pollution, considerable at-

tention is being devoted to the development of low-cost 

and environmentally safe materials for their removal 

from polluted waters. Several strategies have been ap-

plied to solve the problem of toxic metal ions contamina-

tion in water, where the development of nanotechnol-

ogy, and in particular of novel metal oxide nano-sorbents 

provides a promising and efficient alternative. The appli-

cation of these technologies is however limited by the dif-

ficult management of nanomaterials in the environment. 
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Therefore, the use of a bionanocomposite made of titan-

ate nanosheets embedded in a silk fibroin matrix was pro-

posed as eco-friendly approach for water treatment ap-

plications. The nanocomposite has been characterized 

and its ion exchange performances have been analysed 

under various conditions. The nanocomposites capacity 

to efficiently retain and adsorbed ions, with no release of 

titanate nanosheets has been proved. By modifying the 

nanocomposite formulation, it was also possible to en-

hance the materials selectivity towards the lead ions.  
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Research Design and 

Introduction 

 

 

 

Motivation background 

Climate changes and population growth in the twenty-

first century raise the problem of quantity and quality of 

water, forcing humanity to face one of the major chal-

lenges ever.1 The alteration of the water cycle,2 at-

tributed to the higher temperatures, may increase floods 

and droughts3 with severe impact on human health due 
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to the lack of safe drinking water and improved sanita-

tion, which currently affects more than 30% of the 

world’s population. Human activities such as agriculture, 

industry and municipalities (domestic purposes) exploit 

one third of Earth’s accessible renewable freshwater gen-

erating together an enormous amount of wastewaters 

containing numerous chemical compounds.4–6 To date a 

global strategy to fight water pollution barely exists, in-

deed still exist highly contaminated water environments, 

while current solutions for their remediation in most 

cases are not efficient for many classes of pollutants.5,7 

The term “chemical pollutants” refers to all those organic 

or inorganic compounds harmful to the ecosystem. It is 

possible to distinguish two classes of pollutants on the 

base of their origins:  

- Substances directly emitted to the environment 

by different resources, the so-called primary pol-

lutants.  

- The products of metabolic transformations or 

chemical and photochemical degradations and re-

actions, defined as secondary pollutants. 
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Considering that to date the number of described sub-

stances exceed 127 million,8 and that all these diverse 

substances may undergo numerous interactions and 

modifications in the environment, the management and 

the qualitative/quantitative assessment of secondary pol-

lutants is usually a more challenging task and requires a 

broad interdisciplinary approach.5,9  

Table 1. Examples of the main ubiquitous water pollutants.4,5,10–12 

Source Class 
Illustrative 
 Examples 

Main problems 

Industry 

Solvents, intermedi-
ates, petrochemi-
cals, additives, lubri-
cants, flame retard-
ants, heavy metals 
ions, plastic 

Tetrachloromethane, methyl-t-bu-
tylether, benzene, toluene, xylene, 
phthalates, polychlorinated biphen-
yls (PCBs), polybrominated diphe-
nylethers, chromium, mercury, lead 

Persistence, drinking-water 
contamination, biomagnifica-
tion in food chain, long-range 
transport, diverse health ef-
fects 

Agriculture 

Pesticides, salts, nu-
trients, pharmaceu-
ticals, hormones, 
plastic 

Dichlorodiphenyltrichloroethane 
(DDT), atrazine, glyphosate, tribu-
tyltin (TBT), ions of sodium, chlo-
ride, potassium, magnesium, sul-
phate, calcium and bicarbonate, ni-
trogen and phosphorus, ivermectin, 
quinolones, somatotropin  

Persistence, contamination of 
ground and surfaces water 
with biological active chemi-
cals, bacterial resistance, acci-
dental poisoning, biomagnifi-
cation, diverse health effects 

Municipalities 

Pharmaceuticals, 
hormones, microor-
ganisms and viruses, 
plastic 

Diclofenac, Ibuprofen, cocaine, 
quinolones, ethinyl estradiol, Chol-
era, Escherichia Coli, Hepatitis A, 
Dengue 

Ecotoxicological effects, inhi-
bition of enzymatic activity, 
bacterial resistance, fish fem-
inization, human health 

Natural, geo-
genic and bio-

genic con-
taminants 

Inorganic contami-
nants, cyanotoxins, 
taste and odour 
compounds 

Arsenic, selenium, fluoride, ura-
nium, lead, cadmium, mercury, mi-
crocystins, geosmin, methylisobor-
neol 

Persistence, cancer, fluorosis, 
aesthetic (taste and odour) 

Mining 
Acids, leaching 
agents, heavy met-
als ions 

Sulfuric acid, cyanide, mercury, cop-
per 

Long-term contamination of 
water resources, metal remo-
bilization, acute and chronic 
toxicity 
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Table 1 gives an overview of the main sources and classes 

of water pollutants of environmental and toxicological 

concern. The current systems of control and treatment of 

wastewater are effective for only a small part of the well-

known classes of macropollutants such as salts, nutrients, 

natural organic matter, and acids, occurring at µg/l to 

mg/l concentrations.13 It is far more difficult to establish 

effective treatment strategies and assessing the presence 

in the aquatic environment of the thousands of trace con-

taminants, defined as micropollutants, that are present in 

water at very low concentrations (pg/L to ng/L).5,14,15 

Many of these micropollutants do not dissolve in water, 

and therefore settle and accumulate in the sediment. 

When organisms are exposed to these contaminants they 

are retained and they bind to their tissues (particularly 

fatty tissues) with their concentration to continuously in-

crease (bioaccumulation). By biomagnification, the con-

centration of contaminants bioaccumulated in the single 

organisms further increases, progressively, in the higher 

levels of the food chain up to the top predators, such as 

humans.16 Due to a quite long half-life in the environ-

ment, a significant feature that increases the risk factor 
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of many of these compounds is their persistence. Persist-

ing more than decades, contaminants such as heavy 

metal ions end pesticides mainly cause long-term effects 

to the human health and environmental quality, and 

therefore such type of compounds are classified as legacy 

pollutants.17 The impact of legacy contaminants on the 

food web strictly depends on their behaviour in complex 

aqueous media, in presence of salinity and temperature, 

in the sediments or in animal tissues. The several health 

effects related to pollutants depend on: 

- level of exposure  

- route of exposure (inhalation, ingestion, manual 

handling) 

- time of exposure 

Contrary to short term effects induced by acute toxicity, 

only a few long-term monitoring studies have addressed 

the consequences of environmental pollutants to the hu-

man health.17,18 Some of the pollutants present in water 

are well known contaminants with known effects, and 

their use is currently strictly regulated. For example, 

chronic exposure to heavy metal ions can cause cancer, 
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neurotoxicity, genetic mutations, and endocrine disrup-

tion.17,19 For many others, such as nanomaterials, glypho-

sate, many drugs, micro and nanoplastics, the so-called 

“emerging pollutants” (EPs) or “contaminants of emerg-

ing concerns” (CECs), basic studies for the effects to the 

humans, are lacking although they are considered a po-

tential threat to the ecosystem and to human safety and 

health.20   

A proper assessment of any environmental and in partic-

ular water pollutant relies on: 

- Knowledge of the type and origin of the pollu-

tants. 

- Access to models of appropriate complexity to un-

derstand the transport processes and the fate of 

the pollutants and to predict future scenarios. 

- Availability of analytical methods for temporal 

and spatial quantification of the contaminants.  

- Availability of methods to quantify the adverse ef-

fects of the pollutants on environment and human 

health. 

The same points are crucial for the design and application 

of technologies for the removal of the pollutants and for 
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the in situ remediation.5 As mentioned above, in many 

cases these indispensable tools are lacking, and it is this 

necessity that motivated this research work, which is 

based on the study and development of new models and 

technologies in order to discover the best strategies to 

deal with various pollution scenarios.  

 

Objectives and experimental approach 

The research described in this doctoral thesis is evolved 

on two complementary fronts, basic and applied re-

search, focusing on the study of two different types of 

pollutants: nanoplastics, an emerging type of pollutant, 

and heavy metal ions, well known persistent and bioac-

cumulative pollutants.  

There is a growing interest in the problem of plastic pol-

lution and the resulting degradation derivatives. Plastics 

dispersed in aquatic systems are in the form of macro-

plastics, microplastics and nanoplastics. Much of the re-

searches on the effects on the living organisms and the 

human health are focused on microplastics while little is 

known about nanoplastics. In fact, most of the studies 
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concerning nanoplastics are based on the use of engi-

neered nanospheres of polystyrene, a limited model 

which extremely differs from nanoplastics deriving from 

environmental degradation of the macro and microplas-

tics. Therefore, part of the studies of the present thesis 

was carried out with the aim of developing and studying 

a model of nanoplastics to be used as a reference for the 

investigation of the effects to biological systems of this 

new group of emerging pollutants. It was used a top-

down approach, in contrast to that of the colloidal syn-

thesis of engineered polymer nanoparticles used so far, 

aimed at the degradation of solid plastic targets by laser 

ablation rather than the production of nanoparticles by 

polymerization, according to the real pathway of environ-

mental formation of these pollutants. It was decided to 

focus on the formation of polyethylene terephthalate 

(PET), a kind of plastic widely spread in the environment 

and already found in food, therefore of interest to human 

health.21 The strategy followed for the PET nanoplastics 

formation had the scope to minimize any chemical inter-

ferents, such as surfactants or precursors, to better as-

sess the behaviour of nanoplastics in the various media 
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and the interaction with other environmental contami-

nants. Toxicological evaluations, performed considering 

the oral route as the main route of human exposure, re-

quired an “omic” approach for a deeper understanding of 

the biological impact of the PET nanoplastics. 

The specific objectives of the project were the following: 

- To develop a versatile nanoplastics synthesis pro-

cess applicable to diverse types of polymers dif-

ferent from the widely used Polystyrene.  

- To produce a “realistic model” of nanoplastics 

characterizing their physicochemical features.  

- To understand the nanoplastics behaviour in the 

aqueous media. 

- To evaluate the interaction of nanoplastics with 

different types of contaminants. 

- To assess the impact of nanoplastics on in vitro hu-

man cells. 

While for emerging pollutants the development of moni-

toring and removal strategies is premature or in the em-

bryonic phase, and still requires a great effort in research, 

for the most known categories of contaminants there is a 
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continuous evolution of the technologies for their detec-

tion and removal from the environment. In this contest 

many approaches have been used for heavy metal ions 

remediation. Several conventional chemical, physical and 

biological strategies have been applied to solve the prob-

lem of toxic metal ions contamination in water, and the 

development of nanotechnology provides a promising al-

ternative to develop innovative materials with enhanced 

remediation performance. Despite the high adsorption 

capability and removal efficiency of nanomaterials, their 

application is still limited by the difficulties of their large-

scale application and the little knowledge of environmen-

tal and health risks deriving from their diffusion. For this 

reason, part of the research presented in this thesis was 

dedicated to the development of a solid composite sys-

tem, allowing to exploit the properties of nanomaterials 

maximizing safety and usability. The strategy applied fol-

lowed an eco-friendly approach based on the use of a pol-

ymeric support made of regenerated silk fibroin com-

bined with titanates, a class of metal oxide nanomaterials 

largely applied in water treatment applications.  

The Specific objectives of this part of the project were the 
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following: 

- To synthetize a water stable composite for the re-

moval of heavy metal ions from water. 

- To find the most effective configuration to com-

bine the properties of both fibroin matrix and ti-

tanate nanofillers. 

- To assess the functionality of the embedded titan-

ates and the retention efficiency of silk fibroin. 

- To characterize the specificity of the sorbents in 

complex aqueous solutions towards heavy metal 

ions.  

I had a core coordination function at all stages of this re-

search work, and I was actively involved in all the experi-

ments and results produced. Nevertheless, this work is 

the result of a synergistic collaboration between various 

groups, mainly from the Instituto Italiano di Tecnologia:  

- Nanobiointeractions and Nanodiagnostics group 

(IIT) for the study of toxicological effects and for 

the characterization of the nanoplastic behaviour.  

- D3 PharmaChemistry group (IIT) for the develop-

ment and execution of NMR and metabolomics 

experiments. 



12 |  

- Electron Microscopy facility (IIT) for the high-res-

olution imaging and the STEM-EDX analysis. 

- Nanomaterials Engineering Group (University of 

Padova) for the synthesis of titanates. 

 

Outline of the thesis 

The thesis is structured in two main sections. The first one 

is composed of two chapters devoted to the nanoplastics 

model development and characterization and the second 

one dedicated to the development of the fibroin-titan-

ates composite for the removal of heavy metal ions from 

water.  

Each chapter consists of an introduction that collects the 

state of the art and the main concepts inherent to the re-

search developed, the description of the experimental 

procedures, and as last the obtained results are pre-

sented and discussed. 

In chapter 1 is presented the development of the model 

of PET nanoplastics. The details of the application of the 

laser ablation technique in water for the synthesis of 

polymeric nanoparticles and the physicochemical 
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characteristics of the obtained nanoplastics are 

described. The chapter concludes with the toxicological 

evaluations of the nanoplastics carried out on single cells 

and on a Caco2 barrier. 

Chapter 2 opens with the assessment of interactions of 

nanoplastics with other aquatic contaminants. The 

biological effect of the pollutants is related to the 

synergistic effect obtained in the presence of 

nanoplastics through in vitro studies. The metabolic 

impact of treatment on Caco2 cells and on macrophages 

has been studied in order to predict possible long-term 

effects. 

Chapter 3 presents a new strategy to overcome the limits 

and risks related to the use of nanomaterials for water 

treatment applications. The chapter illustrates the 

synthesis of the nanocomposite system composed of a 

dispersion of nanostructures based on titanium oxide 

embedded in a fibroin matrix. Particular attention is given 

to the mechanisms of ion exchange, the selectivity and 

the behaviour of the composite in complex aqueous 

media. 
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State of the art 

 

 

 

Plastic in the aquatic environment 

 

Since 1907, with the invention of Bakelite, humans have 

developed an unquenchable addiction to the use of 

plastics in everyday life. This dependence on plastics, 

associated with strong consumerism and poor recycling, 

is leaving its mark on our environment to the point of 

irreversibly influencing the planet’s geology, welcoming 

the dawn of the so-called Plasticene era.22–24 The rise of 

plastic production is the concrete demonstration of the 
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global expansion of this, today, indispensable material. 

From 1950 to today, global plastic production has 

exceeded 380 Mt, increasing by around 190 times (Figure 

1).24–26 

The more than 5 billion tons of plastic produced till now 

are enough to envelope the Earth in a layer of plastic 

wrap,24 and according to future prospects, maintaining 

this rate of production, in 2050 the amount of plastics will 

reach 40 billion tons.27 Most of the global plastics that 

have been produced are still present in the environment. 

Particularly, the rise of disposable products has critically 

Figure 1. Annual global plastic production measured in million of 
tonnes per year.24  
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increased the production of plastic litter. Due to the last 

decades increasing evidence of plastic contamination, 

world governments started considering this issue an 

important health and environmental hazard. The 

European Parliament approved measures to ban the main 

disposable plastic items by 2021 (Figure 2), which 

represent the largest fraction of plastic debris on our 

beaches.28,29 And in fact, up to 4.6% of the total plastic 

waste generated in costal countries reach ocean, which 

constitute the 70% of all the litter in the sea.22,30 Plastic is 

now a ubiquitarian element in the environment but sea 

and ocean represent a particularly dynamic ecosystem 

Figure 2. List and percentage of the top single-use plastic items 
founded on European beaches in 2016.28 
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therefore quantifying plastic pollution choking the seas 

and knowing its fate are arduous tasks. This is particularly 

true for the smaller size plastic fraction. Researchers 

reported the presence of plastic debris in the surface 

water and the sediment of rivers and lakes, while from 

‘90s is known the accumulation of plastic debris floating 

in the ocean, as well as it is known the pollution of plastic 

in deep sea, estuaries, coral reefs, sea ice and many 

others aquatic habitats.31–43 Eriksen and his team studied 

the floating plastic distribution in world’s oceans 

comparing all sizes items.32 Plastic pollution is moved 

throughout the world's oceans by the winds and currents 

converging in accumulation zones such as the five 

subtropical gyres (North Pacific, North Atlantic, South 

Pacific, South Atlantic, Indian Ocean), enclosed seas such 

as Mediterranean Sea and extensive coastal regions. 

Estimates show a minimum of 5.25 trillion particles, 

weighing 268.940 tons, floating in the marine 

environment.32 The data suggested that during 

fragmentation plastics are lost from the sea surface. 

Although pathways and mechanisms related to the loss of 

plastic debris in marine environment are unknown, the 
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phenomenon could be related to the sinking, the 

degradation and the ingestion of plastic by the marine 

fauna. 

 

Types of plastics 

 

Plastics are a family of hundreds of different materials 

with a wide variety of properties designed to meet the 

needs of each application. Although plastics can also be 

of semisynthetic origin based on biological organic 

polymers, most of these materials are derived from fossil 

raw materials. The plastic manufacture consumes 

approximately the 8% of global oil extraction, but only 4% 

is applied as source material, the rest is spent to produce 

energy useful for the synthesis processes.24 Due to the 

modification of the chemical synthesis processes, such as 

polyaddition, cross-linking and condensation, and to the 

additives used, more than 15 new classes of polymers 

have been developed in the last 50 years.26 In 1988 the 

Society of the Plastics Industry (SPI) introduced a 

numerical classification system to allow consumers to 

identify different types of plastic:  
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1. Polyethylene Terephthalate (PET) 

2. High-Density Polyethylene 

3. Polyvinyl Chloride 

4. Low-Density Polyethylene 

5. Polypropylene 

6. Polystyrene 

7. Polymethyl methacrylate (PMMA), Polycarbonate 

(PC), Nylon (NY), Polylactic acid (PLA), etc.  

The demands and consumption of the different types of 

plastic is strictly related to their application (Table 2). 

 Table 2. Main plastic materials, demand and field of application.11 

Polymer European demand Application 

PS, PS-E 6.7% 
Eyeglasses frames, plastic cups, egg trays (PS); packaging, 

building insulation (PS-E), etc. 

PET 7.4% Bottles for water, soft drinks, juices, cleaners, etc. 

PUR 7.5% 
Building insulation, pillows and mattresses, insulating 

foams for fridges, etc. 

PVC 10% 
Window frames, profiles, floor and wall covering, pipes, 

cable insulation, garden hoses, inflatable pools, etc. 

PE-HD, PE-MD 12.3% 
Toys, (PE-HD, PEMD), milk bottles, shampoo bottles, 

pipes, houseware (PE-HD), etc. 

PE-LD, PE-LLD 17.5% 
Reusable bags, trays and containers, agricultural film (PE-

LD), food packaging film (PE-LLD), etc. 

PP 19.3% 
Food packaging, sweet and snack wrappers, hinged caps, 
microwave - proof containers, pipes, automotive parts, 

bank notes, etc. 

OTHERS 19.3% 

Hub caps (ABS); optical fibres (PBT); eyeglasses lenses, 
roofing sheets (PC); Touch screens (PMMA); cable coat-
ing in telecommunications (PTFE); and many others in 
aerospace, medical implants, surgical devices, mem-

branes, valves & seals, protective coatings, etc. 
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In this dissertation the focus was on Polyethylene Tereph-

thalate due to its high production volume, large presence 

in marine environment and its peculiar application in food 

and beverage packaging. 

 

Polyethylene terephthalate (PET) 

 

PET is a semicrystalline, thermoplastic polyester also 

known with many commercial names such as Arnitel, My-

lar, Rynite.44–47 PET is chemically and thermally stable, 

strong, durable and low permeable to gas. The presence 

of a large aromatic ring (Figure 3) in the repeating units of 

this polyester gives the polymer notable stiffness and 

strength, especially when under stretching the polymer 

Figure 3. PET molecular structure.  
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chains are aligned. The unique combination of intrinsic 

properties (Table 3) of this material make it easily pro-

cessable, manageable and suitable for a wide range of ap-

plication.44,47  

Table 3. Intrinsic properties of PET polymers.44  

Property   Value 

Average molecular weight  30,000–80,000 g mol−1 

Density  1.41 g cm−3 

Melting temperature  255–265 °C 

Glass transition temperature  69–115 °C 

Young’s modulus  1700 MPa 

Water absorption  (24 h) 0.5% 

As shown in Table 2 due to its properties PET is one of the 

most requested and produced plastic and its global con-

sumption has been reported to exceed $17 billion per 

year.11,44 PET is used in several shapes as fibres, sheets 

and films, while more than 50% of synthetic fibres glob-

ally produced consist of PET. It is largely used in food and 

beverage packaging, but also in automotive, in electron-

ics, to produce X-ray sheets and many others everyday 

items.44,47–49 

PET synthesis can be performed starting from two differ-

ent chemical reactions:  
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- esterification of ethylene glycol and terephthalic acid 

performed at 240–260 °C and 300–500 kPa.50 

 

nC6H4(CO2H)2 + n HOCH2CH2OH → [(CO)C6H4(CO2CH2CH2O)]n + 2n H2O 

 

- transesterification between dimethyl tereph-

thalate (DMT) and ethylene glycol (in excess) per-

formed at 140–220 °C and 100 kPa, with methanol 

as a by-product; second transesterification step 

proceeds at 270-280 °C, with continuous distilla-

tion of ethylene glycol.47,50 

  

C6H4(CO2CH3)2 + 2 HOCH2CH2OH → C6H4(CO2CH2CH2OH)2 + 2 CH3OH 

 

nC6H4(CO2CH2CH2OH)2→ [(CO)C6H4(CO2CH2CH2O)]n + n HOCH2CH2OH 

 

Polymerization proceed through polycondensation of the 

monomers with water as the by-product.44,50  

The raw polymer can then be easily processed through 

extrusion, injection or blow moulding. This last procedure 

is used to produce bottles, which due to their shape easily 

diffuse in the environment. 
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Degradation of plastic 

 

Durability and resistance to degradation make the plastic 

very versatile but at the same time a material with a seri-

ous environmental impact due to the inability of nature 

to assimilate it in a short time.51 The degradation time of 

some plastics in the environment is estimated to range 

between hundreds and thousands of years and can be in-

fluenced by several factors, such as temperature and ox-

ygen concentration.52,53 The main environmental pro-

cesses involved in plastic degradation are, mechani-

cal/physical degradation, thermo-oxidative degradation, 

photodegradation, hydrolysis and biodegradation.54–56 

Generally abiotic degradation precedes biotic pro-

cesses.55 In nature, light provides the activation energy to 

trigger the first photodegradation mechanisms which 

leads to the polymer oxidation; this makes the plastic brit-

tle, causing its breakdown in small fragments.44,54 

Thermo-oxidative degradation is an oxidative breakdown 

phenomenon which, together with the sunlight induced 

photodegradation process, mainly happens to plastics 
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present in shorelines. Its efficiency is significantly af-

fected by the low temperature of the seawater and the 

location of the plastic in the water column.53 Mechani-

cal/physical degradation, caused by wind, sand and 

waves action, is important in aquatic environments. Fur-

thermore the water may contribute through hydrolysis to 

the marine debris degradation with the polymer bond-

breaking.56 Fragmented plastic can be further depolymer-

ized due to the attack of some species of marine microor-

ganisms, such as bacteria or fungi, on its surface.55,57 As 

many other polymers, PET breakdown phenomena are 

mainly driven by photo-oxidation reactions induced by 

the UV-light in presence of oxygen.44,55,58 Under marine 

environmental conditions, photo-oxidation induces 

mainly the cleavage of the ester bond and the formation 

of vinyl and carboxylic acid end groups, exposed on the 

polymer surface.44,55,58 PET in water can also undergo 

thermo-oxidative degradation and hydrolysis, even if ex-

tremely slow due to low temperatures, exposing carbox-

ylic acid and alcohol functional groups and reducing its 

molecular weight.55 The compact structure of PET makes 

it very resistant to biodegradation and natural enzymes 
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with significant efficacy are still being sought.57,59,60 The 

visual effect of PET degradation processes is the yellowing 

of the polymer, while the recent discovery of PET micro-

plastics in the sea confirms that such material can de-

grade and reduce in size when exposed to the environ-

ment.61 In fact, even if slowly, the degradation processes 

will produce a progressive plastic fragmentation and the 

constitution of particles of all sizes.62 The macro- and Mi-

croplastics (MPs) have been largely investigated in the 

last decades, however only recently the research started 

to focus on the nanometric fraction, broadly described in 

next section.63 

 

Nanoplastics 

 

The fact that the quantities of plastic found in the oceans 

are by far lower than the estimates, is partly answered by 

the phenomena of plastic debris fragmentation.62 Initial 

studies concerning plastic pollution were focused on the 

detection of macroplastics, with a size >5 mm, and subse-

quently MPs, with dimensions ranging between 5 mm 
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and few tenths of microns, in biota and ecosys-

tems.32,54,64–67 Although the numerous research findings 

of the presence and effects of MPs in the hydrosphere, 

due to the lack of appropriate methodology to detect and 

characterize nanomaterials in the environment, there are 

rare empirical information about the abundance and be-

havior of the so-called Nanoplastics (NPs).54,63,68  

European commission defined NPs all those plastic ob-

jects having at least one of their dimension <100 nm, ac-

cording to the common definition of nanomaterial, nev-

ertheless some authors set the upper size limit at 1000 

nm (Figure 4).65,69–71 As for MPs, based on their origin the 

NPs can be divided into two groups:  

- Primary NPs are plastics originally manufactured 

Figure 4. Scheme of the size- and origin-based definition of plastics 
pollutants.  



31 |  

with the specific size, and their environmental re-

lease is often related to the product applica-

tion.65,70 Primary NPs are present in exfoliants 

used in personal care products, industrial scrub-

bers, paints, adhesives, coatings, redispersible lat-

tices, biomedical products, drug delivery, elec-

tronics, magnetics and optoelectronics, and can 

be also released during thermal treatment pro-

cesses such as 3D printing or foam cutting.65,71–74  

- Secondary NPs are the unintentional products of 

plastic degradation in the environment and, as for 

MPs, may have irregular shapes and an altered 

chemical structure.63,75 Secondary NPs can derive 

from the rolling of the tires, from the degradation 

of agricultural plastic mulch, microfibers from tex-

tiles, and many other plastics items in the ocean 

such as plastic bottles.65,74  

Although measuring NPs in the environmental matrixes 

presents several technical challenges that have not yet 

been met, their occurrence due to solar light degradation 

of weathered MPs collected from marine waters was 
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demonstrated in laboratory under controlled and envi-

ronmentally representative conditions.63,76 Into the envi-

ronment, NPs may experience various changes such as 

homo- and hetero-aggregation due to water pH, ionic 

strength and interactions with the natural organic matter, 

or with microorganisms and macromolecules (e.g. for-

mation of an ecocorona).77,78 NPs can rapidly form aggre-

gates in the aqueous environment, as in the case of nano-

polystyrene, speeding up their sedimentation rate of the 

aggregates due to the density higher than that of the dis-

persed nanoparticles.65,79 This behaviour varies according 

to the type of polymer, the surface chemistry and the en-

vironmental conditions, such as the currents that through 

their mechanical action facilitate the NPs dispersion in 

the water, and slow down their precipitation towards the 

ocean floor.80 Nevertheless, as observed for some poly-

mers denser than water, at the nanoscale the Brownian 

motion is predominant, and the NPs collisions with water 

molecules and other present ionic species may prevent 

the NPs from sedimentation.81,82  

The sub-micrometric fraction deriving from the plastic 

degradation may penetrate in the marine food chain 
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through the diet with effects at all trophic levels.64,83,84 In 

fact, traces of such pollutants have been found in protists 

and zooplankton up to mollusks, fishes, birds and ceta-

ceans.83 Their presence in the food chain may have an im-

pact on humans, and for this reason, numerous studies 

are underway to investigate their biological effects and 

define an effective risk assessment.70,85 According to the 

current knowledge, the ingestion of these sub-micromet-

ric particles may elicit negative outcomes on behavior, 

fertility, hepatic function, immune response, and gene ex-

pression pattern,86–91 while lethal effects have been re-

ported only at much higher concentrations compared to 

the environmental ones.77 As widely described in chapter 

2, the high surface/volume ratio of the smallest plastic 

debris makes the NPs ideal candidates to interact and 

transfer many hazardous contaminants (polychlorinated 

biphenyls, organochlorine pesticides, polyaromatic hy-

drocarbons, etc.) to living organisms, increasing their im-

pact and toxicity.92–94 Compared to the microplastics, the 

smaller size of NPs (comparable to that of biological com-

ponents and proteins), associated with their surface char-

acteristics (i.e. surface chemistry and surface energy), 
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may alter their interactions with the surrounding sub-

stances and their biological impact.56,95,96 In fact, as al-

ready observed for diverse types of organic and inorganic 

particles, the smaller size favors their passage through 

the intestinal barrier.97,98 The numerous data deficiencies 

related to the limitations of using models, described in 

the following section, prohibits a comprehensive under-

standing of the risks posed by these pollutants. 

 

Models of Nanoplastics  

 

Given the enormous complexity of the ecosystem, a 

properly detailed characterization of a micropollutant re-

sults impossible. The main relevant process and charac-

teristics of NPs must be described at limited level of com-

plexity in controlled laboratory condition, in order to as-

sess the fate and the biological and environmental effects 

of these pollutants.4 Under laboratory condition it is pos-

sible to study NPs, adapting several methods applied to 

other nanomaterials such as UV-Vis spectrometry, elec-

tron microscopy, dynamic light scattering (DLS), field flow 
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fractionation (FFF) etc.65 However, to date, the lack of 

method of detection and collection of NPs from the envi-

ronment imposes the use of artificial models. The studies 

related to this class of pollutants have been mainly based 

on the use of monodispersed polystyrene (PS) nano-

spheres, synthesized by colloidal chemistry, following  

bottom-up approaches (table 4).52,69,97,106,111,112  

Such protocols typically produce plastic nanostructures 

with few defects and homogenous chemical composition, 

substantially different from the NPs dispersed in the en-

vironment, which have irregular shapes, similar to a frac-

tal structure, and complex surface chemistry, due to the 

degradation experienced.63 To obtain models closer to re-

ality, it is necessary to reproduce the weathering of the 

plastic artificially using a top down approach such as ac-

celerated weathering tester or laser ablation in wa-

ter.63,113,114 

 

Table 4. Major used model of NPs in terms of material and size  
Material PS PS PS PS PS PS PS PC PMMA 

Size (nm) 20 30 40 50 70 90 100 158 86-125 

Ref. 
99–

101 

79,10

2 

52,10

3,104 

97,10

5,106 

69,90,

107  
108 109 52 110 
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Laser ablation 

 

Despite accelerated weathering testers which reproduces 

the damage caused by sunlight, rain and dew are a 

suitable way to reproduce plastic weathering and 

breakdown, a quicker and more effective alternative to 

mimic NPs formation in water is pulsed laser ablation 

(PLA) (Figure 5).63,113,114 PLA technique consists of the 

removal of material from a substrate by direct absorption 

of laser energy. Lasers allow to provide accurately large 

amounts of energy into defined regions of space and 

time. During the PLA process the photons absorbed by 

the solid target give rise to the high temperature plasma 

that produces a shockwave and the plume expands in a 

Figure 5. Experimental set-up of pulsed laser ablation in water. 



37 |  

cavitation bubble. In the last stage plasma collapses and 

the nanoparticles are released in surrounding liquid; 

during the bubble collapse the nanoparticles mix with 

water where can undergo coalescence/aggregation 

processes (Figure 6).115,116 The ablation occurs above a 

specific threshold fluence that is the energy per unit area 

[J/cm2] on the target surface. Typical threshold fluences 

in air are between 1 and 10 J/cm2 for metal targets while 

for inorganic insulators and organic material are between 

0.1 and 2 J/cm2.117 Above the ablation threshold the 

material removal typically shows a logarithmic increase 

Figure 6. Approximate timeline of ns energy absorption and laser ab-
lation along with the various processes occurring during and after the 
laser pulse are given. 
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with the irradiation fluence in accordance with Beer–

Lambert law.115 The pulse duration is an important 

parameter: when the pulse length is shortened energy is 

more rapidly projected into the target leading to a faster 

material ejection.115 In some cases, such as for polymers 

irradiated with pulsed UV laser light, the excitation 

energy induced by the laser irradiation can be enough to 

initiate the photochemical process and directly break 

bonds (photo-decomposition). Even in these cases 

although limited in water, thermal modifications can 

occur due to the excited states of lattice phonons, and the 

entire mechanism is known as photophysical.115,118,119 

Due to the possibility to control size and polydispersity of 

the produced samples, as a function of the irradiation 

fluence, wavelength, and pulses number, PLA has been 

largely applied for the synthesis of inorganic 

nanomaterials (e.g. metals, semiconductors and 

ceramics), it has been recently proposed for the 

fabrication of several kinds of polymeric 

nanoparticles.119–122 The PLA process in water, as already 

demonstrated in previous studies, favors the heat 

exchange between the ejected material and the 
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surrounding aqueous medium, decreasing the thermal 

effect on the polymer.119,120 The cooling of the ablation 

plume in water associated to high fluences allows high 

production yields limiting the burst of the material.120 

Therefore, PLA in water is a green fabrication technique 

which offers the possibility to produce nanoparticles 

without impurities, chemical precursors, and their 

byproducts.114,123,124 All these features make the PLA 

technique in water, suitable for the development of a 

model of NPs and allow to limit the variables favoring, 

thus, a more controlled study of the system. 
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Materials and methods 

 

 

 

Synthesis of PET NPs.  

 
A top-down physical approach was applied for the 

formation of the NPs. In detail, laser ablation of 

commercial PET films (Goodfellow Cambridge Ltd.) was 

performed by exposing the samples to a pulsed UV laser 

irradiation in Milli-Q water, using a KrF excimer laser 

(irradiation wavelength 248 nm, pulse duration of 20 ns, 

repetition rate of 20 Hz, Coherent-CompexPro 110) 

coupled with a micromachining apparatus (Optec-

MicroMaster). The ablation was carried out with an 
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irradiation fluence of 4.5 J/cm2, by shooting 50 pulses on 

a 4 cm2 area. To obtain NPs concentration up to 300 

µg/mL, a low temperature (45 °C) rotavapor treatment 

was performed. In order to remove the big, micrometric 

sized, particles, the obtained dispersions were filtered 

(Cellulose Acetate, Ø = 0.22 μm, Millipore) before 

performing all the studies and the characterizations.  

 

PET NPs quantification.  

 
To evaluate the amount of PET NPs produced, in terms of 

mg/mL, the weight of nanoparticles in a stock colloidal 

sample was quantified by means of thermogravimetric 

analysis (TGA) (Q500, TA Instruments). Measurements 

were performed adding drop by drop (50 µl) the PET NPs 

suspension. The water was evaporated under an inert N2 

atmosphere with a flow rate of 50 mL/min at a 

temperature of 50°C. A calibration curve was constructed 

by measuring UV-Visible absorption spectra (Cary 6000i, 

Varian) of NPs at a wavelength of 238 nm using a quartz 

cuvette with a path-length of 1 cm.   
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High-Resolution Scanning Electron 

Microscopy (HRSEM) 

 
A first morphological characterization of NPs was 

performed by HRSEM microscopy using a JEOL JSM-

7500LA equipped with a cold field emission gun (FEG), 

operating at 10 kV acceleration voltage. The suspension 

of NPs was drop casted on silicon substrates and dried in 

vacuum at room temperature. The samples were coated 

with a very thin layer (2 nm) of gold/palladium by a 

sputter coater (Cressington 208HR). 

 

Transmission Electron Microscopy (TEM)  

 
The transmission electron microscope (JEOL JEM 1011) 

was used to characterize the morphology and the size of 

the NPs. The images were collected operating at an 

acceleration voltage of 100 kV and recorded with an 11 

Mp fiber optical charge-coupled device (CCD) camera 

(Gatan Orius SC-1000). The suspension of NPs was drop 
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casted on ultrathin carbon layered Cu grids (CF300-CU-

UL, Electron Microscopy Science) and dried in vacuum. 

The NPs size distribution was determined using the 

ImageJ software.  

 

Asymmetric flow field-flow fraction (AF4) 

 

AF4 system (AF2000 MF Mid Temperature, Postnova 

Analytics GmbH, Germany), provided with Multi-Angle 

Light Scattering MALS (PN3609) detectors and Refractive 

Index RI (PN3150) detector, yielded information 

concerning the PET NPs size distribution. The flat 

separation channel was equipped with a spacer of 350 

μm and with a 10 kDa molecular weight cut-off 

regenerated cellulose membrane (Postnova Analytics) at 

the accumulation wall. The carrier liquid consisted of a 

0.9 %w/v NaCl solution. Data from the MALS detector 

were processed using the Postnova AF2000 Control 

software (version 1.1.0.31), exploiting the spherical 

model to obtain the radius of gyration values. The 

measurement conditions adopted are: an injection flow 

of 0.2 mL/min, a power type elution step with a cross flow 
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of 3.0 mL/min, a transition time of 1 min and a detector 

flow of 0.5 mL/min. 

 

Dynamic Light Scattering (DLS) and Zeta 

Potential (Z-Pot) 

 
Hydrodynamic diameter (DH) and Z-Pot of PET NPs as a 

function of pH were performed using a Zetasizer Nano S 

(Malvern Instruments) spectrometer. DLS was studied in 

Milli-Q water, while for the evaluation of their stability in 

biological media, DLS was also performed on NPs in 

Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% of non-heat inactivated 

HyClone™ Fetal Bovine Serum (FBS, GE Healthcare Life 

Science). Z-Pot was measured after pouring 10 µl of the 

NPs stock (300µg/mL) into 1 mL of a low salinity solution 

(0.002 M) containing the desired buffer.  

 

X-ray Photoelectron Spectroscopy (XPS)  

 
XPS analysis was performed using a SPECS-Lab 
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spectrometer with Al Kα source (hν= 1486.6 eV) operated 

at 15 kV with an emission current of 10 mA. Charge 

neutralizer consisting of low-energy (ca. 7 eV) electrons 

was applied and energy scale calibration was performed 

by setting the C-C/C-H component of C1s spectrum at 

284.8 eV. NP samples were prepared by drop casting the 

suspension on a gold substrate dried in vacuum at room 

temperature. 

 

Monodimensional Proton Nuclear 

Magnetic Resonance (1D 1H NMR)  

 

NMR experiments were performed, in collaboration with 

D3 Pharma Chemistry group, to evaluate the products of 

degradation of ablated PET. The experiments were 

recorded at 25°C with a Bruker FT NMR Avance III 600-

MHz spectrometer equipped with a 5-mm CryoProbe™ 

QCI 1H/19F-13C/15N-D quadruple resonance, a shielded z-

gradient coil, and the automatic sample changer 

SampleJet™ NMR system. The analyzed aqueous medium 

was collected precipitating the NPs through 15 min of 



46 |  

centrifugation at 20000g; a final concentration of 10% 

D2O (Sigma-Aldrich) and 0.4mM of 3-(trimethylsilyl) 

propanoic acid (TSP) (Sigma-Aldrich) were added to the 

supernatant for the lock signal and 1H chemical shift 

reference respectively. 1H NMR experiments were 

recorded with the one-dimensional (1D) version of the 

NOESY (nuclear Overhauser effect spectroscopy) pulse 

sequence and with H2O signal presaturation. A total of 

256 scans were recorded for each spectrum, with a 

mixing time of 10 ms and a relaxation delay of 30 s. The 

data were multiplied with an exponential window 

function with 0.1 Hz line broadening prior to Fourier 

transformation. 

 

Colloidal stability  

 
The critical coagulation concentration (CCC) and the 

critical stabilization concentration (CSC), two important 

parameters in colloidal stability studies, were assessed.125 

CCC is the minimum salt concentration at which the most 

rapid NP aggregation is observed and gives information 
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on the surface charge density of the particles. CSC is 

defined as the minimum salt concentration at which the 

system begins to re-stabilize when the salinity is 

increased and is related with the surface hydrophilicity. 

PET NPs were dispersed in simple saline media at 

different concentrations of NaCl (from 0.002 to 2M). The 

NPs aggregation kinetics studies were performed 

spectrophotometrically by monitoring the variation of 

the optical absorbance (Abs) at λ= 570 nm over time. The 

Abs versus time was plotted at every salt concentration, 

and the slopes of these curves (∂Abs/∂t) enabled the 

determination of the Fuchs factor (W) defined by the 

following equation:  

  W=
kf

ks
=

d(Abs/dt)f

d(Abs/dt)s
    Eq.1 

where “kf” refers to the fastest aggregation-kinetics rate 

constant, and “ks” is the rate constant for the slower 

coagulation regime.  

 

Protein corona 

 

Protein corona complex formation is the first step to 
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understand the NPs behavior in biological media. 

Therefore 100 μl of PET NPs (300 μg/mL) were incubated 

in 1 mL of DMEM supplemented with 10% of FBS for 1 h 

at 37 °C. The samples were then centrifuged (15 min at 

20000g) to pellet the particle−soft-corona complexes. 

Pellets were re-suspended in 1 mL of Milli-Q water and 

this procedure was repeated three times to remove 

proteins with low affinity for the NPs surface. Particle-

protein complexes were characterized by DLS, Z-Pot and 

polyacrylamide gel (SDS–PAGE). The corona complexes 

were separated of the NPs and denatured by boiling for 5 

minutes in blue loading buffer (3 parts sample diluted 

with 1 part Laemmli buffer with 2-mercaptoethanol at a 

final concentration of 355 mM). Samples were separated 

by size in a 12% polyacrylamide gel. After running the 

electrophoresis under constant voltage of 130 V for about 

45 minutes the gel was stained with the 2D-SILVER STAIN-

II kit (Cosmo Bio).  

 

Experimental conditions for cell studies 

 

Since oral appears to be the main route of exposure to 
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NPs, all the toxicological studies described below have 

been performed, in collaboration with the 

Nanobiointeractions and Nanodiagnostics group, on 

Caco-2 human epithelial colorectal adenocarcinoma cells 

(gently provided by Dr. Isabella De Angelis, Istituto 

Superiore di Sanità (ISS), Rome, Italy) were cultured with 

DMEM supplemented with 10% non-heat inactivated 

HyClone™ FBS, 1% penicillin-streptomycin (Sigma-

Aldrich), and 1% non-essential amino acids (Invitrogen) 

and incubated in a humidified atmosphere with 5% CO2 

at 37 °C. Cryopreserved stocks were sub-cultured twice 

before the experiments. 

 

Cell viability assay 

 
The effect of PET NPs on Caco-2 cell viability was studied 

by measuring the cell metabolic activity using an MTS (3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium, inner salt) assay 

(CellTiter 96® AQueous One Solution Cell Proliferation 

Assay from Promega). Briefly, Caco-2 cells were seeded in 
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96-well plates at a concentration of 1 x 104 cells/well. 

Following 3 days of culture, the cells were exposed to a 

concentration of 1, 5, 15 and 30 µg/mL of PET NPs. 

Benzalkonium Chloride (BC) at a concentration of 

50µg/mL was used as positive control. Cell viability was 

studied at 24, 48 and 96 hours by adding 20 µl of CellTiter 

96® AQueous One Solution Reagent per well and 

incubating for 3h at 37 °C. Finally, the absorbance of each 

well was measured at 490 nm using a microplate reader 

(Synergy HT, Biotek). 

 

Lactate dehydrogenase release assay  

 

The impact of PET NPs on Caco-2 cell membrane was 

assessed by using a lactate dehydrogenase (LDH) assay 

(CytoTox-ONE™ Homogeneous Membrane Integrity 

Assay from Promega). As for the cell viability assay, cells 

were seeded in 96-well plates at a concentration of 1 x 

104 cells/well and after 3 days of culture, NPs were added. 

The effect on LDH release was studied after 24, 48 and 96 

hours. To determine the maximum LDH release (positive 
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control), 2 µl of Lysis Solution were added to positive 

control wells 10 min before the assay was performed. A 

volume of CytoTox-ONE™ Reagent equal to the volume of 

cell culture medium present in each well was added and 

plates were incubated for 10 min at 22 °C. Finally, 50 µl of 

Stop Solution (per 100 µL of CytoTox-ONE™ Reagent 

added) were added to each well to stop the reaction and 

fluorescence was recorded in a microplate reader with an 

excitation wavelength of λex=560nm, and an emission 

wavelength of λem=590nm. The fluorescence of the 

culture medium background was measured and 

subtracted from the experimental values.  

 

Apoptosis detection by staining with 

annexin V-FITC and propidium iodide 

 

The Annexin V-FITC Apoptosis Detection kit (Miltenyi 

Biotec) was used to detect apoptosis and necrosis by flow 

cytometry. Caco-2 cells (2 x 105 cells/well) were seeded in 

12–well plates and incubated with 1, 5, 15 and 30 µg/mL 
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of PET NPs for 96 hours. Dimethyl sulfoxide (DMSO) at 5% 

(v/v) incubated for 48 h was used as positive control. 

After incubation, cells were harvested with TrypLE™ 

Select Enzyme (1X) (Thermo Fisher Scientific) and 

pelleted by centrifugation at 300g for 5 min. They were 

then washed and redispersed in 100 μl of 1x Binding 

buffer, and 10 μl Annexin V-FITC were added in each 

sample. Cells were incubated for 15 min in the dark at 

room temperature following the manufacturer 

instructions. After incubation, cells were washed and 

resuspended in 500 μl of Binding buffer. 5 μl of propidium 

iodide (PI) solution were added prior to analysis by flow 

cytometry using a MACSQuant® Analyzer Flow 

Cytometer. 

 

Measurement of intracellular Reactive 

Oxygen Species (ROS)  

 

Intracellular ROS generation of Caco-2 cells after 

incubation with NPs was measured by using 2’,7’-

dichlorofluorescin diacetate (DCFDA) (Invitrogen), a 
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molecule which can penetrate cellular membranes and 

can be oxidized by ROS giving a fluorescent compound 

(λex=485, λem=535 nm). Briefly, Caco-2 cells pre-incubated 

for 30 min with a solution of 10 µM DCFDA in HBSS were 

seeded at a concentration of 2 x 104 cells/well in 96-well 

plates. After 96 hours of incubation with 1, 5, 15 and 30 

µg/mL of NPs, the fluorescence intensity of the DCFDA 

oxidized product, DCF, was measured. The percentage of 

ROS was normalized to the negative control cells (100%). 

Tert-butyl hydroperoxide (TBHP) to a final concentration 

of 100 µM was used as positive control. 

 

Uptake of PET NPs  

 

In order to follow the NPs in the in vitro test of uptake 

and transport, they were fluorescently labelled with 5-

Aminofluorescein (Fluoresceinamine, isomer I) (Sigma-

Aldrich). The acid groups of the NPs surface were 

activated with 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide hydrochloride (EDC) (Thermo Scientific) (20 

mM), and then fluorescein amine (50 µg/mL) was 
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covalently coupled. After 2 hours of reaction the NPs 

were dialyzed against Milli-Q water, overnight, using a 

dialysis membrane (molecular weight cut-off of 3500, 

1.15 mL/cm, Fisherbrand). Uptake of fluorescein-PET NPs 

by Caco-2 single cells was assessed by flow cytometry and 

confocal microscopy. Cells were seeded in 12 well plates 

at a density of 15x104 cells per well one day before 

treatment. Then, they were treated with 30 µg/mL of NPs 

for 30 min, 1, 3, 6, 19 and 24 hours and the fluorescence 

intensity were measured by flow cytometry. Caco-2 cells 

(5 x 104) grown on glass coverslips of 12mm diameter and 

incubated for 96 hours with NPs, were fixed with 4% 

paraformaldehyde for 15 min at room temperature, 

permeabilized with 0.01% Triton X100 for 5 min and 

blocked with 0.5% bovine serum albumin in PBS for 20 

min. They were then stained with 0.1 nM Alexa FluorTM 

594 Phalloidin for 30 min and Hoechst 33342 (Thermo 

Fisher Scientific) at a concentration of 5 µg/mL for 5 min, 

to localize actin microfilaments and cell nuclei, 

respectively. 

 

Intracellular trafficking of NPs 
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To investigate the subcellular localization, living single 

Caco-2 cells exposed to fluorescein-PET NPs (30 µg/mL) 

for 24, 72 and 96 hours where incubated for 1 hour at 37 

°C with LysoTracker™ Red DND-99 (Thermo Fisher 

Scientific) in DMEM at a concentration of 75nM. The cells 

where then washed with PBS and incubated with Hoechst 

33342 at a concentration of 5 µg/mL for 5 min to localize 

their nuclei. Image acquisition was performed using a 

confocal microscope (Leica TCS-SP5) using a 40x oil 

objective, with λex of 405, 488 and 561 nm and a 

resolution of 1024 × 1024 pixels. Image analysis was 

performed using ImageJ software. 

 

NPs characterization in lysosomal-like 

fluid 

 

NPs (30 µg/mL) were dispersed in a 0.1M citrate buffer 

(Sigma-Aldrich) presenting a pH of 4.5. The incubation 

was performed at 37° C and the DH was monitored 

through DLS analysis at several time points up to 2 
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months. 

 

Intestinal layer formation  

 

Caco-2 cells were seeded in 12 well/plates onto porous 

Millicell Hanging Cell Culture Inserts (diameter (d): 

12mm; surface (A): 1.12 cm2; pore size: 0.1 µm) in 0.5 mL 

of DMEM at a seeding density of 17 x 104 cells/insert in 

the apical (Ap) side. 1.5 mL of the medium was poured 

into the basolateral (Bl) compartment. Cells were grown 

for 21 days and the culture medium was changed every 

two days to allow the formation of tight junctions and 

microvilli.40 After 21 days confluent and differentiated 

cell monolayers were formed, and the integrity of the 

epithelia was confirmed by measuring the Trans-

epithelial Electrical resistance (TEER) (methods in 

supporting information file).  

 

Trans-epithelial Electrical resistance  

 

Trans-epithelial Electrical resistance (TEER) of Caco-2 
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barrier was measured with chopstick electrodes using a 

Millicell-ERS-2 Volt-Ohm Meter (Merck Millipore) 

maintaining a constant temperature of 37 °C. TEER values 

were expressed as Ohms (Ω) x cm2 and calculated 

according to the following equation: 

TEER = [Ω cell monolayer - Ω cell-free filter] x filter area Eq.2 

The differentiated Caco-2 monolayers were incubated 

with 5, 15 and 30 µg/mL of PET refreshing the apical 

medium every two days in order to keep the 

concentrations of NPs stable. The integrity of the layers 

was assessed by determining the TEER values after 1, 5 

and 9 days in order to mimic an acute and a chronic 

intestinal exposure. 

 

Lucifer yellow assay 

 

The impact of PET NPs on epithelium integrity was 

studied by assessing any difference in the transport of the 

paracellular marker Lucifer Yellow (LY, Sigma Aldrich) 

from the Ap to the Bl compartment between treated (5, 
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15 and 30 µg/mL of PET NPs) and untreated inserts. After 

1, 5 and 9 days of treatment, the medium was collected, 

and intestinal layers were washed twice with Hanks’ 

Balanced Salt Solution (HBSS, Thermo Fisher Scientific). 

Afterwards, 0.5 mL of 0.4 mg/mL LY solution in HBSS and 

1.5 mL of HBSS were added to the Ap and the basolateral 

Bl compartment respectively. Cells were incubated for 2 

h at 37 °C and 100 µl of the Bl HBSS of each insert were 

then collected and poured into a black 96-well plate. 

Finally, fluorescent intensity of LY was determined using 

a spectrofluorometer (λex=428 nm, λem=536 nm). The 

percentage of LY passage from the Ap to the Bl side of 

intestinal layers treated with PET NPs was compared to 

untreated inserts. 

 

Transport of fluorescein-PET NPs through 

intestinal epithelia  

 

Caco-2 monolayers were incubated with 7 and 30 µg/mL 

of fluorescein functionalized PET NPs dispersed in phenol 

red-free 10% FBS supplemented DMEM (Thermo Fisher 
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Scientific). In order to maintain the concentration of NPs 

in contact with cells stable, the medium was changed 

every 2 days up to 9 days. The transport of NPs through 

the intestinal epithelium from the Ap to the Bl 

compartment was quantified after 1, 5 and 9 days of 

exposure. The fluorescein-NPs were quantified using a 

spectrofluorometer (FluoroMax-4, Horiba). The sample 

solutions, placed in a quartz cuvette with a path-length of 

1 cm, were excited at a λex of 495 nm. The construction of 

the calibration line and the measurements were done 

referring to the peak of emission at a λem of 516 nm. 

 

Caco-2 barrier fixation 

 

For the TEM characterization of Caco-2 barrier, samples 

were fixed through a 2 h incubation in 1.5% 

glutaraldehyde (Electron Microscopy Science) in 0.09 M 

Sodium Cacodylate (Sigma-Aldrich) buffer (pH 7.4) before 

the analysis, post fixed in 1% osmium tetroxide (Electron 

Microscopy Science) in the same buffer and stained 

overnight with 1% uranyl acetate (Electron Microscopy 
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Science) aqueous solution. Cells were then dehydrated in 

a graded ethanol series, infiltrated with propylene oxide 

and embedded in epoxy resin (Epon 812, TAAB). Semi-

thin and thin sections of the embedded cell monolayer 

were cut with an ultramicrotome (UC6, Leica) equipped 

with a diamond knife (Diatome).  

 

Cytokine release 

 

Inflammatory cytokine release (IL-8, MCP-1) in the Ap and 

Bl compartment from the intestinal epithelia and from 

Caco-2 single cells was assessed after 1, 5 and 9 days of 

exposure to PET NPs with a Bio-Plex MAGPIX Multiplex 

Reader (Bio-Rad), according to the manufacturer’s 

procedure. Cells were stimulated with Interferon-gamma 

(IFN-γ; 50 ng/mL) and Interleukin-1 beta (IL-1β; 10 ng/mL) 

as positive control.  
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Results and discussion 

 

 

 

Morphological characterization of NPs 

 

Given the absorption characteristics of the polymer cho-

sen for the development of the NPs model, PET, it was 

decided to use a KrF excimer laser emitting at a wave-

length of 248 nm.119,121 In fact, although the PLA tech-

nique is extremely versatile and applicable on various ma-

terials, the ablation of polymers such as polyethylene and 

polypropylene, which absorb at wavelengths below 200 

nm (Figure 7), requires the use of high energy photons or 
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a multiphoton approach.119,126 The first essential infor-

mation to evaluate if the PLA in water is an efficient tech-

nique for the synthesis of a model of NPs, is the morphol-

ogy of the obtained product. For this reason, the entire 

product of ablation has been analyzed by HRSEM (Figure 

8). In accordance with what is observed for the degrada-

tion of bulk polymers in accelerated weathering testers,63 

the plastic fragments produced, upon the interaction of 

the laser beam with the polymer target surface and the 

generation of the shock wave, have an irregular morphol-

ogy and a broad size distribution, between tens of na-

nometers and microns. Following the aim of the thesis 

Figure 7. UV Transmittance spectra of polyethylene terephtalate 
(PET), Polystyrene (PS), Polyvynil chloride (PVC), Polypropylene (PP), 
Polyethylene (PE). 124   
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and the definition of NPs, the selection of the nanometric 

fraction of the ablated material was carried out by filtra-

tion using a filter with a cutoff of 200 nm. Although the 

filtration causes the loss of about 45% of the product, it 

allows a substantial improvement in the polydispersity of 

the NPs size (figure 9). After the filtration, each ablation 

Figure 9. DLS analysis and UV-vis quantification of NPs before (black) 
and after (red) filtration.  

Figure 8. HRSEM micrograph of PET NPs. On the left side clusters pro-
duced during ablation, on the right the detailed NP morphology. 
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cycle had a yield of ~10 µg/mL of NPs. The rotavapor 

treatment allowed to concentrate the NPs up to 300 

µg/mL. As visible by the TEM analysis of the filtered sam-

ples (Figure 10), although the presence of some clusters, 

typical of real NP samples, were observed, the particles 

are well dispersed with an “approximatively” spherical 

shape.63 The analysis of the NPs size distribution indicated 

Figure 10. TEM image (left) and size distribution (right) of PET NPs. 

Figure 11. AF4 resulting PNP gyration radius: (left) AF4 chromato-
gram, (right) normalized size distribution 
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a principal population with a mean diameter of 26.7±14.2 

nm (Figure 10). To define the dimensions of the NPs in 

wet media, DLS and AF4 measurements were carried out 

in the aqueous medium. The obtained results showed a 

hydrodynamic (DH) and gyration radius (Rg), obtained by 

DLS and AF4 respectively, greater than the geometric 

one, ranging between few tens to about 100 nm. This is 

due to the presence of fragments and long polymeric 

chains, formed in the liquid as a result of the degradation 

induced by UV light, which cover the surface of the nano-

particles. In particular, concerning DLS, the DH laid at 

109.5±13.3 nm (Figure 8), strictly comparable with the Rg 

of 47.1 nm resulting from AF4 analysis (Figure 11), ob-

tained through a sphere model fitting. 

 

Chemical characterization of NPs 

 

The surface chemistry of a material is a fundamental 

parameter necessary for the evaluation of its 

environmental and biological fate. In order to 
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characterize the surface chemistry of the NPs XPS analysis 

was performed, and the results were compared with the 

XPS data obtained by analyzing the pristine polymer. The 

relative O/C ratio, determined by the elemental 

concentration analysis, increase from 12.3% for the 

pristine PET to 32.1% for PET NPs. This gives a first 

indication about the higher degree of oxidation for the 

NPs. This is confirmed by the C1s and O1s high resolution 

Figure 12. XPS C1s (left) and O1s (right) high-resolution spectra of the 
pristine PET and of the as-synthesized PET NPs. 
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spectra as shown in Figure 12 where the spectra of the 

untreated PET film and of the NPs are shown. Three 

different contributions were fitted in the C1s spectra at 

284.8 eV corresponding to C-C and C=C of the phenyl ring 

(C-C, C=C) at 286.3 and 288.7 eV concerning C-O and O-

C=O bonds, respectively.127,128 Two components 

attributed to O-C ester group at 531.5 eV and O=C 

carboxyl oxygen at 532.8 eV were present in the O1s 

spectra.129 As shown in Table 5 the quantities of C-O and 

O-C=O bonds components are double on the NPs 

compared to the pristine PET.120,130,131 

Table 5. Species percentage calculated on the C1s and O1s XPS 

spectra of untreated PET and PET NPs. 

Element Species PET PET NPs 

C1s 

C-C/C=C 88.0±0.1% 70.7±0.1% 

C-O 6.2±0.1% 15.3±0.1% 

C=O 5.8±0.1% 14.0±0.1% 

O1s 
O-C 53.6±0.1% 51.5±0.1% 

O=C 46.4±0.1% 48.5±0.1% 

These findings may indicate the exposure of new carboxyl 

end-groups groups on the material surface, a typical sign 

of PET photodegradation promoted by thermo-oxidative 

and photo-oxidative pathways.55,120,130,132  
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The production of acidic residues was further 

corroborated by the alteration of the pH of the ablation 

medium. Performing the synthesis in phosphate buffer 

0.1 mM, the pH drops from the initial value of 7.05±0.2 to 

the final value of 5.65±0.2. Such pH modification could be 

related to the hydrolysis of PET, one of the processes 

involved in its degradation in water, which boosted by 

laser ablation induce the formation of carboxylic acid and 

alcohol functional groups and is fostered at pH values 

different from neutrality, in a sort of autocatalytic 

reaction.55,133–135  

The 1H NMR analysis performed in D2O evidences the 

predominant presence of two organic acids in the 

medium of ablation after the synthesis of NPs. 

Apparently, no aromatic signal related to the monomer 

unit was detected. The more concentrated organic acids 

have been identified spotting different organic acids in 

supernatant solutions accordingly with the assignment 

reported in literature.136 The predominant peaks at 8.45 

ppm and 1.94 ppm have been therefore assigned to the 

Formic and Acetic acid respectively (Figure 13). The 
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quantities measured for these two principal substances 

are in the order of 270 µM for formic acid and of 180 µM 

for acetic acid. The measurement carried out on the same 

medium after the rotavapor treatment, at low 

temperature, showed that the concentrations of acetic 

and formic acids formed in the medium during laser 

ablation are both reduced reaching sub-micromolar and 

Figure 13. 1H 1D NMR spectra of the ablation medium: the starting 
sample (black), sample after the concentration of NPs in rotavapor at 
45 °C (red), sample plus formic acid standard (green), sample plus 
acetic acid standard (blue). 
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lower than 5 μM values respectively. Other very low 

signals related to small amounts of alcohols and other 

organic contaminants are considered negligible. These 

results facilitate the study of the biological impact of PET 

NPs allowing to exclude effects linked to any 

contaminants derived from the synthesis process.  

The analysis of the surface charge of the NPs dispersed in 

buffer media with different pH values by Z-Pot, have 

corroborated the presence of carboxylic acid groups on 

the NP surface. As shown in Figure 14, NPs are negatively 

charged and show a behavior typically observed in 

colloidal systems with weak acid groups on their surface. 

Figure 14. Z-Pot of PET PNPs as a function of pH 
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In particular, as shown, the absolute values Z-Pot are 

lower at acidic pH compared to those of basic pH.125  

 

Characterization of NP behavior in 

aqueous media 

 

In nature, NPs are exposed to environments of high vari-

ability, with conditions that can cause alterations in their 

colloidal stability, affecting their fate. Although, as it is ob-

served, the NPs are stable in MilliQ water for up to 6 

months, it is essential to evaluate the effect of the pH and 

Figure 15. Effect of different pH on the hydrodynamic diameter dis-
tribution of NPs. 
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saline concentration of the liquids where they are dis-

persed, on their stability. DLS analysis showed that the 

NPs maintain their original DH within a wide pH range, 

from 4 to 9, indicating good stability in such conditions 

(Figure 15).  

On the other hand, the coagulation kinetics at different 

NaCl concentrations was studied to evaluate the effect of 

the salinity on the colloidal stability. Calculation of the 

stability (Fuchs) factor W and, thus, the CCC (critical coag-

ulation concentration) and CSC (critical stabilization con-

Figure 16. Fuchs factor (W) versus NaCl concentration. The dashed 
line, that fits with the points at low aggregation regime, helps to lo-
cate the CCC value 
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centration) give also information about the surface char-

acteristics of the NPs. W is related to the coagulation 

probability and is included in a range between 1, for com-

pletely unstable system and ∞ for a totally stable one. As 

shown in Figure 16, W decreases gradually with increas-

ing the salt concentration until the CCC value is reached, 

at circa 700 mM a value associated with a very stable sys-

tem. The high stability of the colloid is supplied by the 

strong repulsive forces among NPs, due to the high sur-

face charge density. Over the CCC point, the NPs are un-

stable and start to aggregate quickly. This lack of re-stabi-

lization given by the so-called hydration forces in high 

ionic-strength media is a clear indication of the hydropho-

bic nature of the PET NP surface.137,138  

 

Characterization of NP behavior in cellular 

media and protein corona formation  

 

In an environment as well as in biological media, NPs 

interact with macromolecules such as proteins that can 
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affect their colloidal behaviour altering their stability. 

Knowing that saline concentrations close to those of 

cellular media (154 mM) cause NPs coagulation (Figure 

16), the influence of serum proteins on particle behaviour 

has been studied. The DH is a parameter indicative of NP 

stability, thus DLS measurements have been performed 

on NPs dispersed in a serum-free cell culture medium (SF-

DMEM) and DMEM supplemented with 10% FBS (c-

DMEM). The size distribution of NPs was measured after 

2.5 hours of incubation in the different media (Figure 17). 

The high salt concentration of SF-DMEM destabilizes NPs 

Figure 17. Hydrodynamic diameter (DH) distribution of NPs in Milli-Q 
water (black) after incubation for 2.5 h in serum-free Dulbecco’s 
modified Eagle’s medium (DMEM) (SF-DMEM; green) and in DMEM 
supplemented with 10% fetal bovine serum (FBS) (cDMEM; red) 
(left). Aggregation kinetics of NPs when dispersed in serum free 
DMEM (SF-DMEM; green circles) and DMEM supplemented with 10% 
of FBS (c-DMEM; red triangles) (right). 
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inducing the formation of large aggregates, up to micron 

size. This destabilization does not occur in c-DMEM, in the 

presence of serum proteins. The aggregation kinetics 

shown in Figure 17 demonstrate that NP interaction with 

proteins improves their stability and prevents their 

aggregation. NPs in c-DMEM stably maintained their size 

in the timescale of the experiment (up to 72 hours). 

Contrarily, in SF-DMEM the DH of NPs increase with 

respect to NPs in water already at the first time points 

studied, indicating a fast aggregation kinetics. This means 

that the formation of a protein layer around the NPs, also 

Figure 18. Z-Average of particle−soft-corona complexes (NPs incu-
bated for 1 h with 10% FBS) dispersed in different concentrations of 
NaCl solutions. 
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known as “protein corona”, increases their colloidal 

stability even at high NaCl concentrations. It is well 

established that protein surfaces tend to be very 

hydrated and, thus, additional stability is provided by 

creating a steric hindrance based on structured water 

molecules strongly bonded to proteins.139 In fact, unlike 

bare NPs, presenting a rapid aggregation regime over 700 

mM, NPs-protein complexes were stable up to 4M (Figure 

18).  

The formation of a protein corona was further confirmed 

by the change in surface charge of the NPs before and 

Figure 19. Z-Pot of PET NPs before (black) and after incubation with 
10% of FBS: soft corona (red) and hard corona (blue). 
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after incubation with proteins (Figure 19).140 The method 

of “pelleting” has been applied,141 before the Z-Pot 

measurement. In particular, after one hour of incubation 

with 10% FBS, NPs were centrifuged to pellet the particle-

soft-corona complexes, and the surface charge was 

measured before and after washing three times the NPs. 

This method allows to discriminate if the interactions 

between proteins and NPs are strong and stable (hard 

corona) or labile and proteins are loosely associated to 

the NPs and in rapid dynamic exchange with the medium 

(soft corona). Before the wash, surface charge decreased 

from -35.0±1.2 mV to -16.0±1.3 mV (value for the bare 

NPs) in presence of proteins, while returned at ≃-36 mV 

Figure 20. SDS-PAGE of the soft and hard protein corona on the PET 
NPs after 1 hour of incubation in DMEM completed with 10% FBS. 
PNPs and the completed medium (10% FBS) were used as negative 
and positive control respectively. 
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after the wash suggesting the absence of proteins 

strongly adsorbed (hard corona) on the NPs surface. A 

further confirmation comes from the SDS-PAGE analysis 

of the same samples showing the amount of protein 

adsorbed on NPs in terms of band intensity (Figure 20). 

Although this protein layer is poorly associated to NP 

surface, soft corona confers them a new biological 

identity that will determine their interaction with cells.140  

 

Uptake, intracellular localization and 

cytotoxicology of PET NPs 

 

The combination of characteristics such as size, surface 

charge, hydrophobicity and colloidal stability revealed by 

the analysis of this NPs model reinforce the idea that this 

type of pollutants can interact with living organisms and 

be a risk to humans. As shown by different studies oral 

route may be the main way of exposure to NPs (through 

the food chain).70,142 Therefore, a preliminary in vitro 
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evaluation of the cytotoxic effect of PET NPs was 

performed on the Caco-2 cell line, widely applied in 

toxicity studies for oral exposure scenarios.143 To follow 

the internalization of NPs, fluoresceinamine was 

conjugated to the carboxylic groups of the NP surface by 

means of a carbodiimide (EDC) method. The NPs tag did 

not alter their characteristics of DH and Z-Pot (Figure 21). 

The actual internalization of NPs has been verified 

through confocal microscopy. The cytoskeleton was 

labeled with phalloidin to define the entire cell volume 

and allow to evaluate the internal presence of NPs 

labeled with the fluorophore. The analysis shown in 

Figure 22 confirms expectations and demonstrated the 

Figure 21 Size distribution of fluorescent NPs (left) and Z-potential of 
NPs (red line) and fluorescent NPs (black line) 
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effective cellular uptake of NPs. Subsequently, Caco-2 

cells were exposed to 30 µg/mL of NPs for 24 hours and 

the kinetic profile of NP uptake have been obtained by 

flow cytometry (Figure 23). The analysis showed the 

mean intracellular fluorescence values from flow 

cytometry distributions of ≥100,000 cells treated at 

different time points. The cell fluorescence intensity 

increased linearly without reaching the saturation due to 

the splitting of nanoparticles between cells following cell 

division.144 After the demonstration of the cellular  

Figure 22. Confocal microscopy of Caco-2 cells incubated for 24 h 
with fluorescent NPs. Hoechst/nuclei (blue), Phalloidin/actin (red), 
NPs (green). Lateral boxes represent z-stack projections along x-z and 
y-z axes. 
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capacity to internalize the NPs it is crucial to investigate 

the uptake mechanism, to better understand their fate. 

Using a pH-responsive endosomal tracer, confocal 

Figure 23. Cellular uptake kinetics of fluorescent NPs by flow cytom-
etry. 

Figure 24. Confocal microscopy of Caco-2 cells incubated for 24 h 
with fluorescent NPs. NPs co-localized with Lysotracker positive or-
ganelles of Caco-2 cells. Hoechst 33342/nuclei (blue), Lysotracker 
(red), NPs (green). Lateral boxes represent z-stack projections along 
x-z and y-z axes. 
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microscopy showed the colocalization of fluorescence 

signals of NPs in correspondence with lysosomes after 24 

hours of treatment (Figure 24), suggesting that the 

endocytic pathway is the mechanism used by the NPs to 

enter the cells, in accordance with previous studies on 

diverse types of nanoparticles, such as polystyrene and 

poly(DL-lactide-co-glycolide).145,146  

Depending on the polymeric composition of the NPs, the 

acidity of the lysosomal environment could affect their 

integrity and induce their degradation or leave them 

intact favoring the intracellular accumulation of the 

pollutants. The biodurability or biopersistence may 

influence the long-term toxicity of the NPs after chronic 

exposure. Given the technical impossibility to follow the 

degradation of NPs in living cells for long periods, the 

lysosomal environment was reproduced in vitro by 

utilizing a simplified cell-free assay that mimics the 

lysosomal fluid. In particular, the NPs were dispersed in 

citrate buffer (pH 4.5) and incubated at 37 °C, up to 2 

months. As shown in Figure 25, the DH value of the NPs 

remained stable and was comparable to that of as-
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synthesized NPs stored in water, suggesting that the 

lysosomal environment (at least in terms of acidic and 

temperature conditions) is not enough to induce NP 

degradation. 

The acute toxicological assessment of NPs was performed 

by studying cell viability, integrity of cell membrane, ROS 

generation, apoptosis and necrosis, and inflammatory 

response. Caco-2 cells were incubated with 1, 5, 15 and 

30 µg/mL of PET NPs and the toxicological assays were 

performed after 24, 72 and 96 hours of treatment. The 

cell viability was evaluated by an MTS assay (Figure 26) 

and the effect of NPs on the cell membrane integrity was 

determined by LDH assay (Figure 27). No evidence of 

Figure 25. Normalized size distribution of PET PNPs incubated for 2 
months in 0.1M citrate buffer (pH 4.5) at 37°C. 
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acute toxicity related to treatment emerged from the cell 

viability and membrane integrity data. Moreover, NP 

treated cells did not show any significant change in 

apoptosis and necrosis compared to the control group 

(Figures 28), in qualitative agreement with previously 

Figure 26. Viability of Caco-2 cells exposed to different concentra-
tions of NPs for 24, 48 and 96 h. Cell viability of the solution where 
the NPs were synthesized was also studied after pelleting the parti-
cles (supernatant). Benzalkonium Chloride (Ctrl+) (50 µg/mL) was 
used as positive control. 

Figure 27. Lactate dehydrogenase (LDH) release in cell supernatant  
after 24, 48 and 96 h treatment with NPs. Cell lysis solution was used 
to obtain the maximum LDH release (Positive control). 
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reported data with 50 nm polystyrene NPs applied on the 

same cell line.147 Fullerene, metal and metal oxide 

nanoparticles have been suggested as nanomaterials 

with reactive oxygen species (ROS) scavenging 

ability,148,149 but the presence of nanoparticles inside cells 

could also result in disturbances in cell metabolism that 
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Figure 29. ROS production by Caco-2 cells after 24, 48 and 96 h of 
incubation with NPs. Tert-butyl hydroperoxide (TBHP) (100 µM) was 
used as positive control. 
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Figure 28. Apoptotic, necrotic and live Caco-2 cells after 24, 48 and 
96 h of treatment with different concentrations of PET NPs. DMSO 
(5%) was used as positive control. 
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could increase the ROS production.150–153As shown in 

Figure 29, cells treated with NPs did not increase ROS 

generation.  

The absence of inflammatory effects is corroborated by 

the analysis the Caco-2 production profile of pro-

inflammatory cytokine proteins IL-8 and MCP-1 (Figure 

30) which seems to maintain its basal level in accordance 

with published results on the same cell type.154–156 Using 

the same cell line it is possible to structure a simplified in 

vitro model of intestinal epithelium, useful to investigate 

the transport of PET NPs upon ingestion. In order to 

establish the intestinal barrier model, this was produced 

by seeding Caco-2 cells on porous filters, and after 21 

days of culture, polarized differentiated cell monolayers 

were obtained.157,158 TEM images showed the formation 

of the typical tight junctions and microvilli (Figure 31). The 

Figure 30. Inflammatory response of Caco-2 cells upon exposure to 
NPs. Release of MCP-1 (left), IL-8 (right). 
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integrity and confluence of the layers were confirmed by 

a TEER value of 339 ± 24 Ω cm2.159 As shown in Figure 32, 

TEER values, that as reported in other studies decreases 

up to 80% at the earlier time points in case of cellular 

Figure 32. TEER measurements of non-treated inserts (Ctrl) and in-
testinal layers incubated with different concentrations of NPs after 
1, 5 and 9 days of exposure. 

Figure 31. Transmission electron microscopy image of differentiated 
Caco-2 cells presenting the typical tight junctions and microvilli on 
the apical surface. 
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layer damages, with NPs were not significantly decreased 

upon chronic incubation.97,160,161 Cell barrier integrity 

after exposure to PET NPs was additionally assessed by 

translocation studies using Lucifer Yellow (LY), a marker 

of paracellular transport. Inserts were incubated with a 

solution of LY in the Ap side for 2 hours and the transport 

to the Bl side was fluorescently quantified. In accordance 

with TEER results, upon chronic exposure to NPs, 

transport of LY across the membrane was not significantly 

changed and was maintained below 0.2% (Figure 33), in 

contrast to published data in which after 24 hours of 

treatment with nanomaterials, LY translocation was 

increased until 25%.162,163  

Figure 33. Percentage of transported Lucifer Yellow (LY) across the 
Caco-2 barrier after 1, 5 and 9 days of exposure to NPs compared to 
control layers and to the transwells without cells 
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Confirmed that NPs exposure did not alter the barrier 

integrity, the NP trans-monolayer transport kinetics have 

been assessed in terms of cumulative transport after 1, 5 

and 9 days of treatment by administering two different 

concentrations (30 and 7 µg/mL) of NPs to the apical side 

(Ap) of the barrier (Figure 34). The number of transported 

NPs in the basal (Bl) increased with increasing incubation 

time. Both the concentration of 30 and 7 g/mL showed a 

very similar relative transport value. Confocal orthogonal 

cross sections showed the presence of NPs inside the 

differentiated enterocyte-like cells but also in the filter 

placed on the basal side (Figure 35). In the differentiates 

Caco-2 was observed a reduction of the NP uptake, 

compared to the undifferentiated status, as previously 

Figure 34. Comparison of the NP translocation through a filter with-
out cells (1 day of incubation) respect to the Caco-2 barrier model (1, 
5, 9 days of incubation). 
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reported in literature with other organic and inorganic 

nanomaterials, due to the complex polarized nature of 

thick epithelial layers.158,164 A concrete support 

Figure 35. Confocal fluorescence cross-section images of Caco-2 bar-
riers and their transwell filter exposed to NPs. The NPs are shown in 
green; actin and nuclei were stained with Phalloidin (red) and 
Hoechst 33342 (blue), respectively. 

Figure 36 Transmission electron microscopy image of the basal me-
dium of inserts chronically incubated (9 days) with NPs. 
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demonstrating the passage of NPs through the intestinal 

barrier model derived from the detection of NPs in the Bl 

medium by electron microscopy (Figure 36).  

These results suggest that the transcytosis as the main 

mechanism of transport of NPs through the intestinal 

epithelium, and so that NPs were endocytosed via the 

apical membrane and exocytated from the basolateral 

one. Despite PET NPs did not produce short-term toxic 

effects on undifferentiated Caco-2 cells, the biodurability 

indicated by their stability in the lysosomal-like fluid also 

suggests their potential long-term effects. In addition, 

because of their ability to overcome the body barriers 

there is the risk that NPs can arrive to the blood stream 

accumulating into the organism.  
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Conclusions 

 

 

 

The incessant development of technologies implies the 

emergence of unknown risks, as in the case of plastic 

pollution. The lack of knowledge of its destiny at the end 

of use, of the effects on the environment and on health, 

requires the focus of scientific efforts and the 

development of new experimental protocols. This need is 

further amplified in the case of NPs for which there are 

no technologies for detection and removal, nor is there 

any knowledge the effects to the human health. 

Designing the development of technologies to remove 

NPs from the aqueous environment requires a strong 

basic knowledge of the pollutant itself, and the first step 
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is the production of a realistic NPs model. In this regard 

as presented in this chapter, a model that faithfully 

mimics a real NPs sample has been developed through 

laser ablation in water, by choosing a top-down rather 

than a bottom-up approach, with the advantage of 

producing nanoparticles without impurities, chemical 

precursors, and their byproducts. Physicochemical 

analysis validated the PET NPs model, since, in 

accordance to what has been observed in UV degraded 

PET plastics in the environment, organic acid groups 

decorate the surface of laser ablated NPs. The size of the 

NPs assessed at the various synthesis steps, after 

filtration, remain in the order of 100 nm, as illustrated in 

table 6. 

Table 6. Size of NPs (Z-average) at the main experimental steps.  

Samples Mean diameter  

As synthesized NPs  571.6±79.1 nm 

NPs after filtration 109.5±13.3 nm 

NPs-soft corona complex 155.4±5.8 nm 

Fluorescein-NPs complex 147.4±3.1 nm 

 Working in a controlled environment, it was possible to 

define which conditions interfere with the stability of the 
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NPs, fundamental information to be able to predict the 

fate of these pollutants. The NPs dispersion showed long-

term stability in various biological media. The small size 

and the stability of the NPs are two important factors, 

which increase the possibility of living organism 

exposure. Although many studies of toxicity and uptake 

have been performed to a wide variety of polymeric 

nanoparticles, only polystyrene has been used to model 

NPs and to investigate the effects to biological systems. 

Published data on polystyrene NP uptake have shown 

high variability mainly depending on the particles size, 

surface properties, and on the in vitro models 

adopted.70,97,146,147 In order to clarify the biological fate of 

NPs, it is necessary to consider the importance of the NP 

composition, therefore all the extrapolation based on 

only polystyrene nanoparticle models have to be taken 

with caution. Thus, this study improved the knowledge on 

NPs behavior in complex biological media and offered a 

preliminary concept about the biological interaction of 

PET made NPs. Although the results obtained in vitro did 

not show any lethal or short-term toxic effects, the 

biopersistence and accumulation of NPs in addition to 
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their ability to interact with other contaminants requires 

further studies in the long-term and the application of 

omics approaches, as will be explained in the following 

chapter. 
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Chapter II 
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Nanoplastics with water 

contaminants and their 

impact on cells 
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State of the art 

 

 

 

(Nano-)Plastic as contaminant source and 

vector 

 

Plastic fate and the impact on the ecosystem strictly 

depend on factors such as long-haul transport 

composition and persistence.165 Although the problem of 

plastic pollution has been known for years, little is known 

about the chemical hazards that it entails. It is established 

that plastics may contain numerous chemical substances 



101 |  

derived from their production processes such as 

Antimony (Sb), Bisphenol A, phthalates and flame 

retardants, or from the interactions with other water 

pollutant substances present in the environment.74,166–170 

Degradation and breakdown of pristine plastics increase 

their exposed active surface area, and therefore the 

possibility to interact with the surrounding pollutants. 

Nevertheless, to date, little is known about the capability 

of NPs to act as vectors of contaminants and the relation 

between the plastic properties and the nature of the 

contaminants.171 For example, rubbery polymer such as 

PE shows a greater affinity for contaminants while, 

conversely, PET and PVC exhibit lower sorption 

capacities.74 As for MPs, NPs due to their high surface to 

volume ratio, the surface hydrophobicity and the 

exposure of active moieties formed during degradation 

(e.g. carboxyl residues), may have a good chemical 

affinity with a great range of environmental legacy 

contaminants. There are several evidences, in particular 

for MPs, about their interactions with hydrophobic 

organic chemicals such as persistent organic pollutants 

(POPs), polychlorinated biphenyls (PCBs) and polycyclic 
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aromatic hydrocarbons (PAHs) but also with inorganic 

hazardous substances such as heavy metal ions.172–177 As 

for other nanomaterials sorption of organic contaminants 

may occur through hydrophobic, π-π stacking, and/or 

hydrogen bonding interactions, while electrostatic 

interactions and surface complexation can lead to the 

sorption of heavy metal ions.178  

The nanometric size scale of the NPs strongly influences 

the biological and environmental impacts of these 

pollutants since in addition to the higher possibility of the 

occurrence of interactions and uptake by cells and 

microorganisms, NPs have higher exchange rates of the 

contaminants adsorbed on their substrate, due to the 

short diffusion path length and the large surface 

area.171,179  

 

Plastic-interacting contaminants 

 

In oceans and near coastal areas has been estimated the 

presence of PCBs, PAHs and organochlorine pesticides, 
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with concentrations ranging from 0.1 to 10,000 ng/g.92 

Contaminants present in the seawater may be adsorbed 

on the plastic surface and concentrate up to the order of 

106. Inorganic contaminants present in the aquatic envi-

ronment, such as metal ions, can also be adsorbed to 

plastics.167,180 The type of metal ions adsorbed to plastic 

depend significantly on the type of the aquatic environ-

ment e.g. freshwater or seawater and on the time the 

plastic is dispersed in the environment.181 In fact, aged 

plastics, exposed to sun light, adsorb 30 times more metal 

ions such as copper and zinc from seawater compared to 

their virgin counterparts.182  

The chemicals found in plastic marine litter can be classi-

fied in four categories of origin: 

- Additives added during the plastic production pro-

cess (flame retardants, plasticizers and pigments). 

- Contaminants from manufacture processes (mon-

omers, BPA, etc.). 

- Organic chemicals adsorbed from environmental 

pollution. 

- Inorganic chemicals adsorbed from environmen-

tal pollution. 
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While the first two classes are easily detectable in plastic 

items and therefore well known, there is a growing 

concern to the complex mixture of chemical substances 

present in the environmental matrices. Particularly legacy 

contaminants such as many pesticides, drugs and heavy 

metal ions are considered chemical stressors because of 

their long-term effect. Moreover, all metal ions, PCBs, 

and the lipophilic pesticides tend to bioaccumulate and 

biomagnify in organisms, as will be discussed in the next 

paragraph, entering in the food chain.17  

In this thesis, three model pollutants, showing high 

persistence in the marine environment and of strong 

interest both from the environmental and health effects 

point of view, have been chosen: Glyphosate 

representative of the pesticide class, Levofloxacin as a 

model drug pollutant, and mercury ions representative of 

the class of the heavy metal ions.  

Glyphosate, a phosphoric amino derivative of glycine 

(Figure 37), is the most used herbicide in the world. 

Entered in the global market during the 70s, Glyphosate 

rapidly spread due to its systemic and non-selective 
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action against vegetable organisms and to the use of 

Glyphosate-resistant Genetically Modified Organism 

(GMO). Because of its widespread diffusion into the 

environment, it was at the centre of an important 

scientific debate about its adverse effects on health and 

environment. In fact, in 2015 the International Agency for 

Research on Cancer classified the substance as “likely 

carcinogenic” to humans. The degradation of Glyphosate 

in the environment is very limited and its half-life in water 

can last up to 91 days.183,184 It is important to consider 

that in contact with water, Glyphosate quickly transforms 

into its main metabolite, aminophosphonic acid (AMPA), 

which maintains all the toxic characteristics of its 

precursor and is even more persistent, with a half-life of 

240 days.185 Glyphosate and AMPA were detected in 69% 

of water samples from aquatic ecosystems in the United 

States, while studies in Australia and Canada have shown 

Figure 37. Glyphosate molecular structure 
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a concentration over 40 μg/L in the water systems.186 

Glyphosate can contaminate surface waters or may 

penetrate the soil reaching thus the groundwater, and 

therefore may significantly affect the quality of the 

drinking water. 

Levofloxacin or Levaquin, the S isomer of Ofloxacin, is an 

antibiotic belonging to the more recent generation of 

fluoroquinolones (Figure 38). It is widely used in human 

and veterinary therapies as an antibacterial agent with a 

broad spectrum of activity against gram-positive and 

gram-negative bacteria in and for respiratory dis-

eases.187,188 This newer class Quinolones displayed con-

siderably improved activity against bacterial topoisomer-

ase IV and DNA gyrase, greater penetration into Gram-

positive organisms, and enhanced pharmacokinetics and 

Figure 38. Levofloxacin molecular structure. 
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pharmacodynamics.189 Levofloxacin, due to its stable car-

bostyril core structure, undergoes limited physical and 

metabolic changes after administration and is primarily 

excreted as unchanged drug in the urine.188,190 After 48 

hours of oral administration in humans, approximately 

87% of the administered drug was recovered without any 

modification in the urine.191 Excessive use of antibiotics in 

general and in veterinary medicine has resulted in the 

contamination of the natural environment. In fact, in vet-

erinary medicine only 20% of fluoroquinolones are ad-

ministered for the treatment of infections, about 80% is 

administered for preventive use.192 Owing to its toxic ef-

fects on microbial activity, Levofloxacin is often poorly bi-

odegradable in biological treatment systems, being de-

tected as emerging contaminant in aqueous environ-

ments.193 In Italy a level of 600 ng/L of Levofloxacin was 

detected in effluents of urban sewage treatment 

plants.193 

Mercury (Hg) is a heavy metal belonging to the transition 

element series and is one of the ten most hazardous 

chemicals to the human health, according to the World’s 

Health Organization (WHO) (Figure 39).194 This 
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environmental pollutant is known for its potent toxicity 

towards the living organisms. As it accumulates in the 

food chain, Hg directly threatens the public health via 

damaging the kidney, liver, brain, lungs, and the 

cardiovascular system. 195,196 It originates from several 

sources such as volcanic activities, industrial wastes, 

mining and combustion of fossil fuels.197 Due to its 

volatile nature and long atmospheric persistence, Hg is 

ubiquitous and therefore a serious hazard for human 

society. In particular, the Hg2+ ion is one of the largest 

mercuric pollutant in environmental water. In oceanic 

waters, Hg mainly occurs as Hg0, Hg2+, MethylHg, and 

DimehyltHg.198 Hg concentrations vary according to the 

type of water environment and is of a range of 1 ng/L in 

the groundwater, 10-100 ng/L in the drinking water in 

some European and American countries and 20300 ng/L 

Figure 39. Mercury element properties, and an image of its liquid 
state. 
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in waters around abandoned cinnabar mines. 196,199,200 

The risk associated to Hg based pollutants is further 

increased by bacteria activity in lakes, streams, and ocean 

sediments which convert Hg from elemental into organic 

form compounds such as MethylHg. MethylHg is 

hazardous to organisms and human health as it is 

associated with the destruction of mitochondria and with 

nervous system failures.196,201–203 Moreover a significant 

interaction between Hg and plastic fragments was 

found.204 

 

Trophic transfer of plastic particles and 

biomagnification of pollutants 

 

The importance of monitoring emerging contaminants 

even at low concentrations is due to their persistence. 

The affinity of contaminants for the biological compo-

nents such as proteins and lipids, can trigger the so-called 

bioaccumulation phenomenon. The bioaccumulation of 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ocean-sediments
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ocean-sediments
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/methylmercury
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polluting substances can take place directly from the en-

vironment through the respiratory and tegumentary sur-

faces (bioconcentration), and/or through the trophic 

transfer by the ingestion of other living organisms in (bi-

omagnification). Biomagnification is considered a major 

mechanism for the accumulation of contaminants in or-

ganisms of higher trophic levels (Figure 40).205 During this 

process the chemical concentration of a compound in an 

organism is higher than that taken directly by diet, due to 

Figure 40. Trophic transfer and biomagnification of pollutants in a 
simplified marine food chain.  
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the dietary accumulation.206 Plastics and the other con-

taminants species have been found at all trophic levels. 

The contaminants affect especially the zooplanktonic or-

ganisms at the bottom of the food chain, and they are bi-

omagnified and accumulated through diet over the 

trophic chain. This process leads to an increase in concen-

tration in living organisms up to even 1 million times than 

the surrounding media, leading to significant effects in 

top consumers such as humans.165,207 Despite the lack of 

analytical detection methods that does not allow the de-

tection of NPs in tissues and organs of organisms present 

in the environment, there are numerous data on the 

trophic transfer of plastic particles, which provide the ev-

idence of the actual occurrence of this process of indirect 

ingestion of pollutants.65,92 The transfer of MPs and NPs 

has been reported by studies in algae and zooplankton 

(lower trophic level organism) up to copepods, to pelagic 

shrimps, blue mussels, crabs and fishes.102,208,209 In 2014, 

in a study of the NPs and MPs quantification in commer-

cial products, Van Cauwenberghe and Janssen estimated 

the ingestion of about 11000 plastic fragments per per-

son each year linked solely to the consumption of oysters 
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and farmed mussels.210 In addition to the ingestion and 

the biomagnification of mere plastics in aquatic organ-

isms, laboratory studies have demonstrated the risk of bi-

oaccumulation of the substances adsorbed and trans-

ported on the plastic surface.211,212 In fact, the environ-

mental risk of plastic-related chemical contaminants is a 

consequence of aquatic organisms direct contact or in-

gestion of plastic particles with high concentrations of ad-

sorbed chemicals, released from digestive tract into the 

tissues.54 This risk is even higher for top predators, such 

as humans, and a correlation between consumption of 

MPs and accumulation of phthalates has been already ob-

served in cetaceans.165,213 As described previously the pe-

culiar characteristics of NPs facilitate the mechanisms of 

transport of chemical contaminants and due to the pre-

dominance of Brownian motion which favours the colloi-

dal stability improving the environmental dispersion and 

the availability to aquatic organisms, further increase the 

risks for exposed organisms health.65,81,82 Thus, there is a 

growing concern to define an effective risk assessment of 

NPs and of their indirect impact as vector of other hazard-

ous contaminants.70,85 
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Biological effects of NPs 

 

According to the current knowledge, the ingestion of 

plastic may elicit negative outcomes on behaviour, fertil-

ity, hepatic function, immune response, and gene expres-

sion pattern, while lethal effects have been reported only 

at much higher concentrations compared to the environ-

mental ones.76,86–91 Severe developmental effects of NPs 

where observed in the early development of aquatic or-

ganism such as sea urchin embryos (Paracentrotus livi-

dus) and medaka (Oryzias latipes).65 Here NPs were ad-

sorbed to the chorion of eggs and accumulated into the 

yolk and gallbladder during embryonic development but 

also in the gills, intestine, brain, testis, liver and blood, 

suggesting that NPs can pass the blood–brain barrier.65 

Studies on Daphnia using NPs as kairomones carriers sug-

gested that NPs might interfere with the chemical com-

munication among species, that causes behavioural dis-

turbances in finding a mate or food, or in the avoidance 

of predators, indirectly affecting the food chain.90 In the 
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studies of exposure and absorption of NPs by food (intes-

tinal) route, highly variable uptakes of NPs, ranging from 

1.5 to 10% of the total amount, have been reported. Re-

sults depending on various aspect such as the in vitro in-

testinal models, the size of NPs and their surface chemis-

try.70 Compared to the MPs, the smaller size of NPs (com-

parable to that of biological components and proteins), 

associated with their surface characteristics (i.e., surface 

chemistry and surface energy), may favour their interac-

tions with a wide range of molecules, such as proteins, 

lipids, carbohydrates, nucleic acids, ions, and water pre-

sent in the gastro intestinal tract constituting complex co-

rona and influencing the passage through cellular mem-

brane.56,70,95,96 In vitro, uptake and clearance seem to be 

the factors mainly influenced by the nanometric dimen-

sion. Interaction with lipid membranes, studied using 

coarse-grained molecular simulations, demonstrated 

that NPs may easily permeate into cellular membranes. 

Polymer chains may induce changes in the membrane 

structure, affecting cell physiology by alteration the mo-

lecular diffusion.214 Perturbing cell membranes and endo-

cytosis pathways, NPs could remain in the organism 
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longer than MPs.214–216 This is reflected on clearance and 

on the uptake, indeed as observed in previous chapter 

and for diverse types of organic and inorganic particles, 

the smaller size favours the items passage through the in-

testinal barrier.97,98 In a direct comparison of the move-

ment of engineered carboxylated polystyrene NPs across 

a coculture of Caco-2 (enterocyte-like), HT29-MTX (goblet 

cell-like) and Raji B (M cell-like) cells, it was found that the 

transport of 50 nm particles was about two orders of 

magnitude faster than that of 200 nm particles.97 In fact, 

contrarily to NPs, transport of MPs was temperature and 

M cells dependent.97 In a real condition the intestinal lu-

men environment could greatly alter the nature of the 

NPs, and hence absorption may be affected.  Human lung 

carcinoma cells (A549) uptake 40–50nm PS particles ac-

cumulating and concentrating those irreversible in the cy-

toplasm.215 Other studies based on the use of polystyrene 

nanospheres have demonstrated possible acute toxicity, 

inflammation, up-regulation of IL-6 and IL-8 interleukins, 

up to lethal outcomes for macrophages (RAW 264.7) and 

epithelial cells (BEAS2B).217,218 Given the unrealistic con-

ditions and the high concentrations of NPs applied in 
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these in vitro studies, the results should be evaluated 

with accuracy even with respect to the observations 

found in this thesis on Caco-2 intestinal epithelium cells. 

Due to their limitations, conventional in vitro methods do 

not allow long-term assessments and chronical exposure 

evaluations, therefore, as described in the following 

paragraph, to answer this need it is possible to rely 

on omics tools.  

 

Omics 

 

‘Omic’ technologies adopt a holistic view of the molecules 

that translate into cell structures, functions, and dynam-

ics of the organisms.219 They are aimed primarily at the 

universal characterization and quantification of pools of 

genes (genomics), mRNA (transcriptomics), proteins (pro-

teomics) and metabolites (metabolomics) in a specific bi-

ological sample impartially.220 The set of data derived 

from this approach is integrated into the so-called sys-

tems biology (Figure 41).219 The high-throughput of data 
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produced through the different types of omics studies al-

lows to provide a huge volume of information about the 

molecular dynamics underlying a specific cellular behav-

ior or process.220 Proteomics and metabolomics are con-

sidered more dynamic fields than genomics as they can 

vary in response to environmental conditions.221 Metab-

olomics has been increasingly applied to investigate pro-

karyotic and eukaryotic systems since the late 1990s, but 

producing a single analytical platform is a difficult task.222 

In fact, metabolites represent a more diverse set of chem-

ical diversity than proteins (20 amino acids) or DNA (4 nu-

cleotides) and therefore provide wide variations and 

Figure 41. Flowchart of omic science and approximate amount of in-
formation at every step. 
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combinations in chemical and physical properties.223 Alt-

hough complete coverage of all cellular metabolites 

would require the use of various techniques, metabolom-

ics, unlike genomics, effectively describe a phenotype 

within a given biological sample.224 Proteomics also offers 

an accurate perspective on cell phenotype and response 

to stimuli. Such analysis allows to identify the expressed 

proteins, the interaction between group of proteins, their 

location and quantity, enabling a systematic overview of 

the expression profiles.225 The main advantages are the 

high sensitivity and resolution but the accuracy of quan-

tifications is still weak with respect to the common label-

ing-based methods.226 Metabolomics and proteomics 

techniques are becoming an indispensable tool for short-

term toxicology studies in vitro as they allow to appreci-

ate the minimal variations in cell physiology and to pre-

dict chronic effects not obtainable with conventional 

methodologies. 
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Materials and methods 

 

 

 

PET NPs interaction with contaminants 

 

All the NPs used in this section, even the fluorescent ones, 

have been prepared and characterized (DLS, Z-Pot) as 

described in chapter 1. A final concentration of 300 

μg/mL of PET NPs have been incubated for 48 hours 

under stirring condition at room temperature with 

aqueous solution of Levofloxacin 40 μg/mL (137μM) 

(Sigma-Aldrich) and Glyphosate 40 μg/mL (148μM) 

(Sigma-Aldrich) and of Hg2+ 25 μg/mL (ppm) (HgCl2 

99.999%, Sigma-Aldrich) prepared in MilliQ water. 
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Isothermal Titration Calorimetry 

 

The Isothermal Titration Calorimetry was used to study 

the interaction between the NPs and the mercury ions, 

the levofloxacin and the glyphosate. An Affinity-ITC in-

strument (TA instruments, Utah, US) was used to meas-

ure the binding thermodynamics. All the tests were done 

in MilliQ water in order to avoid any possible interference 

by the buffer. All solutions were degassed prior to the ti-

trations. The solution of contaminant was loaded into the 

syringe and titrated into the sample cell, which contained 

300 μl of NPs at a concentration of 100 μg/mL. At every 

step 2.5 μl of contaminants were injected: Levofloxacin 

[0.5 mM], Glyphosate [1 mM], Hg [0.1 mM]. In each titra-

tion, the reference cell contained water. The time delay 

between each injection was 200 sec to ensure the base-

line returned to normal, and the RPM (rotations per mi-

nute) was set to 70. The blanks were done injecting the 

interactors in MilliQ water without NPs. Data analysis was 
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performed using the NanoAnalyze software (TA instru-

ments, Utah, USA). The enthalpy of dilution of the differ-

ent molecules were subtracted from the raw data.  

 

Inductive Coupled Plasma-Optical 

Emission Spectroscopy. 

 

Inductive Coupled Plasma-Optical Emission Spectroscopy 

(ICP-OES) was used to determine the Hg2+ concentration 

with an iCAP 6500 spectrometer (Thermo). 300 μg of NPs 

were collected a digested by a microwave digestion 

system (MARS Xpress, CEM) in 2.5 mL aqua regia 

(1HNO3:3HCl) (Sigma-Aldrich). The solid degradation 

reaction was performed at 180° C for 15 minutes. Before 

the analysis, the samples were diluted with MilliQ water 

up to 25 mL and filtered through PTFE syringe filters (15 

mm, pore size 0.45 μm, Sartorius).  

 

Monodimensional Proton Nuclear 
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Magnetic Resonance (1D 1H NMR)  

 

All the NMR experiments were performed at 298 K on a 

Bruker Ultrashield Plus FT-NMR 600 MHz ADVANCE III 

equipped with a CryoprobeTM QCI 1H/19F–13C/15N–D 

and with a SampleJetTM autosampler with temperature 

control. All the NMR experiments were conducted in 

collaboration with D3 Pharma Chemistry group. 

NMR analysis of NPs-contaminants interaction 

The samples in NMR tubes have been prepared by adding 

to 173 μl of NPs (345 μg/mL), 2 μl MetOH, and 5 μl of a 

specific pollutant: Levofloxacin (40 μg/mL) (Sigma-

Aldrich) or Glyphosate (40 μg/mL) (Sigma-Aldrich). To 

analyze the sample, 20 μl of D2O, for the lock signal, and 

200 μM 3-(trimethylsilyl) propanoic acid (TSP) were 

added in 3 mm Bruker NMR tubes, up to a final volume of 

200 μL. A 1D 1H NMR spectrum was recorded for each 

sample just after preparation (t0), after 2 days (t1) and 4 

days (t2) of mixing at 500 rpm at room temperature. The 

water suppression was obtained using the standard 

NOESY (nuclear Overhauser effect spectroscopy) presat 
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Bruker pulse sequence, with 64 k data points, a spectral 

width of 20 ppm, 2024 scans, an acquisition time of 2.7 s, 

a relaxation delay (d1) of 4 s and a mixing time of 100 μs. 

The data were multiplied with an exponential window 

function with 0.3 Hz line broadening prior to Fourier 

transformation. The 1H NMR chemical shifts are 

referenced to the TSP signal.  

Metabolomic NMR measurements of Media 

2mL of the cell culture media previously collected from 

every treated sample (details in the next section) were 

thawed on ice, pelleted at 15000g and 4°C for 5 minutes; 

400 μL of the supernatant were transferred into 5mm 

NMR Bruker tubes. To each tube were added 100 μL of 

500 mM Phosphate buffer pH 7.4, 5 mM TSP and 0.2% 

SodiumAzide in D2O, to a final concentration of 100 μM 

Phosphate buffer pH 7.4, 1 mM TSP and 0.04% 

SodiumAzide 10% D2O. For each sample, the probe was 

automatically locked, tuned, matched, shimmed and the 

stability of samples temperature checked for 5 minutes 

before the acquisition. 1D 1H spin−echo 

Carr−Purcell−Meiboom−Gill (CPMG) spectra were 
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acquired to suppress the water and the large NMR signals 

from macromolecules, such as proteins and other 

substances with short T2 values.227 We used a total echo 

time to 80 ms consisting of 128 repetitions with a τe time 

of 300 μs and a 180° pulse of approximately 27 μs. For 

each spectrum, a total of 256 scans were collected into 

64k data points using an acquisition time of 2.7 s and a d1 

of 4 s. Spectra were Fourier transformed and phase 

corrected, applying a line broadening of 0.3 Hz and 

zerofilling to 128 k points and were baseline corrected by 

applying a polynomial baseline correction. 

 

Experimental conditions for cell culture 

and toxicity assessment 

 

Caco-2 human intestinal epithelial cells and differentiated 

THP-1 cells were used as model to study their interaction 

with the NPs and the eventual cytotoxicity. The Caco-2 

cells were cultured as described in the previous chapter. 
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THP-1 were grown in RPMI-1640 (Thermo Fisher Scien-

tific) supplemented with 10% FBS (Thermo Fisher Scien-

tific), 1% Penicillin-Streptomycin (Sigma-Aldrich) and 0.05 

mM 2-Mercaptoethanol (Gibco-Thermo Fisher Scientific) 

in a 5% CO2 humidified atmosphere at 37 °C. THP-1 cells 

were differentiated in macrophages by exposure to 50 

ng/mL phorbol-12-myristate 13-acetate (PMA, Sigma-Al-

drich) for 3 days. Subsequently, the cells were re-feeded 

with fresh medium without PMA for 2 days to allow cell 

recovery. Cell differentiation was verified by evaluating 

cell adhesion and spreading under an optical microscope. 

Cryopreserved stocks were sub-cultured twice before the 

experiments. To test the toxicity of the NPs, cells were 

seeded in 96-well plates at a concentration of 1 x 104 

cells/well. Following 3 days of culture, the cells were ex-

posed to a concentration of 30 μg/mL of NPs, and studied 

after 24, 48 and 96 hours.  

The effect of the NPs on Caco-2 Cell Viability was studied 

by MTS assay (CellTiter 96® AQueous One Solution Cell 

Proliferation Assay from Promega) while ROS production 

was measured by using DCFDA (Invitrogen). The method-

ologies followed for both cases are widely described in 
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chapter 1.  

In order to perform metabolomic and proteomic studies 

cells were grown in 6 well plates at a concentration of 1 x 

106 cells/well. After 2 days of exposure to the various 

treatments (NPs, contaminants, NPs-contaminants, con-

trol media) the media were removed and processed for 

the NMR analysis, while the cells have been frozen in liq-

uid nitrogen and stored at -80°C for further studies of lip-

idomic and metabolomic of the intracellular metabolites. 

 

Confocal microscopy 

 

Caco-2 and THP-1 cells (5 x 104) grown on glass coverslips 

of 12mm diameter were incubated for 96 hours with NPs 

and then fixed with 4% paraformaldehyde for 15 min at 

room temperature, permeabilized with 0.01% Triton 

X100 for 5 min and blocked with 0.5% bovine serum albu-

min in PBS for 20 min. They were then stained with 0.1 

nM Alexa FluorTM 594 Phalloidin for 30 min and Hoechst 

33342 (Thermo Fisher Scientific) at a concentration of 5 

µg/mL for 5 min, to localize actin microfilaments and cell 
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nuclei, respectively. To investigate the subcellular locali-

zation, living Caco-2 cells and macrophages exposed to 

fluorescein-NPs (10 μg/mL) for 96 hours were incubated 

for 1 hour at 37°C with LysoTracker™ Red DND-99 

(Thermo Fisher Scientific) in DMEM or RPMI 1640 at a 

concentration of 75nM. Cells were then washed with 

HBSS and incubated with Hoechst 33342 (Thermo Fisher 

Scientific) at a concentration of 5 μg/mL for 5 minutes to 

localize cell nuclei. Image acquisition was performed us-

ing a confocal microscope (Leica TCS-SP5) at 60x magnifi-

cation, with 405, 488 and 561 nm excitation laser wave-

lengths and a resolution of 1024×1024 pixels. Image anal-

ysis was performed using ImageJ software. 

 

Metabolomic analysis 

 

For the metabolomics analysis was used 

Workflow4Metabolomics W4M 3.0 release 

(http://workflow4metabolomics.org) an online free 

infrastructure for metabolomics built on the Galaxy 

environment which allows to build and run data analysis. 
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The workflows include spectra processing, alignment, 

bucketing and normalization; the statistical package 

include multivariate and univariate analysis.228 A 

preliminary assignation of 1H-NMR peaks was obtained 

using the NMR software SMA (Simple Mixtures Analysis) 

(http://mestrelab.com/software/mnova/sma) of 

Mestrelab and a library of about 50 common human 

metabolites. 
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Results and discussion 

 

 

 

Characterization of NPs behavior in 

presence of contaminants 

 

As discussed in the previous chapter, by associating the 

variations of DH with the stability of the NPs it is possible 

to understand their behaviour even in complex media. 

Aggregation of nanoparticles is widely applied in chemical 

and biomolecular sensing as a sensitive and easy-to-

visualize process to evaluate their interaction with other 

substances.229 DH changes with the coalescence and 
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clusterization of the NPs and depends on the alteration in 

the repulsive forces which are regulating the colloidal 

stability. In order to characterize the effect of 

contaminants on PET NPs, 300 μg/mL of particles have 

been incubated in aqueous solution of Levofloxacin (40 

μg/mL), Glyphosate (40 μg/mL) and of Hg2+ (25 μg/mL). 

After 48 hours of contact time, NPs were pelleted by 

centrifugation, washed twice, and resuspended in 

phosphate buffer 0.1 mM at pH 7. Subsequently the DLS 

analysis has been performed, and as shown in Figure 42, 

the DH measured in intensity, is strongly affected by the 

presence of contaminants. Levofloxacin and Glyphosate 

induce the more evident alteration in the NP colloidal 

Figure 42. DLS analysis (performed in intensity) of PET NPs at pH 7 
before and after incubation in Hg2+, Levofloxacin and Glyphosate. 
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stability, forming big clusters with sizes of 514±24 and 

331±11 nm respectively. The presence of aromatic 

residues in the PET NP structure may be involved in the 

formation of interaction with the other organic 

compounds that induce the destabilization of the colloid 

and its consequent aggregation. Even Hg2+ with its 

positive charge induces the formation of NP clusters 

leading to DH up to a size of 221±8 nm circa two times 

higher than that of the bare NPs (136±2 nm). As already 

reported for carboxylated PS, the colloids are destabilized 

by low concentrations of cations.230  

Consistent with the DLS results, the Z-Pot measurements 

showed the change in the surface charge (Figure 43). In 

Figure 43. Z-Pot of PET NPs at pH 7 before and after incubation in 
Hg2+, Levofloxacin and Glyphosate. 
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particular, the reduction of the Z-Pot in the NP sample 

pre-exposed to Hg2+ denotes an increase of the ionic 

concentration in the buffer. This may be due to the 

presence of the ions attached to the NP surface. In the 

case of Glyphosate and Levofloxacin the interaction of 

the NPs with the contaminants causes the shielding of the 

electrostatic charge on the surface of the NPs, with 

consequent reduction of the Z-Pot (in terms of absolute 

value). This induces the destabilization of the colloid and 

the formation of clusters observed by the increase in DH.  

 

Quantitative/qualitative characterization 

of contaminant-NP interactions 

 

NPs are dynamic and complex objects whose behaviour is 

mainly influenced by the environment and external inter-

actions. To understand such mechanisms, it is important 

to study NPs in their aqueous environment. Using NMR, 

it was possible to follow the evolution of NPs system in 

water, over time. After synthesis, NPs have been pelleted, 
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and resuspended in pure water. After the resuspension 

were immediately analysed by NMR in order to fix their 

status at the so-called time 0. As visible in Figure 44 the 

assignment of the peaks is a difficult task given the count-

less amount of signals present. Nevertheless, by simply 

comparing the spectra at various times, it is possible to 

glimpse important details. Observing the sample at time 

0, many signals are large and defined, due to the limited 

mobility of the molecules attached to the surface of the 

NPs. Over time, after 2 days, the signals are more intense 

and defined. The organic fragments formed during the 

Figure 44. NMR analysis of pristine PET NPs in water at time 0 (black 
line) after 2 days (red line) and after 4 days (blue line). On the right 
some details showing the sharpening of the peaks, associated with 
the molecular mobility on the NP surface, during time.   
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ablation of the plastic that decorate the surface of the na-

noparticles dissolve in solution and are freer to move and 

to respond to the magnetic stimulus of the NMR. After 4 

days the situation does not change demonstrating the ex-

treme stability of the MilliQ water NP system. Using the 

same approach, it was assessed and quantified the NP in-

teraction with Levofloxacin and Glyphosate (Figure 45-

46). By quantifying the full area of the peak referred to 

the only methyl group of Levofloxacin, a strong reduction 

Figure 45. 1D 1H noesy spectra expanded region of Levofloxacin (137 
µM) in MilliQ (green), in presence of PET NPs at t0 (blue) and after 2 
days of incubation (black). In red the spectrum of the bare PET NP. 
The arrow indicate the NMR signal assigned to Levofloxacin Methyl 
group. 



135 |  

in the concentration of the free molecule was observed 

compared to the incubation stock. This indicated a 0.036 

g/gNP binding of Levofloxacin. In addition to the observed 

decrease of the area, the strong line broadening and shift 

of the two doublets with respect to the reference, sug-

gest that at least two further mild interactions are possi-

ble. Looking at Glyphosate spectra in presence of NPs it is 

observable the shift of the doublet and a strong decrease 

Figure 46. 1D 1H noesy spectra expanded region of Glyphosate (148 
µM) in MilliQ (green), in presence of PET NPs at t0 (red) and after 2 
days of incubation (blue). In black the spectrum of the bare PET NP. 
The arrow indicate the NMR signal assigned to Glyphosate doublet of 
CH2 group (J = 12.64 Hz). 
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of its intensity, confirming even in this case a binding 

among the molecule and the NPs. The amount of bound 

Glyphosate was evaluated to be 0.034 g/gNP. Observing 

the temporal change of the spectra it emerges that the 

interaction of the NPs with the two contaminants is al-

most instantaneous. Both Glyphosate and Levofloxacin 

signals do not change prolonging the incubation time. 

Due to the technical limitations of NMR, Hg2+ was quanti-

fied by elemental analysis using ICP-OES. After eliminat-

ing the aspecific ligands, with three washing in MilliQ, the 

NPs were digested and analyzed. The results demon-

strated that PET NPs can bind up to 0.014 g/gNP of Hg2+ 

metal ions.  

Established the effectiveness of PET NP binding of con-

taminants, ITC allowed to explore the type of mecha-

nisms that regulates these interactions. ITC is a versatile 

and sensitive technique that allows the simultaneous de-

termination of the thermodynamic parameters of an in-

teraction.231 Working with NPs there are some limitations 

mainly related to their concentration and colloidal stabil-

ity which can influence the measurement of calorimetry. 
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The data presented were obtained by looking for the ideal 

condition, upon improving the signal to noise ratio. Given 

the great chemical variability of the surfaces of NPs, the 

possible interactions with the molecules of contaminants 

Figure 47. Thermogram showing the characteristic sequence of peaks 
corresponding to each ligand injection. Levofloxacin (0.5 mM), 
Glyphosate (1 mM) and Hg2+ (0.1) were injected in 100 µg/ml. 
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are not univocal. Therefore, the calculation of the ther-

modynamic parameters was obtained by fitting an inde-

pendent site binding model. In Figure 47 are shown the 

ITC profiles in all cases. The curves for all three titrations 

had an exothermic peak profile. This indicates the estab-

lishment of interactions between the contaminants and 

NPs but could also be related to the homo-aggregation of 

the NPs themselves.232 In this case, the results support 

what observed by NMR and ICP-OES, indeed the exother-

mic thermodynamic profile and the negative values of 

Gibbs free energy (ΔG) observed by the ITC measure-

ments (Table 7, Figure 48) reveals that favourable inter-

actions were established between the contaminants and 

the NPs in water. In particular, the resulting data demon-

Figure 48. Thermodynamic binding profile for the contaminant-NPs 
interaction. 
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strated a favorable hydrogen and hydrophobic interac-

tion for the two organic molecules. In the case of Hg2+, 

although the negative value of Gibbs free energy indi-

cates that the interactions are energetically favored, En-

tropy values higher than the Enthalpic ones cause a trend 

inversion. So high temperature, which means higher En-

tropy, decreases the binding of Hg2+. 

 

Cytotoxicology of contaminants-NPs 

 

In the chapter 1 the NP passage through the Caco-2 bar-

rier was proved. This establishes the possibility that NPs 

can reach the bloodstream. Therefore, the study was also 

extended on macrophages (MF) that play the role of pri-

mary defence against external agents. First, as for Caco-

Table 7. ITC thermodynamic values of contaminants-NPs interaction. 

  Levofloxacin Glyphosate Hg 

ΔG (kJ/mol) -25,13 -21,52 -29,05 

ΔH (kJ/mol) -16,10 -11,52 -100,00 

-TΔS (kJ/mol) -9,04 -10,00 70,95 
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2, it was evaluated the effective internalization of NPs. 

The MFs, differentiated from THP-1 cells, were treated 

with the NP functionalized with fluoresceinamine. After 

24 hours, confocal microscopy has been performed as 

shown in Figure 49. The cytoskeleton staining allows to 

visualize the numerous pseudopodia typical of the MF 

and to define the intracellular space. As expected even in 

this case cells have internalized the NPs. Given their de-

fensive role, MFs interact with particles through a wide 

Figure 49. Confocal microscopy of MFs incubated for 24 h with fluo-
rescent NPs. Hoechst/nuclei (blue), Phalloidin/actin (red), NPs 
(green). Lateral boxes represent z-stack projections along x-z and y-z 
axes. 
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variety of cell-surface receptors such as scavenger recep-

tors, which facilitate phagocytosis that act as the main 

tool for the removal of external contaminants such as 

pathogenic microorganisms but also nanomaterials.233 

Using a pH-responsive endosomal tracer, the fluorescent 

NPs were colocalized with lysosomes as further confirm 

of NPs internalization and that endocytosis is the main 

cellular uptake pathway for NPs (Figure 50). Known the 

mechanisms of internalization of NPs are similar for MF 

Figure 50. Confocal microscopy of MFs incubated for 24 h with fluo-
rescent NPs. NPs co-localized with Lysotracker stained lysosomes. 
Hoechst 33342/nuclei (blue), Lysotracker (red), NPs (green). Lateral 
boxes represent z-stack projections along x-z and y-z axes. 
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and Caco-2 cells, cytotoxic effect of pollutants have been 

characterized studying first the cell viability (Figure 51). 

The MTS assay showed a reduction of the cell viability 

only at high Hg2+ concentrations while no response was 

Figure 52. Viability of MFs and Caco-2 exposed up to 96 h to 30 µg/ml 
of NPs in combination with the three contaminants. 

Figure 51. Viability of Caco-2 cells and MFs exposed to different con-
centrations of Levofloxacin, Glyphosate and Hg2+ for 96 h.  
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observed in presence of Levofloxacin and Glyphosate. 

The total absence of effects on cell viability was observed 

also treating cells with the contaminant-NP complexes 

(Figure 52). In the same way, the NPs, even in association 

with the contaminants, do not trigger oxidative events, 

keeping ROS levels close to the untreated control (Figure 

53). 

 

Metabolomic analysis 

 

The use of conventional tests such as MTS and ROS did 

not show any significant response of the NPs treated 

Figure 53. ROS production by MFs and Caco-2 exposed up to 96 h to 
30 µg/ml of NPs in combination with the three contaminants. Tert-bu-
tyl hydroperoxide (TBHP) (100 µM) was used as positive control. 
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cells. In the absence of acute toxicity, in vitro, it is difficult 

to study the chronic effects triggered by stress. Nonethe-

less, the entrance of NPs in the endosomal cell pathway 

in addition to their biopersistence and accumulation must 

result in alterations, even small, of cell physiology and 

trophism. Metabolomics is the ideal strategy to address 

this toxicology task.234 It represents a powerful tool for 

collecting several mechanistic information. As little varia-

tion of the basal cellular metabolism may induce long 

term effects, and this tool could be a good preliminary 

way in vitro, to preview the chronical impact of nano-

materials.219,233  

Figure 54. PLS-DA scores plots for Caco-2 control cells (blue), NPs 
(green) treated cells, contaminants (red) treated cells and contami-
nant-NPs (cyan) complex treated. The analysis was performed after   
48 h of incubation time. The 95% confidence ellipses are displayed 
for each group. 
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Preliminary results of the analysis on the Caco-2 and MF 

culture media are shown in figure 54- 55. The Partial 

least-squares discriminant analysis (PLS-DA) of metabo-

lomics data was performed on the four groups of treat-

ment: the untreated control cells (blue), the cells treated 

with NPs (green), cells treated with the contaminants 

(red) and those treated with the complex contaminant-

NPs (cyan). Interestingly, both in Caco-2 and in MF cells, 

a clear distinction of the treatment classes has been ob-

served. A strong similarity between the classes treated 

with the contaminants and those treated with the con-

taminant-NPs complexes can be observed in Caco-2 cells. 

This is in line with expectations. In fact, as demonstrated 

Figure 55. PLS-DA scores plots for MF control cells (blue), NPs (green) 
treated cells, contaminants (red) treated cells and contaminant-NPs 
(cyan) complex treated. The analysis was performed after 48 h of in-
cubation time. The 95% confidence ellipses are displayed for each 
group. 



146 |  

by the presented interaction and binding studies, PET NPs 

are able to interact and therefore to transport other pol-

lutants, modifying their chemical identity and therefore 

their impact on organisms.  

Changing the cell model such evidence is not easily found. 

In fact, apparently, the metabolic response of MFs to the 

contaminant complexes-NPs differs from that to free con-

taminants, but the metabolic profile of untreated and 

NPs-treated cells appeared to differ less. The Levofloxacin 

treatment causes a high variability of responses with re-

spect to the other groups, however it maintains its iden-

tity and remains well distinguishable. The major differ-

ences compared to Caco-2 are evidenced in the response 

to the contaminant-NP complexes. The PLS analysis con-

firms the diversity of the metabolic profile of the cells 

treated with the complex compared to the control 

groups, NPs and contaminants. This result could indicate 

a synergistic action given by the association of the con-

taminants to the PET NPs that act as carriers. 

 Associating the univariate analysis performed with 
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Workflow4Metabolomics W4M 3.0 to a SMA (Simple Mix-

tures Analysis) a preliminary peeks assignation and char-

acterization was carried out. In table 8 the main buckets 

variations were associated to their specific metabolite 

 Table 7. Univariate analysis of Caco-2 (blue *) and MF (red *) significant metabolites. 
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 *  * * *  *  * 
* 
* 

* * *  * 

Leucine 0,95 * *  * *  * * * *  * 
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*  *   

Table 8. Univariate analysis of Caco-2 (blue *) and MF (red *) significant metabolites. 
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showing how different were the response of the two cell 

lines to the stress. The significance relation between cells 

treated with NPs and controls remained unchanged in all 

samples confirming the successful outcome of the analy-

sis. Preliminary results of analysis on the culture media 

reported a slight change in the anaerobic metabolism 

with an overall increase in lactate amount respect to the 

controls. The increased level of lactate in Caco-2 cells may 

be a sign of the cellular stress which at long term may in-

duce cellular apoptosis.235 Further investigations on cell 

extracts are needed to deepen the effects of these pollu-

tants and better outline the mechanisms triggered by 

these interactions. 
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Conclusion 

 

 

 

Due to the complexity of the aqueous environment NPs are 

exposed to several chemical hazardous compounds and pol-

lutants. The ability of NPs to interact with living organisms 

could made them a “trojan-horse” for the internalization of 

many of these hazardous pollutants such as heavy metal 

ions, drugs and pesticides. The interactions and the binding 

of contaminants with the NPs determine the change of the 

chemical identity of the nanoparticles themselves. Since PET 

NPs are internalized by cells and can pass through intestinal 

barrier models, the risk of exposure to these pollutants is 

extended to the bloodstream and therefore to the entire 

body. The hydrophobicity and the presence of carboxylic 

groups, characteristic of the degraded PET polymer, allow 
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the formation of interactions, of various types and inten-

sities, with contaminants. Physicochemical characteriza-

tions have validated the hypothetical ability of PET NPs to 

bind the three model substances with a high capacity: 

Levofloxacin 0.036 g/gNP, Glyphosate 0.034 g/gNP and Hg 

0.014 g/gNP. The absorption of molecules on NPs causes 

an alteration of their colloidal stability in water by induc-

ing the formation of clusters and the increase of the DH of 

colloids, in contrast with what described in chapter 1 for 

the pure NPs sample stably dispersed in water up to 6 

months. The study of the biological effects of NPs and 

complexes produced with the contaminants on Caco-2 

and MFs has shown conflicting results. Even in this case 

no differences were seen between the treated samples 

and the controls applying the standard assays of cell via-

bility and ROS production, but approaching with an omics 

strategy it was possible to observe numerous small 

changes in cell physiology. The enormous amount of data 

produced, is relative only to the analysis of the medium, 

but from the results it is already easily distinguishable a 

correlation between treatment and the effects produced. 
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these promising preliminary results will be further com-

plemented by the ongoing analysis on cell extracts and li-

pids, giving a holistic view on the mechanisms that drive 

the interactions between cells and NPs. 
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Chapter III 
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State of the art 

 

 

 

Heavy metal ions pollution 

 

The intense agricultural and industrial activity, related to 

the continuous increase of the world population, has 

caused a severe rise in the environmental pollutants. 

Among them, heavy metal ions represent one of the most 

important classes of heterogeneous persistent pollu-

tants. The name “heavy metals” is not due to the high 

atomic weight of these elements (in this case between 

63.5 and 207.2 g / mol) but to their high specific gravity 



157 |  

of more than 5.0 g/cm3.203 Due to their widespread pres-

ence in the environment, heavy metal contamination is a 

worldwide recognized environmental and public-health 

hazard. The sources of these toxic elements, being a nat-

ural component of the earth’s crust, can be natural (min-

eral weathering, volcanic activities, etc.) or can be related 

to numerous anthropogenic activities and industrial sec-

tors (Table 9).8 In the water environment heavy metals  

Table 9. Heavy metals emissions from different industrial sectors.8  

Industrial sector Cd Cr Cu Hg Pb Ni Sn Zn 

Paper industry – ✓ ✓ ✓ ✓ ✓ – ✓ 

Petrochemistry and refineries ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Production of chlorine ✓ ✓ – ✓ ✓ – ✓ ✓ 

Fertilizer industry ✓ ✓ ✓ ✓ ✓ ✓ – ✓ 

Steelworks and ironworks ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Motor vehicles, air craft ✓ ✓ ✓ ✓ ✓ – ✓ ✓ 

 can exist in form of colloid, particulate or dissolved ions, 

remaining suspended in the water column, precipitating 

on the bottom, or can be taken up by organisms.236,237 

WHO listed four of those elements (As, Pb, Hg, and Cd) 

between the top 10 chemicals of major public-health con-

cern.8 In fact, even at low environmental concentration, 

in the range of few µg/L, heavy metal ions can be a risk 

for humans.5,203 As described in the previous chapter at 
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the highest levels of the food chain the concentrations of 

these persistent contaminants tend to increase by bio-

magnification due to their tendency to accumulate in liv-

ing organisms, and can provoke serious health implica-

tions.5,203 Therefore, some food, in particular certain 

types of seafood, are already subject to regulation.238  

Some of the heavy metals are essential to life (e.g., Se, Zn, 

Co) and for maintenance of a number of biological func-

tions. Contrarily, other elements, such as Pb, Hg, As, and 

Mb, have no nutritional properties and the intake can in-

duce serious toxic effects. Even the essential elements in 

excess can be harmful; cobalt for example is the central 

atom of vitamin B12 (cobalamin) but its excess induces 

symptoms of poisoning in the gastrointestinal tract, 

heart, and kidney.8 The elemental speciation and the 

chemical form may play a significant role in the interac-

tion and toxicity of heavy metals. Toxicity of heavy metal 

can increase in the chelating process and due to the cre-

ation of sulfide with biologically active substances and en-

zymes.202 Organometallic compounds of Hg, Pb, Cr, and 

Se exhibit a particularly acute effect.8,239 Therefore, con-

siderable attention is being devoted to the development 
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of low-cost and environmentally safe materials for the re-

moval of heavy-metal ions from polluted waters.240–242 

This thesis work, was focused in particular on Pb, Cu, 

hereinafter briefly introduced, and Hg, already discussed 

in chapter 2.  

Over 50% of Pb (Figure 56) emissions in the atmosphere 

have been originated from petrol and have polluted our 

environment, but fortunately due to the introduction of 

unleaded petrol the air concentration is slowly decreas-

ing.203 Other anthropogenic sources of Pb include the 

combustion of coal but also processing and manufactur-

ing of additives and pesticides.243 Pb is systemic poison 

causing anemia, kidney malfunction, brain damages and 

even death. Pb can affect fertility of women while at chil-

dren, Pb reduces the physical and mental growth.244 Pb 

can compete with calcium inactivating enzymes, altering 

Figure 56. Lead element properties, and an image of its bulk appear-
ance. 
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its incorporation into bones and interfering with nerve 

transmission.245 The 0.01 mg/l concentration limit for Pb 

in waters, established by the WHO, is often exceeded in 

many developing countries.246–248 Pb from air and water 

can accumulate in soil, especially in soil with high organic 

contents, where it remains for thousands of years. There, 

displacing other metals within organic matter, accumu-

lates in plants reducing the rate of photosynthesis induc-

ing damages also to agricultural production and to the 

food quality.8   

Cu (Figure 57) is a micronutrient which interestingly is 

both essential and toxic to humans, depending on the 

dose ingested. It is difficult defining the milder effects of 

Cu deficiency or excess as the limits of homeostatic regu-

Figure 57. Copper element properties, and an image of its appear-
ance 
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lation are not known. Adverse effects associated with ex-

cess of copper are damages to liver and kidneys.249,250 The 

effects of Cu exposure are further severe in people with a 

genetic condition known as Wilson disease, in these peo-

ple Cu levels rise strongly in the body due to a lack of spe-

cific liver enzymes.249 Acquired Cu deficiency is described 

in children recovering from malnutrition, in low-birth-

weight neonates, and in patients receiving copper-free 

total parenteral nutrition.249  

Cu compounds are applied in wood preservatives, elec-

troplating, azo dye manufacture, engraving, lithography, 

petroleum refining, pyrotechnics and as additives in food 

industry.251,252 Are also largely used in agriculture as fun-

gicides, insecticides and as algicides in surface water fa-

cilitating the environmental pollution.253 A number of 

studies from Europe, Canada and the United States indi-

cated that the Cu concentrations in surface- and drinking-

water can reach values up to 30 mg/L, although these val-

ues vary greatly depending on the pH and hardness char-

acteristics of the water and on the source of contamina-

tion.252  
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Ion exchange and water treatment 

processes 

 

As discussed above, nowadays heavy metals are an envi-

ronmental priority pollutant, and therefore there is a con-

tinuous investment for the development of methods and 

technologies for their removal from the environment and 

in particular from the waste water.254 To date, the re-

moval of heavy metal ions has been achieved by several 

methods herein listed and described: 

- Ion-exchange processes are based on the exchange of an 

ions from a solution with a similarly charged ion present 

on a stable solid phase, the exchanger. This process 

commonly occurs in a reversible chemical reaction and 

has been widely used to remove heavy metal ions from 

wastewater due to the high treatment capacity, high re-

moval efficiency and fast removal kinetics.255 The most 

common cation exchangers are strongly acidic resins 

with sulfonic acid groups (-SO3H) and weakly acid resins 

with carboxylic acid groups (-COOH).254 
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- Chemical precipitation is the most widely used process 

in industry because it is relatively simple and inexpen-

sive to operate.256 In precipitation processes, heavy 

metal ions interact with chemicals to form insoluble pre-

cipitates, which can be separated through sedimenta-

tion or filtration. The conventional chemical forms re-

sulting by the precipitation processes include hydroxide 

and sulphide.254 Although the solubilities of the metal 

sulphide precipitates are lower than hydroxide precipi-

tates this last precipitation approach remains the most 

diffused due to its relative simplicity, low cost and ease 

of pH control.257 An alternative to these two chemical 

precipitations methods is the use of chelating precipi-

tants such as thiol or organic chelators. This technique 

can be combined with other methods such as ion-ex-

change or nanofiltration.254  

- Adsorption is an effective and economic method for 

heavy metal wastewater treatment which offers flexibil-

ity in the operation and produce good-quality results. 

Sometimes adsorbents can be regenerated by suitable 

desorption processes. The most used absorbent in the 
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removal of heavy metal contaminants is activated car-

bon. Carbon nanotubes (CNTs), have been largely stud-

ied as adsorbents, demonstrating good potential for re-

moving many heavy metal ions such as lead, copper, and 

nickel from wastewater, but their use is still expen-

sive.258–260 Therefore, considerable attention is being de-

voted to the development of low cost adsorbents and 

hundreds of studies have been focused on the use of 

natural substances, agricultural wastes, or industrial by-

products for the heavy metal wastewater treatment.240–

242    

- Membrane filtration technologies with different types of 

membranes show high efficiency, easy operation and 

space saving. The membrane processes used to remove 

metals from the wastewater are ultrafiltration, reverse 

osmosis, nanofiltration and electrodialysis.254 High re-

moval efficiency of metal ions can be obtained through 

micellar enhanced ultrafiltration and polymer enhanced 

ultrafiltration based on the addition of surfactants or 

polymers to wastewater to “entrap” and bind selectivity 

metal, but these methods are not widespread in the in-

dustry. Reverse osmosis process uses a semi-permeable 
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membrane, which allows the fluid passages while reject-

ing the contaminants.254 Reverse osmosis can remove a 

wide range of dissolved species from water, but even if 

widely applied, it involves a high energy consumption 

due to the pumping pressures and to the restoration of 

the membranes.254 Nanofiltration is the intermediate 

process between ultrafiltration and reverse osmosis. 

Nanofiltration is easy to use, reliable and effective both 

in terms of energy and in the removal of pollutants.261 

Electrodialysis is another membrane process where the 

separation of ions is performed across a charged ion-ex-

change membrane using an electric field as the driving 

force. This process has been used in the processes of de-

salination of sea water for drinking.262 

- Coagulation and flocculation followed by sedimentation 

and filtration is also employed to remove heavy metal 

ions from wastewaters. Neutralizing the repulsive forces 

using coagulants such as aluminium, ferrous sulphate 

and ferric chloride, destabilized colloids coagulate.254 

Coagulation is one of the most important methods for 

wastewater treatment, but the main objects of coagula-

tion are only the hydrophobic colloids and suspended 
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particles. In order to remove both, new kinds of coagu-

lants, the amphoteric polyelectrolytes, are developed 263 

Flocculation is performed by bonds formation between 

polymers (the flocs) and the contaminants into large ag-

glomerates or clumps, removed by filtration or floata-

tion.254   

- Flotation has nowadays found extensive use in 

wastewater treatment. Flotation has been employed to 

separate heavy metal ions from a liquid phase using bub-

ble attachment.254 Ion flotation and precipitation flota-

tion are the main flotation processes for the removal of 

metal ions from solution. The process of ion flotation is 

based on conveying the ionic metal species in 

wastewaters hydrophobic by the use of surfactants and 

by subsequently removing these hydrophobic species by 

air bubbles.264 Precipitate flotation process is based on 

the formation of precipitate and subsequent removal by 

attachment to air bubbles. Depending on the concentra-

tion of the metal solution, the precipitation may pro-

ceed via metal hydroxide formation or as a salt with a 

specific anion (sulphide, carbonate, etc.).265 

- Electrochemical methods involve the plating-out of 
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metal ions on a cathode surface and can recover metals 

in the elemental metal state.266 This technology involves 

large capital investment and energy consumption, so 

they have not been widely applied.254 In addition to elec-

trodeposition, electrocoagulation and electroflotation 

can be applied. Both the processes involve the genera-

tion of coagulants in situ by dissolving electrically either 

aluminium or iron ions from electrodes and allow a 

solid/liquid separation of heavy metals.267  

Among the various wastewater treatments, ion exchange 

has emerged as a good compromise between removal 

rate and capacity, which also offers the possibility to re-

generate and reuse the sorbent.268 When metal contami-

nated solution is in contact with ion exchangers the posi-

tive charged toxic metal cations are exchanged with the 

positive charged ions from the solid insoluble exchanger 

such as hydrogen and sodium ions in equivalent amount 

in the solution (Figure 58), the same goes for negatively 

charged unwanted anions.255 These systems are com-

monly based on synthetic resins, natural zeolites and sili-

cates.269 Nevertheless, such conventional materials also 
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suffer from several drawbacks: difficulties to manage 

concentrated metal solution as the matrix gets easily 

fouled with lose of performance, poor regeneration (or-

ganic resins), slow sorption kinetics (zeolites and clays), 

limited selectivity, and relatively low thermal and chemi-

cal stability (resins).268 Moreover, ion-exchange resins 

must be regenerated by chemical reagents when they are 

exhausted and the regeneration can cause serious sec-

ondary pollution.254 Recently, several kinds of nanostruc-

tured inorganic materials were synthesized and studied 

for this purpose.270,271 In particular, metal oxides and 

other nanomaterials have been already applied as pollu-

tant sorbents due to their high surface/volume ratio, high 

reactivity, and ion exchange capacity.271,272 

 

Figure 58. Schematic diagram of the ion exchange mechanism. 
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Titanates and nanomaterials in heavy 

metal ions removal from water 

 

Recently, due to their unique physicochemical properties, 

economic benefit, efficiency and environmental friendli-

ness, much attention has been paid to nanomaterials in 

water quality management. The small sizes and thus large 

specific surface areas of nanomaterials allow them to 

have strong adsorption capacities and reactivity. Not only 

heavy metal ions but also organic pollutants, inorganic 

anions, and bacteria have been reported to be success-

fully removed by various kinds of nanomaterials.273 At 

present, the most extensively studied nanomaterials for 

water and wastewater treatment mainly include CNTs, 

metal oxides nanoparticles, and nanocomposites. Single-

walled and multi-walled CNTs are good adsorption mate-

rials for the removal of organics and heavy metal ions in-

cluding Pb2+, Cd2+, Ni2+ and Zn2+.274 The carbon nanotubes 

adsorption capability by far superior to the  activated car-

bon performance. CNTs maximum adsorption capacity 
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for Cd2+, Cu2+ and Pb2+ was calculated as 11.2, 167.2 and 

101.05 mg/g respectively.275 Although CNTs significant 

advantages, their use on a large scale is not expected in 

the midterm because of high production costs. Nanoscale 

metal oxides are promising alternatives to carbon-based 

materials as effective systems to remove heavy metal 

ions due to their high specific sorption capacity at the na-

noscale owing to the fact that sorption sites reside pre-

dominantly on the surface.271,276 ɣ-Fe2O3, MnO2, ZnO, 

TiO2, ɣ-AlOOH, and ɣ-Al2O3 etc. were used as adsorbents 

and they were combined with various matrices.277 Some 

of these nanoscale metal oxides (eg, nanomaghemite and 

nanomagnetite) are superparamagnetic, which facilitates 

separation and recovery by a low-gradient magnetic 

field. Iron oxide nanomaterials could adsorb a variety of 

heavy metal ions.278 Nano-magnetite showed an adsorp-

tion capacity for Cu2+, Cd2+, Ni2+, Zn2+, Pb2+ as 79.1, 88.4, 

95.4, 107.3 and 112.9 mg/g, respectively.279 Although the 

natural occurrence of iron and their facile synthesis, their 

application is still at the laboratory scale.280 Nanosized 

manganese oxides have been exploited for sorption of 
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cationic or anionic pollutants from natural waters. Com-

pared to commercial resins manganese oxides showed 

high selectivity towards heavy metal ions.281,282 Alumina 

(Al2O3) is a traditional adsorbent for heavy metals. The 

chemical or physical modification of Al2O3 nanoparticles, 

with specific functional groups containing donor atoms, 

improves their sorption and selectivity toward heavy 

metals with a maximum adsorption capacity values of 

100.0 mg/g for Pb2+ in multiple-metal solution.283 Re-

cently, it was found that nanostructured ZnO too can ef-

ficiently remove heavy metal ions and particularly Cu2+ 

with an adsorption capacity >1600 mg/g.283,284 

Titanium oxides have many applications. Titanium is  the 

ninth most abundant element in the Earth’s crust, and 

therefore it is cheap, and its oxides were able to simulta-

neously remove multiple metal ions in the aqueous 

phase.285 In terms of distribution coefficient (Kd), Tita-

nium oxide nanostructures performed better than com-

mercial activated carbon and many other metal oxides.  

A particularly performing group of titanium oxide is that 

of titanates. In their early discovery, these materials have 
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been mistakenly assigned as anatase TiO2, while they 

were actually a different class of layered materials, with a 

general formula MxTiyOx/2+2yˑzH2O (M=H, Li, Na, K, etc.), 

called titanates.286 Titanates have been produced in vari-

ous shapes, such as nanotubes, nanowires, and 

nanoflowers, but their base structures is constitute as 2D 

layers formed by connected TiO6 octahedral blocks, with 

cations and neutral molecules inserted into the inter-

layer space (Figure 59). Every single structural entity is 

joined by corner to the other structural entities related 

forming a continuous 2D sheet.286 The various stoichiom-

etry of titanates is related to the number of TiO6 octahe-

dra composing the structural entity.286 Thanks to their 

open crystal structure, their interlayer distance adaptabil-

ity, titanates can accommodate many varieties of cations 

Figure 59. Titanates sheet layers structure.  
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in the interlayer spaces balancing their negatively charges 

and endowing them unique physiochemical proper-

ties.287–291  

Layered titanates have been largely investigated due to 

the very good cation exchange capability. Because of the 

negative charge on the titanate sheet, it can adsorb posi-

tively charged molecular species effectively such as heavy 

metal ions showing better performance compared to 

other metal oxides, reaching a removal capacity of up to 

550 mg/g in the case of lead ions.287–291 Titanate 

nanosheets (TNSs), in particular, are novel two-dimen-

sional (2D) nanomaterials with a layered nanostructure 

and a Ti(1−x)O2
4x− composition. Usually, depending on their 

preparation method, diverse TNS lamellar structures can 

be formed by single Ti-O sheets in a TiO6 octahedral con-

figuration intercalated by organic cations.292–295 These 2D 

crystals of sub-stoichiometric TiO2 have small sizes (one-

unit-cell thickness and length of 2−6 nm) and very high 

surface-to-volume ratio, whereas they present high re-

fractive index values.292–294 On top, it has been already 
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demonstrated that the cations present in the TNS struc-

tures can be efficiently substituted by sodium or other 

metal ions, making them interesting materials for diverse 

types of applications, among which is also the environ-

mental remediation by ion exchange.292,295,296 In particu-

lar, TNSs, have shown their appealing ability to irreversi-

bly exchange and tightly immobilize hazardous metal 

ions, such as Pb2+.287,295  

However, due to their nanometric size, the increased sur-

face energy unavoidably leads to the poor stability TNSs 

in aqueous ambient. Consequently, TNSs as other na-

nosized metal oxides are prone to agglomeration.283 In 

addition, the environmental fate and the possible hazard-

ous effects of nanomaterials are still unknown. Indeed, 

human health and ecological risk assessment of nano-

materials are limited.297 So, to improve the applicability 

of these performing materials in real wastewater treat-

ment, it is possible to incorporate them into solid sup-

ports obtaining nanocomposite adsorbents.298–300  

Nano-biocomposites are a class of composites obtained 

by adding nanofillers to biopolymers. Biopolymers are 
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commonly destined to different short-term applications 

e.g. packaging, agriculture or hygiene and biomedical de-

vices, and have already showed, in combination with na-

nomaterials, improved properties with preservation of 

their biodegradability, representing an emerging answer 

for improved and eco-friendly materials.301 Recently, due 

to their facile synthesis and low cost, the application of 

nano-biocomposites has become a novel approach for 

environmental applications.302 Nano-biocomposites have 

been reported for the removal of heavy metal ions from 

wastewater.303 Biopolymers can derive from natural 

sources such as carbohydrates and protein (e.g. starch, 

cellulose, chitosan, alginate), can be chemically synthe-

sized biodegradable polymers (e.g. poly-lactic acid (PLA), 

polyvinyl alcohol (PVA)) or produced by microbial fermen-

tation (e.g. polyhydroxybutyrate (PHB), polyhydroxyalka-

noates (PHA).304 In the context of this thesis, in order to 

produce a reliable and good-performing nano-biocompo-

site, silk fibroin was used as a support for titanates, and 

for this reason its main characteristics will be explored in 

the next paragraph. 
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Silk fibroin 

 

Silk is a natural fibre extracted from the cocoons of the 

Bombyx mori and constitute of two protein: 72-81% of fi-

broin and a 19-28% of sericin, a gum-like protein that coat 

a backbone of fibroin (Figure 46).305,306 Fibroin is made up 

by a heavy (H) and a light (L) chain with a molecular 

weight of 325 kDa and 25 kDa respectively linked by a di-

sulphide bond, forming the H-L complex.307,308 The pecu-

liar aminoacidic composition gives to this protein unique 

properties. H chain consists of repeated hexapeptide Gly-

Ala-Gly-Ala-Gly-Ser and the dipeptide Gly-Ala/Ser/Tyr, 

which self-assemble in hydrophobic antiparallel β-sheets 

during the silk worms spinning.307 L chain is more hydro-

philic and is principally composed of valine, isoleucine 

Figure 60. Silkworm cocoons (left) and a SEM micrograph of a co-
coons yarn structure (right). 
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and leucine and acidic amino acids.307,309  

Due to its composition fibroin results characterized by a 

semi-crystalline structure formed by the crystalline hy-

drophobic antiparallel β-sheets part, which is alternated 

with a less organized phase.310 The crystalline part con-

fers its strength, toughness, refractive index, water solu-

bility and degradation properties to silk, while flexibility 

and elasticity are depending on the amorphous compo-

nent.310–313  

Silk fibroin was generally used for its high strength, such 

as fabric and fiber especially in textile industry.312,314 The 

development of new protocols of extraction and regener-

ation has made possible to obtain pure fibroin in water 

solutions, already widely used for the production of ma-

terials for biomedical purposes due to its proven biocom-

patibility and low immunogenicity.314 The regenerated 

silk fibroin is in fact soluble in water and more easily pro-

cessable in several of films, fibers, sponges and nanopar-

ticles.305,308,314–318 It is possible to tune the water stability 

of fibroin by modifying the amount of β-sheets through 

crystallization. A crystalline state with high β-sheets con-

tent can be obtained by water vapor annealing or by the 
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exposure of the silk fibroin to organic solvents, such as 

methanol, making silk a suitable material for the develop-

ment of composites with a low environmental impact, 

also applicable in aqueous environment.313,319,320 Re-

cently silk fibroin has been proposed as matrix support to 

produce nano-biocomposites. Thanks to its high transpar-

ency and stability, and to the development of novel 

nanofabrication methods, it was possible to embed TNS 

in silk fibroin producing biocompatible nanocomposites, 

applied in resorbable electronics, implantable and optical 

devices and sensing applications.292,296,321  

 

 

 

 

 

 

 

 

 

 

 

 

 



179 |  

 

 

 

Materials and methods 

 

 

 

Fabrication of TNSs. 

 

TNSs were synthesized by Prof. Martucci’s group, using a 

sol-gel process.293,322 Initially, 12 mmol of titanium tetrai-

sopropoxide Ti(OPri)4 were added to 107 mmol of warm 

(110 °C), dehydrated and degassed ethylene glycol (EG). 

Subsequently, 9 mmol of tetramethylammonium hydrox-

ide (TMAH) (Sigma-Aldrich) dissolved in 54 mL of water 

were injected in the solution, which became optically 

clear after few seconds. The reaction run for four hours 
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at 110 °C. After cooling the solution at room temperature 

(RT) an excess of acetone was added to induce the floc-

culation. TNSs were then precipitate by centrifugation at 

4000 rpm for 4 minutes. The TNSs pellet was washed 

twice with acetone and twice with methanol then was 

dried under vacuum. A stock dispersion of TNSs was ob-

tained by dispersing 200 mg of TNSs in 1 mL of 0.1 M 

TMAH aqueous solution. 

 

SF extraction. 

 

SF aqueous solution was prepared according to a previ-

ously published protocol.314 Cocoons of Bombyx mori 

were cut in little pieces and boiled for 30 min in a solution 

of 0.02 M sodium carbonate (Sigma-Aldrich) to remove 

the sericin. The boiled silk was rinsed with MilliQ water 

and, after drying, the fibers were dissolved in 9.3 M LiBr 

(Sigma-Aldrich) solution at 60°C for 4 h. The solution was 

dialyzed against distilled water using a dialysis membrane 

(Molecular weight cut-off 3500, 6.74 mL /cm, Fisher-

brand) for 2 days to remove the LiBr salts. The silk fibroin 
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solution, obtained after dialysis, was transferred in a 50 

mL tube and was centrifuged twice at 9000 rpm at 4 °C 

for 20 minutes and transferred in a clean tube to remove 

impurities. The concentration of fibroin in aqueous solu-

tion was in the range between 6-8% (w/v) for the differ-

ent batches. The SF solution with a 5% concentration 

used in the present work was prepared by diluting the 

more concentrated solutions in milliQ water. 

 

TNSs-SF nanocomposite formation.  

 

TNSs-SF nanocomposites were formed by mixing the fi-

broin solution with the water dispersion of TNSs. Aliquots 

of the TNSs dispersion were added to aqueous solutions 

of SF (50 mg/mL) and mixed gently to avoid the fibroin 

flocculation. The solutions were drop-casted and dried 

under the fume hood at RT to obtain films. The composite 

films were then dipped in methanol overnight at RT to in-

duce fibroin crystallization and dried for 24 hours under 

hood.292 The methanol annealing process allows the sta-

bility of the nanocomposite in water and at the same time 
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permits an efficient interaction of the polluted water with 

the TNSs fillers.292,308,314,323 TNSs-SF films with TNSs to silk 

ratios of 50/50, 70/30 and 90/10 were synthesized.  

 

Ion Exchange Process. 

 

To test the removal of heavy metal ions from the water 

solution, the nanocomposite films were incubated in 

aqueous solutions of lead nitrate (Pb(NO3)2 99%), mer-

cury chloride (HgCl2 99.999%), copper chloride (CuCl2 

97%) and sodium chloride (NaCl 95%) (Sigma-Aldrich). 

Different metal ion concentrations were prepared (from 

25 to 1000 mg/L) starting from stock solutions concen-

trated at 1000 mg/L. For each ion exchange experiment, 

20 mg of the TNSs-SF films were enclosed in a dialysis 

membrane (Molecular weight cut-off 3500, 1.15 mL/cm, 

Fisherbrand) to facilitate the sampling operations and 

dipped in 20 mL of ion solution. All the tests were per-

formed under stirring at 700 rpm. At the various time 

point, aliquots of 250 μl of ion solution were collected for 

further characterization. At the end of the adsorption 
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process, the solid films were collected and used for fur-

ther analysis.  

 

Inductive Coupled Plasma-Optical 

Emission Spectroscopy. 

 

Inductive Coupled Plasma-Optical Emission Spectroscopy 

(ICP-OES) was used to determine the ions concentration 

with an iCAP 6500 spectrometer (Thermo). All the sam-

ples collected were previously treated with 2.5 mL of 

aqua regia (1HNO3:3HCl) overnight. Then the digested 

samples were diluted up to 25 mL with milliQ water and 

filtered through Nylon syringe filters (diameter 25 mm 

and a pore size of 0.2 μm, Sartorius). From the ICP-OES 

data, the sorption capacity of the films qe (mg/g) was cal-

culated as follows: 

𝑞𝑒 =
(𝐶0−𝐶𝑒)×𝑉

𝑊
       Eq.3 

where Ce (mol/L) is the concentrations of the heavy metal 

ions at the equilibrium, C0 (mol/L) is the initial 
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concentration, V (L) is the volume of the solution and W 

(g) is the mass of the adsorbent. 

 

Energy Dispersive X-ray Spectrometry. 

 

Energy Dispersive X-ray Spectrometry (EDX) analysis was 

carried out using a Scanning Electron Microscopy (JEOL 

JSM-6490LA, Tokyo, Japan) equipped with a tungsten (W) 

thermionic electron source working in low vacuum. The 

composite samples were incubated in a 1000 mg/L lead 

ions solution for 24 hours. After the incubation, the sam-

ples were washed in milliQ water and after drying were 

coated with 10 nm thick AuPd film using a sputter coater 

(Cressington 208HR).  

 

Transmission Electron Microscopy. 

 

Transmission Electron Microscopy (TEM) analysis was 

carried out using a JEM 1400-Plus JEOL microscope oper-

ating at an acceleration voltage of 120 kV. The composite 
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samples before and after ion exchange were grinded and 

dispersed in water. Few drops of the composite suspen-

sion were deposited onto copper grids coated with an 

amorphous layer of lacey carbon film. Then the grids 

were dried under vacuum overnight to remove water. 

High Angle Annular Dark Field Scanning Transmission 

Electron Microscope (HAADF-STEM) images were ac-

quired using an image Cs-corrected JEOL JEM-2200FS 

TEM with a Schottky emitter equipped with a Quantax 

400 STEM system, operated at 200 kV. EDS analyses were 

carried out in HAADF-STEM mode using the same micro-

scope and an XFlash 5060 silicon-drift detector (SDD, 60 

mm2 active area). 

 

Fourier Transform Infrared. 

 

Fourier Transform Infrared (FTIR) measurements were 

carried out on the films using a Vertex 80 (Bruker) spec-

trometer in attenuated total reflectance (ATR) and in 

transmission mode. The spectra were acquired between 
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4000 and 400 cm-1 with a resolution of 2 cm−1. X-ray dif-

fraction (XRD) measurements were performed on a PAN-

alytical Empyrean X-ray diffractometer using a Cu Kα an-

ode (λ=1.5406 Å) operating at 45 kV and 40 mA. The dif-

fraction patterns were collected in the range 2–70° 2θ 

with a 0.04° step size. X-ray Photoelectron Spectroscopy 

(XPS) analysis was performed using a SPECS-Lab spec-

trometer with Al Kα source (hν= 1486.6 eV) operated at 

15 kV with an emission current of 10 mA. Charge neutral-

izer consisting of low-energy (ca. 7 eV) electrons was ap-

plied and energy scale calibration was performed by set-

ting the C-C/C-H component of C1s spectrum at 285 eV. 
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Results and discussion 

 

 

 

TNSs-SF composite characterization 

 

The first step for the development of a composite is to 

know the interspecific effects of the components and 

Figure 61. Schematic representation of TNSs-SF composite. In yel-
low/orange the SF matrix random coiled secondary structure and β-
sheets, in blue the TNSs intercalated by cations during ion exchange. 
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those induced by the synthesis process. The sketch in Fig-

ure 61 illustrates with various magnifications the compo-

nents constituting TNSs-SF composite. Being titanates the 

active part of the composite the effect of incorporation 

into SF matrix on the nanostructures was investigated.  

Studying the XRD patterns of the as synthesized TNSs 

powder and of the TNSs-SF composite before and after 

methanol annealing, typical peaks ascribable to the TNSs 

Figure 62. XRD patterns of bare TNSs (red trace) and TNS−SF nano-
composites before (green trace) and after (blue trace) methanol 
treatment. 
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have been observed (Figure 62). These peeks were con-

sistent with the typical titanate layered structure.293,294 

The comparison between the patterns showed that, the 

strong reflection peak at a low angle, shift lower in pres-

ence of SF matrix. The value pass from the 7.8° for the as-

synthesized TNS powder to the and 5.1° of TNSs-SF after 

methanol annealing and 2.3° before the treatment. As de-

rived from the Bragg’s law, the interlamellar spacings var-

iated form 1.1 nm in the as-synthesized TNSs to 3.8 and 

1.8 nm, for TNSs-SF before and after methanol respec-

tively. This variation can be attributed to the different de-

gree of hydration of the films due to the nanocomposite 

fabrication procedure. The highly hydrated environment 

of SF matrix affects the TNSs interlamellar spacing which 

recover after the dehydration induced by methanol an-

nealing process, necessary for the crystallization of the SF 

matrix.292  

The validation of the TNS nanostructure integrity after 

their introduction in the SF matrix has been carried out by 

TEM characterization. The as-synthesized TNSs and the 

TNSs-SF nanocomposites were analysed and as shown in 

Figure 63, the presence of the layered lamellar structures 
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of ~10 nm in length, ascribable to the TNSs are present in 

both cases. The dark layers indicate the presence of a 

stronger scattering material (i.e. TNSs) in contrast with 

the organic moieties that lay invisible between each titan-

ate lamella (Figure 63).  

The influence of the hydration on the TNSs structure was 

also emerged via FTIR analysis (Figure 64). The vibrational 

modes of the TNSs [Ti-O] lattice experience some modifi-

cations when the TNSs are incorporated in the silk matrix. 

The change in the coordination environment of surface 

atoms induced by water absorption modified the band of 

Figure 63. TEM images of as-prepared TNSs and TNSs dispersed in 
the SF matrix. Data presented for the TNS−SF nanocomposite refer 
to a 50/50 composition. TNSs appear as an alternation of darker 
lines due to the higher electronic density of Titanium, spaced by the 
less electrondense intercalated cation. 
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Ti-O bond related to stretching- and bending-type vibra-

tions observable below 900 cm-1 (i.e. infrared-active A2u 

and Eu modes, respectively).324 In the composite, the 

function of SF should be limited to support and retain 

TNSs.  

Nevertheless, in order to have a clearer knowledge about 

the materials employed any possible contribution of the 

SF matrix to the adsorption of the heavy metal ions was 

assessed. Pure SF films, and three TNSs-SF nanocompo-

site films, prepared with different ratio of TNS/SF (50/50, 

Figure 64. FTIR spectra of the as synthesized TNSs and TNSs-SF. 
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70/30 and 90/10, TNSs/SF respectively) were incubated 

in a 1000 mg/L Pb2+ aqueous solutions, for 24 h. Subse-

quently ICP-OES analysis of the ions solution was carried 

out, and the results presented in Figure 65 showed that 

the Pb2+ removal capacity of the bare biopolymer is neg-

ligible (0.1 mmol/g). The little amount of ions removed 

may be mostly attributed to the presence of glutamic 

acid, cysteine and histidine in the aminoacidic sequence 

of SF, such as, generally involved in metal ions re-

moval.37,38 Contrariwise, the TNSs-SF absorption capacity 

Figure 65. The histograms report the dependence of the absorption 
capacity in relation to the TNSs amount in the composites (TNSs-SF 
50/50, 70/30, 90/10) and the negligible contribution of pure SF. 
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increased in accordance with TNSs concentration. Specif-

ically, for the 50/50 TNSs/SF the removal capacity was 

0.75 mmol/g, progressively rising to 1.1 mmol/g for the 

70/30 up to 1.3 mmol/g for the 90/10 TNSs/SF. The in-

crease in the amount of TNSs within the composite 

causes strong structural decompensation, contradicting 

the objective of developing a stable and safe material for 

environmental applications. After 24h of incubation in 

the ions solution the composite experienced several 

structural alterations. Higher concentrations of TNSs 

caused swelling and weakening of the structure, and con-

sequently increasing the risk of TNSs loss in the aqueous 

medium. Only the films having a 50/50 TNSs/SF composi-

tion retained his solid native appearance. Nonetheless, in 

all cases, the ICP-OES measurements carried out on the 

solutions after the adsorption process reveal a negligible 

titanium presence, indicating the good operation of SF in 

retain the nanostructures. Because of the good structural 

and operational compromise, the 50/50 TNSs-SF compo-

sition was chosen to further pursue the material charac-

terization and the studies on its heavy metal ions removal 

capacity.  
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TNSs-SF response to ion exchange  

Figure 66. On the top, SEM images of the TNSs-SF (50/50) samples 
before and after the ion exchange with Pb2+, respectively. The corre-
sponding EDX maps are related to the Ti Kα and Pb Mα lines. On the 
bottom, representative EDX spectra of the TNSs-SF samples before 
(black line) and after Pb2+ exchange (red line). 
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The SEM analysis and the related titanium EDX mapping 

of the 50/50 composite shows that the TNSs are evenly 

distributed in the fibroin matrix (Figure 66), and this is 

preserved even after the dipping of the nanocomposite in 

the Pb2+ solution (1000 mg/l for 24h). Mapping of the Pb 

Mα line after dipping, lead signal appears homogeneously 

distributes on the whole surface of the TNSs-SF film. The 

EDX analysis gives also information about the ion ex-

change process occurred upon the Pb2+ interaction with 

the nanocomposite. Looking at the EDX spectra, the Pb 

Mα signal arises with an intense band at 2.4 keV after the 

dipping process, while Ti and O contribution still un-

changed in both the samples. The stable intensity ratio of 

the Ti Kα (4.5 keV) over O Kα (0.5 keV) signals before and 

after the interaction with the Pb2+ ions (Ti/O~ 6.5) prove 

that TNSs persist within the composite. On the other 

hand, the C Kα signal (0.3 keV) significantly decrease with 

respect to the unchanged O Kα (0.5 keV), with C/O inten-

sity ratio of 5.2 and 2.3 before and after the interaction 

of the film with the Pb2+, respectively. This variation is co-

herently attributable to the loss of TMA+, the organic 

counterion present between the TNSs layers, in favor of 
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the absorption of Pb2+. The substitution of the ions inter-

calated in the titanates lamellar structure, in this case 

TMA+, with a mono- or a divalent cation, such as Pb2+, is a 

general accepted mechanism for the ions exchange pro-

cess in TNSs.292,327  

The TMA+ exchange in the solid nanocomposite is further 

confirmed by the high resolution XPS analysis of the N1s 

band of the samples before and after the interaction with 

the Pb2+ aqueous solution (1000 mg/L for 24h) (Figure 

67). Specifically, in the TNSs-SF films the band analysis re-

vealed the presence of two distinct N-C contributions: the 

first one centered at 399.8 eV is typical of the N-C bonds 

of the SF matrix328 and the second at 402.7 eV is con-

sistent with the presence of the quaternary nitrogen pre-

sent in the TMAH component.329 After the ion exchange 

Figure 67. High resolution N1s XPS spectra of the TNSs-SF before and 
(e) after the Pb2+ exchange. 
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process, the latter peak disappears, while the N-C bonds 

of the SF component at 399.8 eV remain.  

Cation exchange kinetics and efficiency of the TNSs-SF 

films have been assessed with three different metal ions: 

Pb2+, Hg2+ and Cu2+. The process of ion exchange was 

monitored during time measuring the concentration of 

ions in solution up to 24 hours. Every ion exchange kinet-

ics assessment was performed for using three different 

concentrations of ions: 25, 200 and 1000 mg/l. As shown 

Figure 68. Kinetics of removal of Pb2+, Hg2+ and Cu2+ ions after dipping 
the TNSs-SF in the ion solutions for 24 hours (1440 minutes). The an-
alyzed samples were incubated in 20 ml solutions of 200 mg/L which 
correspond to Pb2+=0.96 mM, Hg2+=0.99 mM, and Cu2+=3.15 mM. The 
standard deviation is below 0.6% for each point displayed in the plot, 
as determined from ICP analysis. 
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in Figure 68, starting from an initial concentration of 200 

mg/l in all cases, the metal ion concentration is reduced 

during time. In the case of Pb2+ and Hg2+, there is a signif-

icant decrease of the concentration in the first 120 

minutes of incubation with up to 25% of metal ions re-

moved. Until 720 minutes the films continue to entrap 

the ions, but slower compared to the initial phase, with 

removal efficiencies of 75% for Pb2+ and 60% for Hg2+ until 

the system reaches the equilibrium. In the case of Cu2+ 

ions, the initial adsorption stage is concluded after 60 

minutes, while at the second stage the removal rate is 

Figure 69. Kinetics of removal of Pb2+, Hg2+ and Cu2+ ions after dipping 
the TNSs-SF in the ion solutions for 24 hours (1440 minutes). The an-
alyzed samples were incubated in 20 ml solutions of 25 mg/l. 
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slower compared to the other ions, reaching up to 20% of 

metal ions removal in 720 minutes. This effect, observa-

ble also in the lowest initial concentration test (25 mg/l) 

(Figure 69), could be attributed to the higher initial con-

centration of the ions in the water solution, due to the 

Cu2+ smaller size, which might result in a faster saturation 

of the available active sites of the composite upon inter-

action with the ions.330 In fact, 200 mg/l in terms of mo-

larity corresponds to 3.15 mM of Cu2+, more than 3 times 

higher compared to the 0.96 mM and 0.99 mM for Pb2+ 

and Hg2+ respectively. This is further emphasized testing 

Figure 70. Kinetics of removal of Pb2+, Hg2+ and Cu2+ ions after dipping 
the TNSs-SF in the ion solutions for 24 hours (1440 minutes). The an-
alyzed samples were incubated in 20 ml solutions of 1000 mg/l. 
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the highest initial concentrations of 1000 mg/L (Figure 

70). The Cu2+ concentration significantly affected its ad-

sorption kinetics. In the first 120 minutes the 21%, 30%, 

and 78% of the total ions removed was reached when the 

TNSs-SF films are incubated in a solution of 25 mg/L, 200 

mg/L and 1000 mg/L respectively.  

Another parameter that characterize an ion exchanger is 

its ion removal capacity in the equilibrium state (qe). 

Therefore, the TNSs-SF films were dipped for 24 hours in 

water solutions containing different concentrations of 

the Pb2+, Hg2+ and Cu2+, and the qe was calculated (see Eq. 

3) in each case as shown in Figure 71. For a correct inter-

pretation of the results qe data were presented in 

mmol/g. In all cases, two distinct sorption regimes can be 

distinguished. In the first one, between 25 and 200 mg/l 

for Pb2+ and Hg2+, and between 25 and 100 mg/L for cop-

per (higher concentrated in terms of moles), a sharp rise 

of the removal capacity was observed increasing the con-

centration of the ions. For initial concentrations higher 

than 200 mg/L for Pb2+ and Hg2+higher than 100 for Cu2+, 

the films changed regime and reached their maximum 
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sorption capacity (qmax). This behavior was due to the 

complete saturation of the active sites of the TNSs, thus 

beyond this concentration threshold the composite can-

not remove other ions. As expected, the qmax is similar for 

all the ions studied and a mean value of 0.73 ± 0.02 

mmol/g was calculated at 1000 mg/L. The qmax results are 

compliant with  the values described in literature for 

other titanates shape.287–289,295,331 The reported qmax val-

ues for Pb2+ removal from aqueous solution in the range 

between 0.50 and 2.64 mmol/g were referred to free-

standing titanate nanopowder, dispersed directly in the 

Figure 71. Removal capacity qe in mmol/g after 24h of incubation at 
different of ions concentration (Pb2+, Hg2+ and Cu2+, respectively). 
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metal ions solution. In our case the TNSs are embedded 

in a solid and compact SF matrix and qmax of 0.73 mmol/g 

was calculated with respect to the weight of the entire 

nanocomposite. Calculating qmax with respect to the 

weight of the TNSs inside the nanocomposite (50%) the 

qmax becomes resulted 1.46 mmol/g. Although the pro-

cess is slower compared to the freely dispersed titanates, 

due to the limited diffusion induced by the SF matrix, the 

incorporation of the TNSs in the biopolymer did not affect 

the TNSs ions sorption capability.288,289,295,331 Despite the 

diffusion limits imposed by the SF matrix, the TNSs-SF re-

moval kinetics (24 hours) is faster compared to conven-

tional adsorbents such as zeolites and/or TNs nanofibers, 

that need up to 50-100 hours to reach the equilibrium of 

absorption.331,332  

 

TNSs-Na-SF composite characterization 

 

The aim of this work is to produce a highly efficient envi-

ronmentally friendly water treatment system, and there-

fore the system was improved to avoid concerns on the 
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release of TMA+ to the environment. In fact, during ion 

exchange, TMA+ is substituted by the heavy metal ions in-

side the composite remaining dispersed in water. As al-

ready reported is possible to pre-treat the TNSs-SF films 

with Na+ solutions, in order to exchange the TMA+ with 

Na+ ions,292 and resulting in a new type of composite in-

dicated as TNSs-Na-SF.  

The FTIR analysis (Figure 72) of the TNSs-SF films before 

and after their dipping in a 1000 mg/L Na+ solution for 24 

hours confirms the complete TMA+ removal from the ma-

terial: the absorption band at 949 cm−1, referred to the C-

Figure 72. FTIR spectra of the TNSs-SF films before and after the in-
cubation in Na+ solution. The dotted line indicates the wavenumber 
at 949 cm−1 related to the identifiable peak of the TMAH. 
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N stretching characteristic for the TMAH molecules disap-

pears.292 The contribution of SF is still well recognizable 

from the relative amide I (1600-1700 cm−1) and II (1540 

cm−1) bands.292  

The sorption capacity of the bionanocomposite after the 

exchange of TMA+ with the Na+ was studied. As shown in 

Figure 73, in order to ascertain the functioning of the sys-

tem, following the first ion exchange in a 1000 mg/L (43.5 

mM) Na+ solution for 24 hours, the TNSs-Na-SF has been 

incubated in an aqueous solution of Pb2+. As already 

Figure 73. ICP-OES result of a successive incubations of the TNSs-SF 
nanocomposite in solutions of Na+ and Pb2+. After the initial substi-
tution of TMA+ by Na+, the material was incubated alternatively in 
Pb2+ and Na+ of the same initial concentration 2.1 mM for 24 hours, 
each time. 
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demonstrated through FTIR analysis after the incubation, 

the TMA+ was exchanged with the Na+ and 0.65 mmol/g 

of such ions are entrapped in the TNSs-SF system. Subse-

quently the modified TNSs-Na-SF nanocomposite was 

dipped in a Pb2+ ions solution of 435 mg/L (2.1 mM) for 

24 hours. As shown, all the Na+ ions were released from 

the composite and replaced by the Pb2+ ions (Pb2+ sorp-

tion capacity 0.81 mmol/g). Performing more uptake cy-

cle, dipping the Pb2+-modified TNSs-Pb-SF system in the 

Na+ solution, with a concentration of 2.1 mM, did not 

cause any release of Pb2+ or uptake of Na+. On the other 

hand, the subsequent dipping in Pb2+ ions induced the 

slight increase of the sorption capacity of the system, 

since an additional small amount of Pb2+ was uptaken and 

an equivalent amount of Na+ was released (~0.1 mmol/g), 

possibly due to the not complete exchange process of the 

first Pb2+ exchange cycle. Therefore, it is evident that alt-

hough the Pb2+ is easily absorbed in substitution to the 

Na+, the latter cannot replace Pb2+ even in conditions of 

unbalanced concentrations equilibrium. This behavior in-

dicates that the adsorption of the Pb2+ ions was irreversi-

ble, facilitating thus the safe disposal after adsorption.  
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In Figures 74 is shown the STEM images and the related 

EDX mapping of TNSs-Na-SF before the exchange with 

Pb2+. Na+ looks homogeneously intercalated inside the 

TNSs matrix further proving the efficacy of the TMA+ re-

moval. Upon dipping the TNSs-Na-SF in the Pb2+ solution, 

the STEM-EDX study reveals the presence of Pb2+ dis-

persed throughout the TNSs structure without any signa-

ture of residual Na+(Figure 75).  

Figure 74. STEM-EDX of TNSs-SF samples after ion exchange with 
Na+. In (a) STEM image of the nanocomposite; in (b-c-d) EDX maps of 
titanium (b), sodium (c) and the merge of the two signals. The Ti/Na 
ratio is 4.6. Scale bar 100 nm. 
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The XPS analysis corroborate these results. As the XPS 

Figure 75. XPS survey spectra of TNSs-Na-SF composites before (red 
line) and after incubation with Pb2+ (blue line). 

Figure 76. STEM-EDX of TNSs-SF samples after ion exchange with Na+ 
and then with Pb2+. In (a) STEM image of the nanocomposite; in (b-c-
d) EDX maps of titanium (b), lead (c) and the merge of the two signals. 
The Ti/Pb ratio is 4.9. Scale bar 200 nm. 
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survey spectra show (Figure 76), after the incubation in 

Figure 77. XPS high resolution spectra of TNSs-SF after incubation 
with Na+ and Pb2+. In (a) and (c) Na1s spectra respectively before and 
after Pb2+ exchange; in (b) Pb4f spectrum (after Pb2+ exchange). (d-e-
f) O1s spectra referred to: (a) TNSs-SF, (b) TNSs-Na-SF, (c) TNSs-Pb-SF 
composites. 
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the Pb2+ solution the signal related to Na1s, as well as the 

strong Auger peak at 497 eV, disappear, while at the same 

time the Pb signal emerges. Furthermore, the high reso-

lution XPS spectra of the Na1s signal (Figure 77) centred 

at the typical binding energy of 1072.2 eV333 becomes 

negligible after dipping in the Pb2+ solution. On the other 

hand, the signal ascribed to the Pb4f7/2 at 138.8 eV 

emerges after the dipping process. The difference of 

binding energies (Δ=4.89 eV) between the Pb4f5/2 and 

Pb4f7/2 is consistent with the Pb in +2 oxidation state.334 

The high resolution O1s XPS spectra of the TNSs-SF nano-

composite after ion exchange with Na+ and Pb2+ (Figure 

77 d, e, f) show that the [Ti-O] component ascribed to the 

TNSs lattice experiences very little changes. This behav-

iour is consistent with the TNSs structure retention and 

an ion exchange process accordingly to what observed by 

Liu et al.287 In contrast with ion exchange theory, where a 

bivalent cation exchanges two monovalent cations, after 

the Na+ exchange with the TMA+, the TNSs-Na-SF sorbs 

~0.81mmol/g of Pb2+ and releases a comparable amount 

of Na+ (~0.73 mmol/g). Nonetheless, XPS analysis showed 
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that the hydroxyl moieties increase after the Na+ ex-

change with the TMA+ component (2.4%±0.5% for the 

TNSs-SF and 10.0%±0.5% for the TNSs-Na-SF), indicating 

that the Na+ the TNSs interaction sites, leaving a higher 

content of available -OH groups, which belong to the 

TNSs structure. On the other hand, after the interaction 

of the TNSs-Na-SF sample with the Pb2+ the -OH compo-

nent decreases to 3.8±0.5%, indicating that the Pb2+ not 

only replaces all the Na+ but also a great amount of the -

OH groups (Table 10).  

Table 10. Species percentage calculated on O1s components XPS spectra 

Samples O-Ti (%) O-C (%) HO-Ti (%) O=C (%) 

TNSs-SF 31.6±0.5 49.2±0.5 2.4±0.5 16.8±0.5 

TNSs-Na-SF 30.5±0.5 47.2±0.5 10.0±0.5 13.3±0.5 

TNSs-Pb-SF 33.7±0.5 45.0±0.5 3.8±0.5 17.5±0.5 

Furthermore, the variation of the carboxylic moieties to-

wards higher binding energies of the O1s components 

(Figure 77 d, e) upon the Na+ and Pb2+ ions sorption could 

be an indication of ions chelation also from the SF spe-

cies.335 The substitution of the interlamellar counter ion 

could affect the structure of the TNSs influencing the rel-

ative interlamellar distance. The diffractograms related to 
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the samples before and after the various ion exchange 

procedure are shown in Figure 78. Interestingly, calculat-

ing the interlamellar distances using the Bragg’s law, it 

was observed that when the TNSs are enwrapped in the 

fibroin matrix and subsequently exposed to the ion ex-

change procedure, the peak at 7.8° experiences a shift to-

Figure 78. XRD patterns referred to as-prepared TNSs and to the dif-
ferent treated TNSs-SF composites.  
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wards lower angles. In particular, the lamellae are sepa-

rated with a distance of 1.8, 2.6 and 2.8 nm for the TNSs-

SF, TNSs-Na-SF and TNSs-Pb-SF samples, respectively. The 

interlamellar distance expansion can be attributed to the 

presence of diverse hydrated phases of the ions and to 

their effect towards the crystalline structures, as already 

demonstrated for similar Ti-based compounds.336 So, the 

interlamellar distance of the TNSs embedded in the SF 

films increases after the TMA+ exchange with Na+, and 

even more after the exchange of the Na+ with Pb2+. This 

effect could be explained in terms of the corresponding 

ion salt hydration degree and ion size.  

 

Characterization of the TNSs-SF selectivity 

 

The ion exchange behavior of the nanocomposites, and 

the effect of Na+ on the sorption process were studied ex-

posing the material to multiple ions simultaneously. The 

histogram in Figure 79a shows the amount of ions ex-

changed (uptaken or released) by the TNSs-Na-SF nano-

composite. The incubation was performed in a solution 
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containing equal concentrations of Pb2+ and Cu2+ (2.1 mM 

of each ion, which corresponds to 435 mg/L for Pb2+ and 

133 mg/L for Cu2+). As shown Pb2+ sorption capacity 

(0.50±0.01 mmol/g) is not affected considerably by the 

presence of the Cu2+ (Pb2+ sorption capacity was 0.81 

mmol/g without the presence of Cu2+). Contrarily, the 

Cu2+ uptake is very low, showing a sorption capacity of 

Figure 79. (a) Histogram of ions exchange (uptaken=positive values, 
released=negative values) on a TNSs-SF sample previously exchanged 
with Na+ (TNSs-Na-SF) in a solution of Cu2+ and Pb2+ (2.1mM each) for 
24 hours; (b) histogram related to TNSs-SF nanocomposite in com-
petitive condition using a complex system constituted from three cat-
ions (Cu2+, Na+ and Pb2+ of 2.1mM each) after 24 hours; (c) histogram 
of adsorption of a TNSs-SF sample in a solution of Cu2+ and Pb2+ (2.1 
mM each) for 24 hours. 
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0.05±0.01 mmol/g. As described above, Na+ release is 

proportional to the amount of adsorbed ions. This result 

demonstrated that the TNSs-Na-SF samples selectively 

uptake Pb2+ in the presence of Cu2+. To understand the 

Na+ role in the selectivity of the nanocomposites towards 

Pb2+ TNSs-SF film have been incubated in a solution con-

taining equal concentrations of Na+, Cu2+ and Pb2+ (2.1 

mM of each ion) (Figure 79b). Again, TNSs-SF sample 

demonstrated to favor the sorption of Pb2+, which was re-

moved with a sorption capacity of 0.73±0.01 mmol/g, 

similarly to what observed in the only-Pb2+ ions solution, 

reported above. Only 0.11 mmol/g of Cu2+ and no Na+ 

ions were sorbed. The results changed in the absence of 

Na+. As shown in Figure 79c, the TNSs-SF sample is slightly 

more selective for the Pb2+ with respect to the Cu2+ with 

sorption capacities of about 0.36±0.01 and 0.26±0.01 

mmol/g, respectively. The two sorption values are com-

parable lower than the single ion removal for both types 

of ions. The sum of the two ion contributions gives a sorp-

tion capacity value of 0.62mmol/g, close to the previously 

calculated maximum sorption capacity of the system. The 

stronger affinity of Pb2+ towards the TNSs compared to 
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Cu2+ can be related to the different hydration energy of 

the ions.287,337 Although ions with smaller radii such as 

Cu2+ (0.73 Å, lower compared to Pb2+ having a radius of 

1.19 Å)338 can diffuse easily, ions with a lower hydration 

energy such as the Pb2+ (the free energy of hydration of 

Pb2+ is 1425 kJ/mol while for Cu2+ is 2085 kJ/mol)339 dis-

sociated easily from water molecules making their ex-

change in the titanate layers more energy favorable.287 

During the sorption of the cations in the TNSs structure 

diverse mechanisms take place.20,36 Initially, the hydrated 

metal ions are dissociated into bare ions, then the cations 

are electrostatically attracted by negatively charged ti-

tanates. Metal cations with higher valence are attracted 

with a larger electrostatic force. Finally, the cations are 

exchanged with the existing interlayered ions. The mech-

anism efficiency is strictly dependent on the cation hard-

ness or softness according to Pearson's hard-soft acid-

base (HSAB) principle,340 where hard acids bind strongly 

to hard bases and soft acids bind strongly to soft bases. In 

this context Pb2+, considered an acid softer than Na+ (ab-

solute hardness of Pb2+ 8.5 and of Na+ 21.1), 341 is advan-

taged in the interaction with a soft base such as TNSs.327  
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Copper, on the other hand, is strongly afflicted by the 

presence Na+ that alters significantly its weak interaction 

with TNSs compromising its sorption.287 The high affinity 

of Pb2+ towards TNSs resultant, supported by similar ob-

servations obtained on Titanate-nanotubes,287 could pro-

mote the application of TNSs-SF based composites in 

complex aquatic environments such as oceans.  
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Conclusion 

 

 

 

Metal oxide nanostructures exhibit good properties for 

the removal of heavy metal ions from water and can be 

structured in several shapes. However, focusing on the 

application in the environmental field should not under-

estimate the risks related to the dispersion of nano-

materials in the environment. In fact, to date the use of 

nanomaterials for water treatment is limited both by pro-

duction costs and by the difficult management of the ma-

terial itself. This study demonstrated that nanocompo-

sites are an efficient alternative to combine the good 

heavy metal removal performance of metal oxides 
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nanostructures with the stability and safety of solid poly-

meric material. The TNSs-SF nanocomposite produced 

showed high sorption capacity of 0.73 ± 0.02 mmol/g to-

wards Pb2+, Hg2+ and Cu2+. When transformed to the max-

imum removal capacity of the bare TNSs fraction inside 

the composite it reaches 1.46 mmol/g, which is in the up-

per limit of the values presented so far in the literature 

for freestanding titanates (between 0.50 and 2.64 

mmol/g).287–289,295,331 Therefore the SF matrix does not af-

fects the ability of the titanates to efficiently interact with 

the metal ions. Therefore entrapping the TNSs in the solid 

structure, prevents the risk of release of those nanostruc-

tures in the aqueous medium without affecting their effi-

ciency to remove metal ions. Moreover, the TNSs-SF se-

lectivity toward Pb2+ is significantly affected by the pres-

ence of Na+, paving the way to the application of TNS−SF-

based composites under real condition, in complex 

aquatic environments. 
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Conclusions  

 

 

 

Managing the problem of global water pollution requires 

the implementation of new policies, technologies and sci-

entific advances. Persistent contaminants such as plastics 

and heavy metal ions, capable of infiltrating the food 

chain and accumulating, are a great risk to the health of 

the ecosystem and of human. Sometimes, as for NPs, due 

to the lack of suitable methodologies, the study of emerg-

ing pollutants is limited to the use of inaccurate synthetic 

models and needs to find new approaches. In other cases, 

the obstacle to tackling the water pollution problem is 

due to the difficulty in exporting the technologies devel-

oped in the laboratory on a real scale. 
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In this thesis, it was explored the development of a new 

NP model and the investigation on its behaviour and fate 

in aqueous and biological environment. Furthermore, the 

possibility of exploiting the high efficiency of nanotech-

nologies for the removal of heavy metal ions from water 

has been investigated, overcoming the application limits 

by developing a nanocomposite. 

In particular, the following conclusions can be deduced 

from this thesis work: 

Nanoplastics: model development and assessment:  

• Pulsed Laser ablation in water is a versatile top-

down approach to synthesize NPs. Pulsed laser 

ablation allowed to produce nanoparticles with-

out impurities, chemical precursors, and their by-

products.  

• Chemical analysis demonstrated the validity of 

the developed PET NP model, since, in accordance 

to what has been observed in UV-exposed plastic 

materials in the environment, organic acid groups 

are exposed on the surface of laser-ablated NPs.   
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• NPs showed a long-term colloidal stability in pure 

water. Salt concentration higher than 700 mM af-

fect the system stability inducing homo-aggrega-

tion and precipitation. In the biological media the 

formation of a protein corona leads to a stability 

even beyond the critical coagulation concentra-

tion. 

• NPs can be uptaken by cells and can pass through 

the Caco-2 intestinal barrier model. However no 

acute toxicity has been observed. 

Interactions of Nanoplastics with water contaminants 

and their impact on cells 

• The chemical characteristic of the PET NPs allows 

the formation of interactions with contaminants. 

The ability of NPs to accumulate up to 0.036 g/gNP 

of Levofloxacin, 0.034 g/gNP of Glyphosate and 

0.014 g/gNP of Hg2+ has been demonstrated. 

• The absorption of molecules on NPs influences 

the physical and chemical properties of the pollu-

tant and causes the alteration of their colloidal 
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stability in water, inducing the formation of clus-

ter and the increase of their DH. 

• The biological effect of the complex contaminant-

NP assessed in vitro on Caco-2 cells and macro-

phages indicate no acute toxicity. Nevertheless, 

the preliminary metabolomic results reported an 

alteration of the metabolic pattern. Results are 

different in the two cell types and change in pres-

ence of bare NPs or contaminant-NP complexes.  

Titanates-fibroin nanocomposites for the heavy metal re-

moval from water 

• It was produced and characterized a nanocompo-

site made of TNSs immobilized in a solid matrix of 

regenerated silk-fibroin as a novel heavy metal 

ions removal solid system. The capacity of this 

nanocomposite to remove Pb2+, Hg2+ and Cu2+ 

from water was investigated, reveling a removal 

capacity of ~73 mmol/g for all the ions tested.    

• The composite can efficiently retain the adsorbed 

ions and the TNSs. This prevents the risk of release 

of the nanostructures in the aqueous medium and 
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eliminates any possible concern due to side-con-

tamination. 

• The substitution of TMA+ with Na+, inside the ti-

tanates nanostructures allows to produce a more 

environmentally friendly material, without affect-

ing its performance in heavy metal ions removal. 

Moreover, the presence of Na+ in the material in-

creased its sorption selectivity toward Pb2+.  
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