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Summary

Total joint replacement (TJR) is the last choice for the treatment of end-stage joint diseases.
One of its adverse complications is prosthetic joint infection (PJI), that is often treated in
clinical practice with antibiotic loaded bone cements (ALBC). However, their application is
considered controversial and a time-limited solution. Indeed, antibiotics provide a short-term
burst release which drops below inhibitory levels leading to a gradual loss of their efficacy
and to an increase of bacterial resistance. Therefore, to overcome these problems, the
development of novel antimicrobial strategies is required.

This work aims to determine the optimal nanocarrier construct, employing poly (B-amino
esters) (PBAEs) as polycations, able to provide prolonged antimicrobial agents release as

early-stage alternative strategy of prophylaxis for orthopaedic infections.

For this purpose, six diacrylates have been co-polymerized with three amines to form
eighteen poly-beta-amino-esters (PBAE) polymers, characterized by 'H and 3C NMR
spectroscopy, Gel Permeation Chromatography (GPC) and zeta potential. Thirty-six
nanocoating systems have been obtained, via Layer by Layer technique (LbL), eighteen
including chlorhexidine whereas eighteen tobramycin, and the drug release has been

monitored over weeks under different pH conditions.

Zeta potential and thermogravimetric analysis examined the binding among drug, PBAEs and
nanoparticles. The chlorhexidine has been released for a period between 45 and 60 days and
tobramycin over 30 days showing that lower electrostatic interactions of the polyelectrolytes
at pH 7.4 increased the release kinetics, while the opposite occurred at pH 5. These results
were consistent to the pH degradation profiles of the eighteen PBAEs: the polymers

hydrolysed more slowly at pH 5 than pH 7.4.

LbL is a suitable technique that can control antimicrobial agents release by diffusion of the
drug through the layers and the possible delamination of the coating from silica nanoparticles
for several days. The choice of the monomers employed in the polymerization is crucial and
it greatly influences the physicochemical properties of PBAEs, including molecular weight and
charge, as well as, the release of the bioactive compound embedded onto the surface of the

nanoparticles. Future applications on bone cement of these coating systems will be pursued.
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Chapter 1: Introduction

1.1 Orthopaedic infections

Total Joint Replacement (TJR)

Osteoarthritis (OA) is the most common long-term joint disease which can provoke bone
damage and lead to impairment of physical function. The risk of developing OA increases with
the age affecting people over 40 years, especially women more than men (Valdes and Stocks,
2018), (Hunter and Bierma-Zeinstra, 2019). Worldwide over 303 million people suffer of OA
(James et al., 2018) and 8.75 million people in the UK (Versus Arthritis, 2019). According to
the report Global Burden Disease (GBD) of 2017, hip and knee OA are considered the 11t
cause of global disability. Indeed, this disorder can affect any joint, but it occurs more often
in hands, hips, knees, lower back, neck, elbows and shoulders and it has a significant impact
on the life of patient causing pain and disability as well as on society (Swain et al., 2020). Total
joint replacement (TJR), is defined as a life-enhancing procedure applied in orthopaedics that
aims to offer pain relief, to restore the bone function improving the quality of life of patients
(Williams, Garbuz and Masri, 2010), (Kurtz et al., 2007). According to the National Joint
Registry (NJR), in the UK a total number of 2,548,896 primary joint replacements was
registered in the period between 1 April 2003 and 31 December 2019 and including as follows:
1,191,253 hip surgeries, 1,300,897 knee surgeries, 6,589 ankle surgeries, 45,784 shoulder
surgeries and 4,373 elbow surgeries (Registry, 2020). The total number of patients which
undergo arthroplasties continues to increase. In the UK, the majority of primary joint
replacements are carried out on women (59.9% females and 40.1% males); the median age is
69 years and osteoarthritis (OA) is considered the sole indication for primary surgeries for the
88% of the cases. For instance, considering the number of primary procedures for the year
2018, overall, 96,099 hip, 103,199 knee, 983 ankle, 7,744 shoulder and 782 elbows more
surgeries were reported for the year 2019 in the UK. Furthermore, from 1 April 2003 and 31
December 2019, the revision surgeries for hips and knees were 123,891 and 83,042
respectively as well as 803, 5,087 and 1,231 for ankles, shoulders and elbows. Compared to

2018, 7,982 hip, 7,094 knee, 135 ankle, 810 shoulder, 209 elbows more revision surgeries



were reported for the year 2019 (National Joint Registry for England Wales Northern Ireland

and the Isle of Man, 2019).

Prosthetic Joint Infection (PJI1)

While most of the joint arthroplasties fulfil their important role of pain relief, minority of
patients could experience a failure of the TIR and require a further surgery (Wylde et al.,
2018). The modes of failure are: aseptic loosening, wear, incorrect position, dislocation, or
fracture of the prosthetic material, and materials fatigue. However, infections related to
prosthetic joints and their adjacent tissue (PJl), are one of the commonest reason of
complications that often involve the removal of the joint, which inevitably require several
revision surgeries and in the worst cases, amputation, with a negative impact on the healing
time and patient morbidity (Siqueira et al., 2015). Therefore, to achieve an optimal outcome
of TJR and patient satisfaction, any risk of complications should be minimized. For example,
the success of total hip and knee replacement obtained in last 40 years was the result of the
design and application of specific materials, but also it was due to the prevention of infections
and the improvement of surgical techniques. Indeed, while prosthetic joint surgery was
executed in large scale in the late 1960s, the infection rate registered was between 5-10% for
both hip and knee replacement. To reduce the rate of infection, aseptic procedures have been
introduced such as: to operate in closed rooms, improvement in the preparation for the
surgery, shorter pre-operative hospitalization and the use of antibiotics in the pre-operative
phase. Thus, the introduction of these precautions contributed to reduce the infection rate
which, for example, in 2016 dropped to 1-3%. While the risk of infection is low for patients
who require joint arthroplasty, on the other hand the high demand of arthroplasties may

transform this low risk into a considerable burden of infection (Jasper et al., 2016).

Epidemiology of the infection

Prosthetic joint infection (PJI) is reported as failure of the 0.5-2.2% of primary arthroplasties
and is the main cause of revision surgery within the five years after the primary operation.
Infection is also the major failure of revision surgeries with the incidence rate of 30% which
is expected to increase over 40% by 2030 due to the high number of joint replacements
performed per year in the UK (over 250,000), (Lenguerrand et al., 2017). Considering 199,298

patients who underwent hip and knee replacement in the UK along the year 2019, over 1,000



operations due to infections were registered only for total knee arthroplasty (TKA) and among
these, 85% within the first 30 days and with a median time to infection of 14 days (Registry,
2020). Additionally, USA data showed that there is still the risk of occurring infections over
the first year after primary hip and knee arthroplasty. Indeed, a nearly-one quarter of
infections after the primary surgery for hip and knee replacements have been diagnosed with
a period of 2-10 years after surgery. However, shoulder arthroplasty showed an infection rate
between 0.8 and 1.1% similar to the value registered for hip and knee replacements which
was 0.5, 0.8 and 1.4% after 1.5-10 years post-surgery. As contrary, the incidence rate for the
elbow arthroplasties was high, equal to 3.3%, firstly, because of the rising number of patients
affected by rheumatoid arthritis that undergo elbow replacement, then because of limits of
the tissue that surrounds the elbow. PJl is also correlated to poor clinical outcomes, prolonged
hospital admission and complex revision surgeries which are 2-3 times more expensive than
those caused by aseptic failure and has been estimated to be around £100,000 per patient

(Lamagni, 2014), (Davidson, Spratt and Liddle, 2019).

Risk factors

Obesity is associated to an increased risk of infections, causing a prolonged operative duration
especially for patients with body mass index (BMI) over 35. On the other hand, also for
patients with a BMI lower than 25 it was observed a high risk of PJI due to immunosuppression
and nutritional deficit (Namba, Inacio and Paxton, 2013). Additionally, glucose levels can
increase along the operation affecting the time of surgery and its outcome. Therefore, also
diabetes mellitus is considered one of the risk factors rising the incidence of PJI, as well as age
and smoking. Moreover, other comorbidities can increase the risk of infections such as:
rheumatoid arthritis, prior infection or multiple priory surgeries, and suppressed immune
systems (Malinzak et al., 2009). However, it has been found that the incidence of infection
post-revision surgery is higher than post-implantation (primary surgery) and possible reasons
could be: a non-recognized infection during the revision surgery or prolonged operating time
during the revision procedure. In particular, for hip and knee replacement, the prolonged
surgery time can be a valid reason for microbial contaminations of the joint an it could

dramatically rise the risk of PJI (Friedman et al., 2013).



Clinical manifestations

The clinical manifestations are dependent on several factors such as: the modality of initiation
of the infection, the joint involved, the environment around the tissue in which the infection
occurs, the host immune response and the virulence of the microorganism that causes the
infection (Tsaras et al., 2012). There are also symptoms that can be correlated to PJI and the
most significant are pain, erythema, fever or warmth around the joint and swelling of the
joint. Several studies reported that 79% of the 100 cases analysed showed pain as one of the
commonest clinical manifestation of PJI, followed by the relevance of erythema or joint

swelling also discovered in patients that undergo knee arthroplasty (Peel et al., 2012).

Type of infections

One of the classifications for PJI infections is dependent on the time of the infection. For this
reason, it is possible to distinguish 3 different typologies: early, delayed and late onset
infections. Early onset PJI occurs before than 3 months after the last surgery. These infections
start after the operation and can be caused by contamination during the surgery and by
virulent microorganisms. Delayed onset infections occur after 3 months of the last surgery
but before 12 or 24 months. Their cause is related to microorganisms characterized by less
virulence compared to those of the previous typology and for this reason their manifestation
is not evident within the first 3 months. Late onset PJI occur after 12 months of the last
surgery and they are mostly due to haematogenous infection or an indolent infection started
at the time of the surgery (TrebSe and Miheli¢, 2012), (Porrino et al., 2020). In the 1990
another classification has been developed by Tsukayama, based not only on the time of the
infection but also on the mode of occurrence. The first group is represented by positive
intraoperative cultures in which during the revision surgery the patient is found to have a
positive intraoperative culture. The second category is early postoperative infection which
has similar features of the early onset PJI, but it occurs within the first month after the
surgery. The third category is late chronic PJI that occurs after 1 month of the surgery whereas
the last one is the acute haematogenous infection (Kaltsas, 2004), (GOMES, 2019). There is
also another classification considering not only the type of the infection but also the host.
Three of the four categories described by Tsukayama are considered: early postoperative,
haematogenous and late chronic infections named respectively as type |, Il and lll. Each grade

represented the host status such as: grade A (uncompromised), grade B (compromised) and



grade C (significant compromised). In particular, this classification is widely used for
prognostic information and treatment decisions (Mcpherson et al., 2002), (Tande and Patel,

2014).

Causative microorganisms

In orthopaedics, prosthetic joint infections are caused by biofilm formation of communities
of microorganisms which, by adhering to the surface of the prosthesis, form a thin film that
acts as a barrier against antimicrobial agents (Ayoade, 2020), (Costerton, Stewart and
Greenberg, 1999). For instance, PJI occurring within the first few months after the
implantation are caused by direct contact with the microorganism along the time of the
operation, whereas late infections are often associated to indolent microorganisms or
hematogenous seeding of bacteria from a distant site (Kolinsky and Liang, 2018). In particular,
early onset infections are caused by virulent microorganisms such as Staphylococcus aureus
or Gram-negative bacilli. Typically the symptoms are fever, joint pain and wound drainage
and at the site of implant there is oedema, erythema and induration (Barrett and Atkins,
2014). Delayed onset infections are associated to the less virulent microorganisms such as
Gram-negative staphylococci or Gram-positive Propionibacterium acnes which could infect
the patient along the implantation and the main symptom is join pain with or without implant
loosening (Zimmerli, 2006). Late onset infections are caused by hematogenous spreading
bacteria from distant site and are generally difficult to identify. Clinically, the patient may
present symptoms such as chronic pain leading to sepsis and bacteraemia (Tande and Patel,
2014). However, understanding bacteria and their distribution can positively influence the
choice of the treatment and the development of preventing strategies. According to National
surveillance data for England, the most frequent pathogen that can provoke infections is
Staphylococcus aureus affected by patients who undergo hip and knee arthroplasty. Indeed,
a value of 44% of infections, due to this pathogen, has been registered in the year 2018/19,
for patients who required knee and hip implants within 1 year of surgery; 20% of them were
metbhicillin-resistant. Moreover, 31% of infections were characterized by Coagulase-negative
staphylococci and the 12% divided between enterococci such as: Escherichia coli,

Enterobacter spp, Pseudomonas spp and streptococci (Health Protection Agency, 2018).



Treatment of Prosthetic Joint Infection (PJI)

Successful management of PJI is more often obtained by the combination of surgical
intervention and medical therapy. The goals to treat prosthetic joint infection are associated
tothe restore of the infected joint, the relief from the pain and the eradication of the infection
to improve the quality of the life of patients, reducing the chances of morbidity and mortality.

There are several surgical strategies applicable for the treatment of PJI such as:

e Debridement with Prosthesis Retention

e One-stage or Direct Arthroplasty exchange

e Two-stage Arthroplasty Exchange

e Resection of the prosthesis without re-implantation

e Amputation

The target of each surgical protocol is the removal of all the infected tissue and in case the
implant is retained, the role of the postoperative antimicrobial therapy is to eradicate the

remaining infection (Otto-Lambertz et al., 2017), (Tande and Patel, 2014).

Debridement with prosthesis retention

It is a single surgery correlated to a procedure known as DAIR (debridement, antibiotics and
implant retention) performed by using open incision followed by irrigation and debridement
of infected tissues that surround the prosthesis. For most of the patients the post-operative
therapy is intravenous administration of antimicrobials for 2-6 weeks after the surgery

(Brandt et al., 1999), (Aboltins et al., 2007).

One-stage arthroplasty exchange

This procedure also named direct exchange refers to open arthrotomy and debridement
followed by total removal of the prosthesis and is mainly employed to hip arthroplasty
infections. In the same surgery, a new implant is replaced using antimicrobial-loaded
poly(methyl)methacrylate (PMMA) in order to fix the arthroplasty in place (Rahman, Kazi and
Gollish, 2017), (Klouche et al., 2012). The choice of the antimicrobial depends on the
identification of the pathogen which is investigated priory the operation. Although there are
many antimicrobial strategies, the most frequent used requires 4-6 weeks of antibiotic via

intravenous, followed by a period between 3-12 months of oral antibiotics (Rudelli et al.,

6



2008), (Lamagni, 2014).

Two-stage arthroplasty exchange

This procedure is considered the most effective approach to eradicate infection and preserve
joint function and it consists at least of two surgeries. In the first one, infected tissue is
debrided, all PMMA components are removed and replaced by an antimicrobial-impregnated
PMMA spacer which is implanted in the joint space. After the surgery, firstly, for 4-6 weeks
an antimicrobial therapy is executed via intravenous, then, there is a period from 2-6 weeks
in which with antibiotic therapy the patient is evaluated in order to understand if the infection
is still ongoing. If there is the infection a debridement is again repeated followed by
antimicrobial therapy as previously described. This protocol is carried out until the re-
implantation cultures are negative. Indeed, when this occurs, a new prosthesis is implanted
using antimicrobial-loaded PMMA (Bejon et al., 2010), (Mahmud et al., 2012). Two-stage
arthroplasty is a successful procedure for the treatment of PJI specially for hip and knee
replacement where the success rate is between 87-100% for hip arthroplasty and it is nearly
90% for knee replacement. On the other hand, elbow arthroplasty is still difficult to treat
because of complications like rheumatoid arthritis. In this case, the success rate gained with

this procedure is equal to 72% (Osmon et al., 2013), (Biring et al., 2009), (Porrino et al., 2020).

Arthroplasty resection without re-Implantation

Resection without re-implantation is applied as an alternative strategy to avoid amputation
when the protocols previously described are not applicable, or when the patients are not
suitable candidates for DAIR procedure or one-stage arthroplasty or do not want to undergo
multiple surgeries. Additionally, also after resection, antimicrobial treatment is necessary for
a period between 4-6 weeks via intravenous administration unless the conditions of the

patient require a prolonged therapy (Choi et al., 2014), (Tande and Patel, 2014).

Amputation

Amputation is an option applied to patients for which all the other procedures failed in the
treatment of PJI, but fortunately the percentage of cases that require this outcome after joint
arthroplasty is extremely low (0.1%). The duration of the antimicrobial therapy depends if all
the infected tissue has been removed or not. In case the infection and the amputation site

are distant, antimicrobials can be administrated for only 1-2 days after the surgery (Atkinson,



2017), (Tande and Patel, 2014).

Antimicrobial-loaded bone cements

Antibiotic loaded bone cements (ALBC) has been applied as treatment or prevention of
orthopaedics over the last three decades and their use is mainly focused on the delivery of
high local antibiotics released directly at the site of infection with minimal or no systemic
toxicity (Xu et al., 2020), (Regis et al., 2013), (Jiranek, Hanssen and Greenwald, 2006). There
are two different types of space fillers used during this procedure: static and articulating
spacers. The first type is applied in order to fill the void in the bone after the removal of the
prosthesis and it is also called ‘non-articulating’ spacer. The second type is using to provide
more motion and restore the joint structure (Masri et al., 1998), (Miller, Henry and Brause,
2017). Antimicrobials-loaded bone cements have two main functions: firstly, they keep the
joint position avoiding muscles contractures, provide mechanical support during the removal
of the infected arthroplasty providing at the same time comfort to the patient between the
two surgeries. Then, the second function is to increase the systemic therapy between the two

surgeries, providing a local antimicrobial therapy (Bistolfi et al., 2011), (Massazza et al., 2015).

The choice of antibiotics

Antibiotic-loaded bone cement is a spacer largely used because of its plasticity and ability to
release the drug in situ (Webb and Spencer, 2007). However, there are some criteria that
need be carefully considered in the choice of the antibiotic before being loaded on bone
cements (Farrar, Benson and Milner, 2009). Antibiotics for bone cements corporation should
possess: broad antibacterial spectrum involving activity Gram-negative and Gram-positive
microorganisms, chemical and thermal stability, low protein binding, high bactericidal activity
and potency, solubility in water to promote their release from the bone cement, availability
as powder formulation, elution for a long period and low interference with mechanical
proprieties of the bone cement (Xu et al.,, 2014), (Anagnostakos and Kelm, 2009). For
example, aminoglycosides are extremely suitable for bone cement applications which satisfy
the criteria listed above. This antibiotic class is concentration-dependent and thus, the
increase of the drug dose will produce a rise of the antibacterial efficacy, promoting the
eradication of bacteria (Krause et al., 2016). In particular, gentamycin and vancomycin are

generally incorporated on bone cement due to their antimicrobial activity against respectively



Gram-negative bacteria and Gram-positive bacteria such as Staphylococcus aureus. Recent
studies report that antibiotic-loaded bone cements reduce significantly the bacteria growth
compared to the non-antibiotic cements. Indeed, the employment of aminoglycosides in
ALBC have contributed to reduce the incidence of infection in primary arthroplasty, especially

in patients that undergo total knee replacement (Wang et al., 2013), (Saleh et al., 2016).

Drawbacks of antibiotic-loaded bone cement application

Although antibiotic-loaded bone cements are strong therapeutics able to eradicate bacteria
due to their controlled release ability, the application of these systems in clinical practice
present some shortcomings such as: development of antibiotic resistance due to prolonged
exposure time, antibiotic effectiveness, loosening of bone cement mechanical properties and

costs (Martinez-Moreno et al., 2017), (Hendriks et al., 2004).

Mechanical properties and antimicrobial resistance

Antibiotic elution depends on its physiochemical characteristics and on bone cement
composition. For instance, high drug elution is provided by a material which possesses high
porosity, which can cause a drop of the material resistance due to the presence of air
entrapped in the cement. Therefore, to overcome this issue, a combination among cement
brand, antibiotic choice and their mixing procedure needs to be evaluated for each
microorganism (e.g. Vancomycin-Palacos LV) (Lewis, 2009), (Pithankuakul et al., 2015).

On the other hand, the surface of antibiotic bone cement can promote the colonization of the
bacteria. In particular, antibiotic release from bone cement occurs in few hours with high
initial release rate, known as burst release, followed by a slow release, below the minimum
inhibitory concentration (MIC), over the next days (Xu et al., 2020) (Lewis, Janna and
Bhattaram, 2005). Thus, prolonged exposure to antibiotics at sub-inhibitory levels over longer
period of time may lead to the development of resistant bacterial strains. Despite the
presence of antibiotic, the surface of bone cement could be a good substrate for the growth
of bacteria. However, the adhesion of bacteria on the PMMA surface significantly reduces its
affinity to antibiotics. The specific mechanism which explains the lack of effectiveness of
antibiotic against a specific bacterial strain is still unknown and its conjugation to orthopaedic
biomaterials has not been well studied yet (Farrar, Benson and Milner, 2009), (Perni et al.,

2015).



Clinical needs

Among the drawbacks of antibiotic loaded bone cement, there are also other crucial factors.
For example, the difficulty of selecting the appropriate antibiotic to load on bone cement due
to the wide origin of bacteria that cause prosthetic joint infection as well as high local
concentration of antibiotic is reached over short term but lasting only few hours (Prokopovich
et al., 2015). This suggests that antibiotic controlled release is highly effective in case of acute
infections while in the late infections, the reduction of antibiotics levels increases the
possibility of surviving bacteria, which can slowly re-establish biofilm formation followed by
bacterial dissemination (Martinez-Moreno et al., 2017). Hence, the development of
alternative prophylactic treatments able to control the antibiotic release, by minimising the

burst release effect and thus the bacterial resistance, is required.

Tobramycin mechanism of action

Tobramycin is an aminoglycoside which is mainly used as antibiotic to treat severe infections
caused by Gram-negative pathogens, and it is effective against Pseudomonas strains which
are generally resistant to gentamycin (Dhondikubeer et al., 2012). The excellent bactericidal
activity of this molecule is the result of chemical binding to the site A on 16S rRNA, which is
part of the ribosomal 30S subunit of the bacteria. Therefore, this leads to a misreading of the
genetic code, which causes a disruption of the translation and thus, inhibits the ability of the
bacteria to carry out the protein synthesis (Kotra, Haddad and Mobashery, 2000). Tobramycin
is active against a wide broad spectrum of Gram-negative microorganisms providing, after
intramuscular administration, minimum inhibitory concentration (MIC) values such as: 6.25
ug/mL were effective against Pseudomonas aeruginosa, Escherichia coli, Enterobacter
species, and Klebsiella, whereas it is less effective against Serratia, Proteus and Providence
species which were resistant to more than 25 pg/mL of antibiotic (Kuijpers et al., 2000).
However, tobramycin showed also a good activity against Staphylococcus aureus strains with
MIC ranging between 1.56 and 6.25 pg/mL, but poor activity was observed against
Streptococcus pyogenes, S. faecalis and D. pneumoniae, that were instead resistant to more
than 12.5 pg/mL of the aminoglycoside (Campoli-Richards and Todd, 1987), (Krause et al.,
2016).
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Chlorhexidine mechanism of action

Chlorhexidine is an antimicrobial agent with a broad spectrum acting against Gram positive
and Gram-negative bacteria, yeasts, dermatophytes and some lipophilic viruses. Its
antimicrobial activity is membrane-type focused on the inner cytoplasmic membrane. The
presence of the biguanides groups provides its antibacterial action that possesses different
effects. For example, at low concentrations the drug exhibits a bacteriostatic action as well as
when the concentration becomes higher it shows a bactericidal activity (Jones, 1997), (Faria
et al., 2013), (Moureau, Deschneau and Pyrek, 2009). As it is illustrated in the figure 4.60, the
antibacterial mode of action of the chlorhexidine is due the positivity of its cationic groups
which interact with the bacterial cell surface that is negatively charged and possesses
phosphate groups. This step alters the integrity of the membrane and increases the
opportunity for the chlorhexidine to bind phospholipids attached to the inner membrane.
This mechanism can provoke leakage of low-molecular weight components, as potassium
ions, leading to cell lysis (Jones, 1997). The minimum inhibitory concentration (MIC) of
chlorhexidine reported in the literature against Escherichia coli is 2-8 pg/ml and against

Staphylococcus epidermidis is ranging between 0.5-2ug/ml (Luo et al., 2016).

Role of polymeric nanocarriers in orthopaedic infections

Over the last 20 years, the development of drug delivery systems based on biodegradable
polymers has been widely studied to overcome the limitations of the antibiotics and minimise
the burden of orthopaedic infections (Smith et al.,, 2018), (Karabasz, Bzowska and
Szczepanowicz, 2020). Indeed, the use of polymeric nanocarriers presents several advantages
such as: improved bioavailability and hydrophilicity of different therapeutics, sustained drug
delivery and ability to provide a targeted drug release at the site of infection by reducing the
interaction with plasma and cellular proteins (Singh and Lillard, 2009). Typically, nanocarriers
correspond to particulate structures with a diameter smaller than 1000 nm where the drug
could be entrapped, diffused, absorbed or encapsulated onto nanoconjugate matrix. In this
context, polymeric nanoparticles obtained from natural and synthetic polymers are widely
employed in biomedical field especially as delivery systems due to their stability and easy
surface modification. Additionally, these nanoparticles are used in drug delivery for two main
reasons: the small size and the use of biodegradable materials, and their preparation could

be tailored to provide controlled drug release by tuning the polymer properties and the
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surface chemistry. Among the variety of methods available to prepare polymeric
nanocarriers, the Layer by Layer self-assembly is the most common approach applied to form
multilayer thin films (Nayanathara, Kermaniyan and Such, 2020), (Chevalier, Gonzalez and

Alvarez, 2015).

1.2 Layer by layer assembly technique

The design of thin film coatings has been a critical challenge among scientists since the second
half of the 20™ century which found application especially in biological and medicinal fields.
In particular, two specific techniques such as Langmuir-Blodgett deposition (Blodgett, 1935),
(Brunauer and Emmett, 1937) and self-assembled monolayers (SAMs) (Nuzzo and Allara,
1983) are considered the most important processes used to design biocompatible surfaces
(Gentile et al., 2015). For instance, Langmuir-Blodgett technique is applied to the deposition
of surface active molecules such as phospholipids and fatty acids organised in mono or
multilayers thin films (Punkka and Rubner, 1992), whereas Self-Assembled Monolayers
(SAMs) are organic surfaces formed by the adsorption of long chain alkanethiols on gold (Ying
et al., 2001). The systems obtained by these methods showed an ability to control over the
properties of the interface at the molecular scale. Thus, these techniques played a
fundamental role on studies of protein adsorption and cell adhesion (Ying et al., 2001),
(Mbam et al., 2019). Despite their employment in bio-catalysis, drug delivery and tissue
engineering, different drawbacks of both methods influence their application to the biological
field (Kern and Schuegraf, 2001), (Henini, 2000), (Matsusaki et al., 2012), (Monolayers and
Brushes, 2005). For example, the Langmuir-Blodgett deposition requires long times for the
preparation of the biomolecule films, reduced types of biomolecules that can be involved in
the system, expensive instrumentation, and among these disadvantages there is the possible
instability shown by biomolecules because of weak physical attraction inside the films. On the
other hand, the drawbacks of SAMs are limited stability of films under ambient and
physiological conditions, small number of substrate types available for this method and low
loading of biological components into the films resulting from their monolayer nature
(Tkachev et al., 1995). Among these techniques, an alternative and convenient method was
introduced by Decher, Hong and co-workers in 1991, called Layer by Layer assembly with the
aim of producing structured-controlled thin films for biological applications (Decher and

Hong, 1991). This method possesses several benefits such as: a precise control of coating
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proprieties, easy preparation, it is a cheaper process compared to the techniques described
above, environmentally friendly, versatile, possibility of obtaining a homogeneous film with
controlled thickness, capability of incorporation and controlled release of biomolecules and
drugs and robustness of the products used under ambient and physiological conditions (Paula
T Hammond, 2012). Furthermore, comparing the systems produced by Langmuir-Blodgett
and SAMs techniques, the LbL deposited matrices are more stable films with a higher loading
of biological species. Indeed, several types of charged molecules are suitable components for
the preparation of the LbL technique such as: biological polysaccharides, inorganic molecular
clusters (Liu, Volkmer and Kurth, 2003), dendrimers (Ramalingam et al., 2016), nanoparticles
(Ariga et al., 1997), nanotubes (Komatsu et al., 2011), nucleic acids and DNA (Wurster et al.,
2013), (Qi et al., 2011), (San Juan et al., 2020), organic dyes (Khan et al., 2016), proteins (Cai
et al., 2005), porphyrins (Wu, Zhao and Zhang, 2017) and viruses (Lvov et al., 1994). In the
average, the wide variability of substrates available and the versatility of assembly methods

substantially rise the importance of this technique (Tang, Zhang, et al., 2006).

Types of biomolecules embedded on LbL biofilms

The determination of the LbL films is connected to the multiplicity of intermolecular
interactions where the most important role is played by the cooperative effect of multipoint

attractions.

Lipid Vesicles

The first category of biomolecules is represented by lipid vesicles that are composed by
amphiphilic organic molecules with low-molecular weight. Including these types of vectors
into multilayers through strong electrostatic interactions can cause the breach and then the
fusion of the spherical structures of the vesicles (Tang, Jing and Wang, 2000). To avoid this
problem, for example, Katagiri et al. developed a three-dimensional packed vesicular
assembly by using the Cerasome, which is an organic-inorganic hybride vesicle possessing
liposomal membrane and ceramic surface. The stability of the vesicle was improved via
modification of its surface occurring by self-condensation of triethoxylsilyl groups in water.
The success of this method was confirmed by the atomic force microscopy (AFM) that proved
the presence of intact vesicles particles in the multilayers (Katagiri et al., 2002). Additionally,

Michael et al., provided homogeneity to the surface of the vesicles by polycation absorption
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carried out priory the multilayer deposition. Images obtained by AFM, clearly proved that no
disruption of the vesicles occurred along the formation of the lipid bilayer (Michel et al.,
2004). Therefore, the success of these methods promoted the use of lipid vesicles as
biomolecular reactors or as reservoirs for drug delivery (Michel et al., 2005), (Tang, Wang,

Podsiadlo and Nicholas A. Kotov, 2006).

Polypeptides

The secondary structure of polypeptides applied to design multilayer films via LbL was studied
by Miiller et al., that observed a change of PLL (poly-lysine) transition from random to a-helix
if dissolved salt solution as sodium perchloride (NaClO4). Despite that, when PLL was
alternatively coated with poly (maleic acid co-a methylstyrene) (PMA-MS) on silicon
substrate, ATR-FTR measurements evidenced that the a-helix state of PLL remained intact
and independent from the number of deposited layers (Miiller, 2001), (Tsuji, 2019).
Additionally, Boulmedais et al., analysed the interactions between PLGA (poly-L-glutamic
acid) and PAH (poly-allylamine) multilayer films. While the thickness of the films was
exponentially growing once a new layer was embedded onto the system, PLGA underwent to
random/a-helix transition during the self-assembly deposition with PAH. No further change
in this structural transition was observed along the film build up process, where the multilayer
was alternatively interacting with PLGA and PAH solutions (Boulmedais et al., 2003). These
studies suggested that the secondary structures of polypeptides immobilized in LbL films are
the same than those present in the polyelectrolyte solution, providing homogeneity in the
structure of the multilayer system which was independent from its whole thickness. (Tang,

Wang, Podsiadlo and Nicholas A. Kotov, 2006).

Nucleic Acid and DNA

The DNA-containing films show a good activity and strong binding abilities with different DNA-
intercalated molecules, involving antitumor drugs. They have been fabricated by Sukhorukov
et al. with an alternative assembly of anionic DNA strands and cationic polyelectrolytes such
as PEl or PLL and following study of DNA conformations in the film with IR, UV-vis and circular
dichroism (CD) spectroscopy. The results show that DNA keep its double-helical structure in

all the films and that water molecules bind with DNA phosphate groups, penetrating easily
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into all types of films (Sukhorukov et al., 1996), (Tang, Wang, Podsiadlo and Nicholas A Kotov,
2006).

Proteins

LbL self-assembly could be applied to coat bioactive proteins into thin films, enhancing their
functions and addressing their application as optical and electrochemical biosensors
(Takahashi, Sato and Anzai, 2012), as bioactive agents for drug delivery (Saurer et al., 2010),
as complexes against environmental stress of food products (Azarikia et al., 2017) or for
biotechnology and biomedical applications (Vander Straeten et al., 2017), (Tang Z., et al.,
2006). For example, Onda et al. designed a multilayer film by alternatively coating the anionic
enzyme glucose oxidase (GOD) with polycations such as poly (dimethyldiallyl-ammonium
chloride) (PDDA) or poly (ethylenimine) (PEl) (Onda, Ariga and Kunitake, 1999). In this case
the immobilisation of GOD into multilayers did not influence its native enzymatic activity
which was reduced only for the 20% of GOD before the LbL deposition. Furthermore, for GOD-
films no enzymatic denaturation was detected and the enzymatic activity lasted 14 weeks if
the system was stored in buffer at 4°C. Finally, it was observed that when the enzyme was
embedded into films, there was an improvement of its stability plus an higher tolerance if

dissolved in alkaline media (Caseli et al., 2006), (Zhang et al., 2019).

LbL film-deposition process

In the last 20 years many researchers have focused their attention on the production of new
generation of scaffolds, composed by ‘nanofeatures’ which, interacting and influencing
cellular behaviour, arise the interest of engineered tissues Many surface modification
processes can be counted into nanotechnologies and among the last developments the
surface functionalization at the ‘nanoscale’ is considered a suitable strategy to obtain
appropriate biological responses (Gentile et al., 2015). Among the nanotechnology
techniques available in the literature such as Langmuir-Bodglett (Brunauer and Emmett,
1937) and SAMs (Nuzzo and Allara, 1983) depositions, Layer by Layer (LbL) self-assembly is
still an attractive method used to design functional coatings. It is a process based on an
alternative exposure of charged substrate to solutions positively or negatively charged of

polyelectrolytes. After each layer deposition, there is a washing step, mainly carried out with
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distilled water in order to reduce the risk of contaminations and to remove excess of

polyelectrolytes (Gréger, Lutz and Brunner, 2008).

Modifying some experimental parameters such as polyelectrolyte concentration, pH or ionic
strength it is possible to change the proprieties of the scaffolds like roughness, thickness and
porosity. At first glance, only electrostatic interactions between opposite polyelectrolytes
determined the rise of the LbL multilayer. Then, other types of interactions were studied:
covalent and hydrogen bonding, hydrophobic and coordination bonding and charge transfer
(Feng et al., 2007), (Shimazaki et al., 1997), (Xu, Zhu and Sukhishvili, 2011). Because of the
nanoscale domain control and all the advantages of the LbL, this method is an attractive
process that lead to the fabrication of highly complex, tailor-made coating compositions. One
of the benefits of the LbL is related to its performance in water solution at room temperature.
This allows the maintenance of the activity of sensitive substrates such as proteins, nucleic
acids and other functional biomolecules. Then, this technique promotes the coating of any
shape structures with a widely dimensional range, from 10 nm diameter gold nanoparticles,
(Gentile et al., 2015), (Schneider and Decher, 2004), (Schneider and Decher, 2008), to large-
scale macroscopic 3D objects and surfaces with complex nanometre patterns. LbL can be
employed to obtain a high biocompatibility (Ai et al., 2003), (Zheng et al., 2004), in vivo and
in vitro: a nanostructure could be exploited to improve the surface topography and load many
biomolecules or organic and inorganic nanomaterials. Furthermore, the possibility to coat
drugs in separate sets of layers has been pursued in order to promote a strategy for a

sequential controlled delivery (Paula Hammond, 2012).

Biomedical applications of the LBL technique

The layer by layer technique has been employed for numerous fields, but in this section
applications, such as cardiovascular devices (Amano et al., 2016), (Ren and Ji, 2015), wound
healing dressing (Fahmy, Aly and Abou-Okeil, 2018), (Jeckson et al., 2020), bone grafts (Li et
al.,2012), (Xing etal., 2017), (Ronca et al., 2016) and nanocarriers for the drug delivery (Pérez-
Anes et al., 2015), (Wang, Hao and Cai, 2019), (Wohl and Engbersen, 2012) are going to be

accurately described.

Cardiovascular devices
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The LbL technique is suitable to substrates of any size and shape and it has been widely used
to coat biomolecules into cardiovascular devices and to retain their activity. For example,
recently Lin et al. took advantage of Layer by Layer technique by designing a multi-layered
construct obtained by the combination of heparin (HE), an anticoagulant, and collagen (Col)
on stainless steel stents. with the aim of improving the antithrombogenicity and the
cytocompatibility of the stent surface. After the deposition, it was observed that the HE/Col
multilayer was stable in PBS and that the self-assembly method provided a homogeneous
system. Furthermore, in vitro studies reported a higher endothelial cell response (ECR) for the
modified stents plus a synergic effect of antithrombogenicity and fast endothelialisation
promoted by respectively the heparin and the cell compatibility of the collagen. Additionally,
it was noticed that the presence of both polyelectrolytes onto the interface multilayer
facilitated processes such as the endothelial cell adhesion, spreading and proliferation.
Therefore, He/Col multilayers stents via LbL deposition could represent a valid method to
improve thromboresistance and fast endothelialisation which are the crucial factors of the
stainless steel stents implantation (Lin et al., 2010). On the other hand, in the studies of Chen
et al., heparin and collagen were also employed via LbL to modify titanium cardiovascular
devices to improve their anticoagulant proprieties. In this case, before the self-assembly
deposition, the surface of the metal was, firstly, treated with sodium hydroxide (NaOH)
solution. It was observed this modification provided a more porous surface of the titanium
due the to the presence of a higher number of hydroxyl groups and to a higher hydrophilicity
than the untreated titanium. Then, the surface was modified by coating the positive poly-L-
lisine (PLL) as precursor layer, followed by alternative deposition of heparin and collagen
through electrostatic interactions. SEM images and FTIR spectra proved that the choice of
treating the material surface with NaOH and PLL increased the stability and the thickness of
the first layer and it was crucial for the success of the multilayer formation. Moreover, the
multilayer system formed by LbL provided a lower platelet adhesion and thus, improved the
anticoagulation properties of the titanium (Jaganathan et al., 2014), (Hong et al., 1999), (Chen
et al., 2009), (Stathopoulos et al., 2011). Furthermore, LbL technique is also applied to the
incorporation of specific agents, for example sirolimus, into the multilayer to treat arterial
diseases (Huang and Yang, 2008). For instance, Chen et al., alternatively coated collagen and
the strong immune suppressor agent sirolimus in multilayers on metallic stent to treat

coronary arterial stenosis. The results of this study showed that the number of drug /collagen
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layers influenced the duration of the drug release, which lasted over 28 days, promoting the
inhibition of smooth muscle cells growth and therefore avoiding restenosis (Chen et al., 2005)
(Huang and Yang, 2008). The combination of different polyelectrolytes coated via LbL has
been considered as valid option to improve the properties of catheters and dialysis
instruments which are in direct contact with blood flow (Gorbet and Sefton, 2004). For
example, Polyethersulphone (PES) is an example of material that is commonly used because
of its high ability of membranes ultrafiltration and Sperling et al. designed a LbL coating to
enhance its wettability and thus its interaction to the proteins of plasma. In particular, PES
material modification was based on alternative LbL coating of albumin protein, heparin and
endurin, which is the high active fraction of heparin. It was demonstrated that the presence
of multilayer systems contributed to reduce the platelet adhesion as well as the combination
of both albumin and endurin in the films, decreased the formation of the thrombin-

antithrombin complex. (Sperling et al., 2005).

Wound healing dressing

The ideal scaffold employed as dressing for wound repair and designed to protect the injured
tissue and promote the healing process, needs to fulfil specific characteristics such as: to
protect the wound from bacterial penetration, to provide hydrophilic surface, to be non-toxic
and to promote the adhesion and the cells proliferation (Metcalfe and Ferguson, 2007). To
reach this target, the surface of these biomaterials could be functionalized in several ways:
using a controlled release of bioacides, acting with microbe-repelling, with antiadhesive or
antibacterial polymers or peptides (Wang et al., 2006), (Murata et al., 2007), (Li et al., 2006).
For example, silver and gold nanoparticles are valid candidates due to their antimicrobial
properties as well as silver and Ag ions are commonly used as bioacidal materials for
polyelectrolytes multilayer deposition. These metallic materials are bioacide agents acting
against a broad spectrum of bacteria, fungi and viruses (Marambio-Jones and Hoek, 2010). In
this field, LbL self-assembly could be employed as nanoreactor method, where Ag ions are
loaded onto the polyelectrolytes multilayer (PEM) and simultaneously reduced to form Ag
nanoparticles (Rahimi et al., 2020), (Podsiadlo et al., 2005). For instance, Zan et al. proved
that the ion exchange/ reduction approach could be exploited to incorporate Ag
nanoparticles into a multilayer system without pH variation. In particular, initially, a multilayer

coating, composed by poly (diallyldimethylammonium chloride) (PDDA) and polystyrene
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sulfonate (PSS), was dipped into silver nitrate (AgNOs) to load Ag ions into the film. Then, after
a treatment with sodium borohydride (NaBH4), the excess of silver in ionic form was reduced
to form Ag nanoparticles. The antimicrobial activity of multilayers possessing Ag ions and Ag
nanoparticles was evaluated against Escherichia coli, and exhibited different effects: the
system with Ag ionic form provided high activity in the short term whereas the Ag
nanoparticles showed a low initial effect but extended to long periods of time (Zan and Su,
2010). On the hand, also gold nanoparticles (GNPs) have been widely used in biological field
due to their antimicrobial activities (Zou et al., 2020), (Yang et al., 2017), (Lu et al., 2018). For
example, Zhou et al., designed a multilayer construct where GNPs as polyanion and lysozyme
(Lys) as polycation were alternatively coated via LbL on cellulose mats. The antibacterial
activity against Staphylococcus aureus and Escherichia coli was investigated for uncoated and
coated cellulose mats. It was observed that the multilayer system showed a higher
antibacterial efficiency depending on the number of layers coated onto the cellulose mats
whereas the uncoated mats hardly showed an inhibitory effect (Zhou et al., 2014).
Furthermore, LbL self-assembly is employed to embed releasable antibiotics into multilayers
to prevent bacterial colonisation in wounds (Agarwal et al., 2012). For instance, chlorhexidine
(CHX) is an example of antiseptic that is incorporated into polyelectrolytes multilayers (PEM).
It is an antimicrobial agent which is active against Gram-positive/Gram-negative bacteria and
possesses bactericidal effect and a positive charge at physiological pH, whose binding to the
negative groups of the bacteria cell walls, alters the bacterial osmotic equilibrium (Lim and
Kam, 2008), (Wu et al., 2008). For example, Aubert-Viard et al., developed a wound dressing
able to provide a prolonged chlorhexidine release from textile nonwoven poly(ethylene
terephthalate) (PET). After surface modification of PET, where the first layer was composed
by chitosan (CHT) crosslinked to genipin (GPN); the antimicrobial agent CHX, the anionic
methyl-beta cyclodextrin polymer (PDC) and the cationic CHT were alternatively coated via
LbL to form the multilayer system. It was observed that the number of layers forming the film
could control the CHX release whose antimicrobial activity persisted for 45 days on E. coli and
S. aureus strains (Aubert-Viard et al., 2019). On the other hand, gentamicin is an antibiotic
used to treat wound infections and generally chosen as agent to be incorporated into
multilayers. It belongs to the category of aminoglycosides and it is mainly active against Gram-
negative bacteria but also against Gram-positive bacteria such as S. aureus (Kotra, Haddad

and Mobashery, 2000). For instance, Chaung et al. designed a hydrolytically biodegradable
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thin film built via LbL deposition including poly(B-amino) ester (PBAE), hyaluronic acid (HYA)
and gentamicin. It was demonstrated that the antibiotic released the multilayers via drug
diffusion through the layers, hydrolytic degradation and film disruption. Additionally, in vitro
studies multilayer system showed efficacy against S. aureus, which was comparable to the
positive effect exhibited by the direct gentamicin administration (Chuang, Smith and
Hammond, 2008). However, LbL technique could be applied as method for surface
functionalisation of biomaterials by employing antibacterial polymers or peptides. For
instance, polyethyleneimine (PEI) is an example of synthetic polyelectrolyte with antibacterial
property. He and Chan evaluated the antimicrobial properties of this polymer by developing
a stable PEI multilayer, formed by LbL, and incorporating Ag nanoparticles which were
reduced to silvers ions after treatment with sodium borohydride (NaBHa). In particular, the
antimicrobial properties of PEl were investigated in presence or absence of embedded Ag
nanoparticles. Generally, the multilayer PEl itself has efficient activity against S. aureus and E.
coli upon contact formation, but the presence of Ag nanoparticles into the system increased
the efficiency over the 99%, promoting the inhibition of bacteria growth (He and Chan, 2010).
On the other hand, chitosan (CHT) is among natural polycationic polymer that is widely used
in biomedical application as antimicrobial agent. It is a biocompatible polysaccharide whose
amino groups are positively charged below pH 6. Its antimicrobial activity is the result of the
interaction between its positively charged molecules and the negatively charged cell
membranes causing a change in the cell permeability. This mechanism is active in both
conditions when the polymer is in solution or immobilised into multilayers (Yu, Lin and Yang,
2007), (Rabea et al., 2003). Therefore, CHT is employed in biomedical applications via LbL as
biomolecule to modify the surface of the materials. For example, Bahrami et al., designed a
polyurethane (PU) film where collagen and chitosan were layered through LbL self-assembly.
AFM and confocal microscopy confirmed the success of this method of surface modification
as well as in vitro studies proved that the presence of the 2 biomolecules in the system
promoted the growth rate and the proliferation of the fibroblast cells when the film was
composed by 3 layers. Thus, the antimicrobial activity of the multilayer was increased than

the untreated PU (Bahrami et al., 2020).
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Bone grafts

The LbL technique is also applied to enhance the bioactive properties of biodegradable
polymers such as poly(L-lactic) acid (PLLA) and poly(lactic-co-glycolic) (PLGA), whose
biomedical application is limited due to their hydrophobicity and weak bioactivity (Gentile et
al.,2014). To overcome this problem, coating the substrate surface by employing extracellular
matrix (ECM) components, such as collagen and hyaluronic acid (HYA), could be an alternative
approach to mimic the organic component of the natural bone and to improve the biological
properties of the scaffold (Li et al., 2012), (Zhang et al., 2005). For example, Zhao et al.,
designed a multilayer system by alternatively depositing type | collagen (Col I) and HYA on the
surface of PLLA priory modified by covalent bonding to poly(ethylene)imine (PEl). In vitro
studies on osteoblasts demonstrated that PLLA films enhanced the cell proliferation and the
viability compared to the unmodified PLLA. In particular, it was observed that the cell-
substrate interaction occurred when Col | was coated as outermost layer in the PLLA film
(zhao et al., 2014). Furthermore, the LbL technique is also applied to increase the bioactivity
of metals such as Mg and Mg alloys which are promising candidates for orthopaedic
applications. Indeed, these metals are biocompatible materials which rise the rate of bone
formation and possess interesting properties such as low density and greater fracture
toughness (Kirkland, 2012). Additionally, Mg is an osseo-conductive, non-toxic and
biodegradable agent, whereas the Mg alloys (MgA) is highly reactive and its degradation
releases a considerable amount of hydrogen that is not acceptable by the human body tissue
and can provoke an adverse reactions such as an inflammatory orimmunology response (Xin,
Hu and Chu, 2011). For example, Peng et al., modified the surface of MgA to obtain higher
biological activity, biocompatibility and corrosion resistance. The LbL self-assembly was
chosen as strategy to coat a polyanionic gelatin-conjugated hydroxyapatite nanoparticles,
and the polycation lysozyme and PEI as transition layer. Comparing the multilayer system to
the MgA surface priory its modification, it was observed that the functionalised MgA provided
an improvement in the antibacterial activity against S. aureus (86% killed) and E. coli (92%
killed), better hydrophilicity, and increased corrosion resistance than the untreated MgA
(Pengetal., 2019). The LbL is used to modify the surface of orthopaedic devices and as coating
technique to satisfy the controlled delivery of therapeutic agents to heal bone infections
(Egashira, Goodman and Yang, 2014). For instance, Min et al., developed a multilayer system

formed by coating via LbL the antibiotic gentamicin sulphate (GS) and the osteoinductive
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growth factor BMP-2 separated by a laponite interlayer barrier. In this case a duplex
mechanism is involved: the prevention of infections in the implant site by GS release and the
stimulation of osseo-integration on the implant surface promoted by the growth factor BMP-

2 (Min, Braatz and Hammond, 2014).

Drug delivery

In the last 20 years, the requirement of new advanced drug formulations has been mainly
related to the capability of the delivery systems to encapsulate drug onto systems that can
provide sustained release profiles (Tang, Wang, Podsiadlo and Nicholas A. Kotov, 2006). Drug
encapsulation used in biomedical applications presents some advantages such as reduction
of the administered drug and reduced side effects, as well as the employment of
nanoparticles as therapeutic carriers provides benefits such as controlled drug release,
targeted delivery and the ability to by-pass the cellular surface multi-drug resistance
mechanism (Park et al., 2018), (Caruso, 1998). In particular, the application of the LbL
technique in the controlled release possesses benefits such as: the ability to determine the
concentrations of entrapped biomolecules easily only changing the number of polymer layers
and the ability of controlling the order and the location of the system with a nano-scale
precision. Furthermore, the drug release from multilayer systems formed via LbL could be
regulated by the physicochemical properties of the film components: biodegradability, charge
density and molecular weight (Choi and Hong, 2014). For example, Hong et al., coated the
anionic ovalbumin (Ova) into two different systems including respectively the polycations
poly-L-lysine (PLL) and a poly (B-amino) ester (Poly 1) through LbL self-assembly. The systems
were developed at pH 6.0 and the release of Ova was evaluated under physiological
conditions in PBS. Different release profiles were obtained due to the difference in the charge
density between PLL and the poly (B-amino) ester. Indeed, Polyl provided a burst release
caused by its hydrolytic degradation at pH7.4, which was in contrast to the slow protein
release observed from the Ova-PLL multilayer. Therefore, the design of LbL system including
both PLL and Poly 1 could be an alternative approach for controlling the release of the antigen
protein ovalbumin (Ova) (Hong et al., 2011), (Keeney et al., 2015). Additionally, Shukla et al.,
exploited the versatility of the LbL technique to incorporate the antimicrobial peptide
ponericin (G1) into 3 different multilayer systems, where G1 and a poly (3-amino) ester (Poly

2) were embedded as polycations and chondroitin sulfate, alginic acid and dextran sulfate as
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polyanions. It was observed that the modulation in the molecular weight of the film
components influenced the release of the antimicrobial agent G1. For instance, alginic acid
(MW 85 kDa) and chondroitin sulfate (MW 120-190 kDa) diffused more into the film layers
moving G1 to the upper layer and causing a burst release. As contrary, no diffusion effect
occurred in the dextran sulfate due to its higher molecular weight, 500 kDa, proving a slow
but longer (over 12 hours) ponericin (G1) release (Shukla et al., 2010), (W. Feng et al., 2014),
(Sosnik, 2014).

pH and ionic-strength stimulated release

The pH modulation could be generally applied as stimulus to trigger the delamination or the
dissolution of the multilayer thin films containing biomolecules (Wohl and Engbersen, 2012).
This process can mainly occur by increasing the porosity of the film or due to a reduction of
the electrostatic interactions between acid/basic groups employed in the film (Burke and
Barrett, 2003). Generally, the pH environment in which the multilayer is formed highly affects
the interaction among layers. However, pH changes could lead to weak electrostatic
interactions among polyelectrolytes causing the disruption of the multilayer system (Keeney
et al., 2015). For example, Men et al., developed a multi-layered pH sensitive liposome-PBAE
hybrid NPs including the chemotherapy agent doxorubicin (DOX). The protonation of the
tertiary amine of PBAE at low pH, increased the DOX release from the film layers, reaching
the cell nucleus and promoting the tumour cells death (Men et al., 2020). On the other hand,
the change of pH could influence the biomolecules release by inducing porosity in multilayers.
For instance, Mendelsohn et al. prepared a system where poly(acryl acid) (PAA) was
deposited at pH 3.5 and poly(allylamine hydrochloride) (PAH) at pH 7.5 via LbL. Once the
multilayer was coated, it was observed that exposure of the assembled film to acid aqueous
solutions with pH ranging between 2.0 and 2.5, promoted the formation of micropores in the
multilayer. In particular, the protonation of the carboxyl groups of the PAA occurring at low
pH caused a loss of the weak electrostatic interaction between PAA and PHA, leading to a
disorganised film, (Detzel, Larkin and Rajagopalan, 2011), (Mendelsohn et al., 2003),
(Mendelsohn et al., 2000).

Furthermore, controlled release of biomolecules could be regulated by changing the ionic

strength of a solution in order to control the electrostatic interactions between
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polyelectrolytes and proteins and therefore to improve the stability of film components. For
example, Sukhishvili et al. proved that the presence of a hydrogen-bonding polymer into
solutions with a high concentrated salt reduces the instability of the film due to the ions which
decrease the intensity of electrostatic repulsion between a certain number of ionized groups
included into the assembled system (Tang, Wang, Podsiadlo and Nicholas A Kotov, 2006),
(Sukhishvili and Granick, 2000).

Hydrolytically Induced Release

The hydrolysis of polyelectrolyte layers and crosslinkers is considered an alternative
mechanism of degradation to changes of pH and ionic strength for LbL coatings. In particular,
polyanions and biomolecules are alternatively layered between hydrolysable polycations.
Once the self-assembly is completed, exposure to an aqueous solution promotes the
hydrolysis of the polycation, the degradation of the coating and thus, the release of the
biomolecule (Serhan et al., 2019). For example, 1,4 butanediol diacrylate (Poly 1) is a
hydrolytic PBAE which is commonly coated as polycation with polyanions such as poly(styrene
sulfonate) (PSS), poly(acryl acid) PAA and DNA plasmids. Indeed, the ester groups of the
backbone of Poly 1 hydrolyse after being treated with buffer solutions and hence facilitating
the biomolecule release (De Villiers et al., 2011), (Wood et al., 2005). Furthermore, another
method that lead to the dissolution, erosion or disintegration of polyelectrolytes multilayer
systems is the development of the pro-drug approach. This process supports the controlled
release of many therapeutics in the target site by the biomolecule bonded to a biocompatible
polymer via hydrolysable bond. For example, Thierry et al. investigated the delivery of the
paclitaxel, a hydrophobic drug and an efficient agent against breast and ovarian cancers by
coating, via LbL, the hyaluronan ester prodrug of the chemotherapeutic agent paclitaxel, as
polyanion, and chitosan, as polycation, to form a multi-layered construct. The drug release
from paclitaxel multilayer occurred via hydrolysis of the ester linkage causing rapid death of

tumour cells (Multilayers et al., 2005), (Tang, Wang, Podsiadlo and Nicholas A Kotov, 2006).

Other applications of the LbL technique
Further applications have been evaluated for the LbL and one of these is the regeneration of
other tissue such as cartilage, ligaments and nerves. For instance, the application of the

glycosaminoglycan chondroitin sulphate to the realization of scaffolds, has different
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advantages such as stimulation of the secretion of proteoglycan and type Il collagen and
promotion of bioactivity of seeded chondrocytes. An example of used artificial graft is PET
(poly-ethylene terephthalate) which is a hydrophobic material and it has weak biological
proprieties. In this case, the LbL was applied to improve its biocompatibility, by depositing
biocompatible and natural polymers on its surface (Gong et al., 2007).

Moreover, neural prosthetic devices (NPDs) are designed for the diagnosis and the treatment
of traumas or neurological conditions, where electrodes are used to interact with neural
tissue and to reach the targeted site. The main disadvantage of these devices occurs after the
implantation of the electrodes, where a possible formation of a barrier between the device
and the tissue could reduce its durability and the efficacy. Therefore, it was essential to
improve the electrochemical surface area of the electrodes by developing via LbL conductive
nanomaterials (Schwartz, 2004). Moreover, the LbL is also employed to layer biodegradable
polymers onto autologous nerve grafts for the treatment of neural gaps. The self-assembly
technique is a way to improve neurite outgrowth and axon regeneration by increasing the
neurotrophic factors, which are biomolecules supporting the growth, the survival and
differentiation of developing and mature neurons (Lee and Wu, 2014). For example, Lee et al.
suggested that the use of natural polymers as polyelectrolytes can support cell adhesion and
proliferation of nerve guides. In particular, with a study, it was observed that the neurite
outgrowth and neuron percentage and synaptic functions increased depending on the

number of layers of the construct formed via LbL (Lee and Wu, 2014), (Gentile et al., 2015).

Limitations of no-biodegradable cationic polymers

Beyond the success of LbL self-assembly technique, also the choice of the polyelectrolytes
plays an important role in the design of the thin layers. For instance, cationic polymers are
generally employed to interact with polyanions promoting the formation of multilayer. For
example, poly(lysine) (PLL) and poly(ethylene imine) (PEl) are examples of polymers
containing amino groups in their backbone (Samal et al., 2012). These polycations are mainly
applied in gene delivery as non-viral vectors due to their ability to interact and protect
negatively charged strains of DNA (Thomas, Tajmir-Riahi and Pillai, 2019). However, although
these molecules showed high transfection efficiency, their no-degradability can cause
significant cytotoxic effects. This problem remains a considerable issue for therapeutic

applications in vivo. Therefore, new polymers possessing hydrolysable moieties were
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designed as polymer-based biomaterials applicable for targeted and on demand drug

delivery, tissue engineering and disease prevention (Monnery et al., 2017).

1.3 Poly (B-Amino Esters)

Poly (B-Amino Esters) (known as PBAEs) are the results of the conjugation between an
acrylate and an amine by Michael addition without the formation of by-products. These
blocks of copolymers are attractive compounds possessing inherent biocompatibility,
responsiveness, biodegradability and versatility due to their structural diversity as result of
the combination of different monomers. This library of polymers can be applied for several
applications such as antimicrobials, anticancer drugs, tissue repairing and proteins delivery.
In particular, the ester bonds in their backbone are hydrolytically degradable providing
excellent biodegradability and a reduced toxicity to these molecules. Besides, the presence
of tertiary amine moieties increases their electrostatic interaction with negative charged
compounds offering a wide choice to form nanocomposites. Moreover, the amino groups
show pH-responsive and charge reversible properties considering their ability to undergo
phase transition upon the charge of surrounding pH. For this reason, PBAEs are valid
candidates for programmable and controlled release (Perni and Prokopovich, 2017a), (Fields

etal., 2012)

Synthesis

In 1970 Ferruti et al synthesised linear poly (amido amines) as result of conjugation between
bifunctional amines to bisacrylamides whereas in 2000 Linn and Langer focused on poly(ester
amines) approach naming these molecules PBAEs. This synthetic route was attractive for
different reasons: firstly, the possibility to form multiple analogues from commercially
available starting materials and then the presence amines and readily degradable linkages in
the polymers. As previously mentioned, PBAEs are obtained via one-pot atom-economic
Michael addition of amines to acrylates and the polymerization normally occurs at high
temperatures (50°C-90°C) within 20-72 h in apolar halogenated (dichloromethane and
chloroform) or polar dimethyl sulfoxide (DMSO) solvents (Lynn and Langer, 2000), (Cordeiro
etal., 2019).
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Structures and properties

The structure of PBAEs mainly depends on the number (N) of reaction sites of both amines
and acrylates employed as starting materials. Thus, three types of crude products can be
obtained: linear, branched and cross-linked. The first case happens when primary and
secondary amines (Namine=2) react with two acrylates sites (Nacrviate=2) and it is the
commonest used. Branched polymers are the results of two sites of amines (Namine=2)
conjugated to three of acrylates (Nacrviate=3) or the opposite (Namine=3/ Nacrviate=2) while
cross linked PBAEs are obtained by (Nacryiate=4/ Namine=2) or vice versa (Namine=4/ Nacrviate=2)
(zeng et al., 2019), (Liu et al., 2017).

Mechanical and physiochemical properties of PBAEs depend as well as the structures of the
molecules on the monomers chosen for the polymerization. Among them, molecular weights
can be influenced providing polymers with a range between 2 and 120 kDa, as well as the
polydispersity index (PDI), higher than 1.3 if compared to other polymerizations and
marginally altered by the reaction time. As described before, PBAEs possess tertiary amino
groups on their backbone; thus, these molecules show outstanding pH-sensitive properties in
values of pH between 3.5 and 7.2. The pKaH is highly influenced by the hydrophobicity of the
polymers whose increase will, as consequence, decrease the pKaH value. The process will be
reversed when the tertiary amino groups are protonated, positively charged and hydrophilic.
Besides, PBAEs are quite stable under acidic conditions and will hydrolytically degraded under
physiological conditions as result of hydrolysis of the ester bonds and the formation of small
molecules such as bis(beta-amino-acids) or diol products (Liu et al., 2019), (Anderson et al.,

2005).

PBAEs formulations

Over the few last decades, PBAEs are widely employed in versatile formulations due to their

excellent physiochemical and mechanical properties.

Nanocomposites

Conventionally, cationic PBAEs can interact with anionic molecules by electrostatic
interactions such as genes or proteins to form nanocomposites. There is no chemical
modification occurring along the interaction between the opposite charges of the polymers

chain and the anionic therapeutics. On one hand, this technique is suitable for high
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throughput screening of several polymers to evaluate their delivery efficacy; on the other,
there are few disadvantages, such as short life (1-7 h) of the nanoparticles in aqueous
solutions, lack of shells stability and of stability in high ionic strength environment (Samal et

al., 2012).

Films

As previously described, the layer by layer technique is usually applied for the formations of
films where alternatively opposite charged polyions are embedded onto substratum surfaces.
This method of coating shows several pros, for example, easy scale up production and control
of drug release rate, plus the ability to load different drugs and to work at room temperature.
The drug release mainly occurs by degradation of film multilayers avoiding the diffusion
related burst release. However, also in this case there are some cons. In particular, the poor
stability in agueous buffers and the use of non-degradable polyelectrolytes require a higher

mechanical strength of films (Bishop et al., 2016).

Fibers

Recently polymeric fibers were developed for drug delivery or to reproduce the topology of
the extracellular matrix and the applied technique usually is the electrospinning. These
formulations are the results of polymerisable PBAEs macromers that, after being electrospun
with the aid of a photoinitiator, were obtained by cross-linking under light irradiation. The
PBAEs fibers can be designed with specific properties due to the large library of reactive PBAEs
macromers available. Nevertheless, there are some aspects that could be considered as
limitations that need more investigations to enhance and extend the applications of the

polymer fibers (GroRRhaus et al., 2020).

Gels

PBAEs gels can be divided into bulk hydrogels and nanogels depending on their morphology
and application. These formulations are obtained by chemical conjugation, sol-gel transition
of block polymers or synthesis using monomers with multiple sites of reaction. Gels
impressively expanded the applications of PBAEs from drug delivery to tissue engineering
considering their high compatibility to versatile therapeutics such as hydrophilic/hydrophobic
drugs and proteins and their tuneable shapes (K. Yang et al., 2018). However, the excess of

organic solvents employed during the synthesis of gels plus the possibility of partial
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degradability of these matrices in the human bodies can lead to potential accumulated

toxicity and tissue inflammation as severe side effects (Altuncu et al., 2019).

Micelles

The core shell of polymeric micelles is composed by block of copolymers. In particular,
hydrophobic PBAEs blocks are used to form amphiphilic copolymers with PEG block via
hydrophobic interactions. The matrices are good candidates for the encapsulation of
therapeutics with hydrophobic nature especially for improving their solubility,
pharmacokinetics and stability. Thus, the versatility of blocks of copolymers provides the
formation of PBAEs micelles that can be directed to different applications. Despite these
advantages, the poor stability of these formulations could be an undesirable shortcoming that

can considerably influence their applications (Nayanathara, Kermaniyan and Such, 2020).

PBAEs applications

PBAEs based micro or nanocarriers are widely employed for drug delivery. Considering that,
a typical drug delivery system should fulfil specific requirements, such as, improvement of the
drug solubility, provide a prolonged drug release in the body, protection from enzymatic
degradation, target selecting preventing tissue degeneration and damage and release the
drug under triggers local lesions, nowadays the versatility of PBAEs allows the design of
several formulations which can overcome barriers in drug delivery. As reported below, PBAEs
are also interestingly used for tissue engineering, gene delivery and immunotherapy

applications (Singh and Lillard, 2009), (Liu et al., 2019).

Gene delivery

Gene therapies have always been promising treatments from genetic disorders, cancer and
infections, but there are still few barriers to be defeated in gene delivery. For its applications,
cationic linear and branched polymers have been designed as well as synthetic nonviral
systems like polymeric nanoparticles and liposomes. For instance, polylysine (PLL) and
polyethylenimine (PEIl) interact with gene molecules and thanks to their ‘proton-sponge’
effect can provoke the non-specific internalization escaping from endosomes. Nevertheless,
the main issue regarding these polymers is related to the cytotoxicity as result of cellular
apoptosis and necrosis. Hence, it is extremely necessary the design of polymers that need to

be biodegradable, showing low toxicity and providing enzymatic degradation or hydrolysis
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after administration. Indeed, PBAEs possessing these characteristics could be potential
nonviral candidates for gene delivery (Bishop et al., 2013),

Generally, PBAEs can bind and condense with DNA forming nanoparticles smaller than 150
nm. This increases the cell uptake and significantly improves the gene transfection efficacy.
Conventionally, the gene delivery to cell was promoted by PBAEs ending with amino groups
rather than with the diacrylate. Indeed, the addition of end-capping amino groups rose the
positive charge of these polymers, the affinity of binding negative gene chains and improved
the cell uptake and transfection efficacy (Thomas, Tajmir-Riahi and Pillai, 2019).

In clinical translation, the key factor is the stability of the therapeutics and even though PBAEs
showed a fast degradation at physiological environment, their combination with DNA
increased their stability reducing the degradation of these polymers. The sucrose-protected
lyophilized nanoparticles can also stabilise the encapsulated DNA allowing the storage and
clinical translation for more than 3 years. For example, Guerrero-Cazares et al., discovered
that PBAEs-DNA nanoparticles present higher selectivity to tumour cells in a murine model
than in the healthy tissue cells. Pfeifer et al., embedding mannose at the terminations of
PBAEs, the uptake of the vector was enhanced by their specific interactions with mannose
receptors on macrophages or dendritic cells. In particular, they found out that the gene
delivery was higher with polymers having low molecular weights and presence of mannose
(Cordeiro et al., 2019). Mastorakos et al., developed a DNA delivery system where PBAE was
conjugated to PEG forming core-shell structure with a dense PEG shell. This nanocomposite
was able to pass through the human mucus gel layer of the lungs reaching over 4 months of
continuous gene transmission after a single administration in a murine model (Mastorakos et
al., 2016). Borrds et al., worked on a new family of oligopeptide ending with PBAEs for gene
delivery applications. The oligopeptide provided a better interaction between PBAEs and DNA
improving the gene transfection efficacy. As example, the arginine-rich oligopeptide shows
high positive charge and mixed to anionic agents allowed the development of different
formulations. Both high transfection efficacy and low toxicity typical of oligopeptide and
PBAEs together overcame limits belonging to natural vectors such as: immunogenicity, poor

stability, and issues in manufacturing (Segovia et al., 2014).
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Ocular genetic diseases

Among the challenging examples already described for gene delivery, PBAEs could be also
applied for the development of nanoparticles as valid treatment for genetic disease of retina.
In particular, Sunshine J.C et al., designed a PBAE-based nanoparticle for gene delivery
applicable on transfection of retinal pigment epithelial cells (RPE). Firstly, they synthesised a
combinatorial library of PBAEs, followed by evaluation of their toxicity and transfection
efficiency for a specific cell line (ARPE-19). However, among the polymers developed, a lead
PBAE was identified, characterised and compared to commercially available products. After
the in vitro screening, the transfection efficacy was also investigated in vivo by administration
via subcutaneous injection of the matrix to mouse RPE. This successful step suggested that
PBAE-based nanoparticles can be employed for gene delivery to heal debilitating eye diseases

(Sunshine et al., 2012).

Immunotherapy

Biomaterials applied for immunotherapy are generally designed with the aim of protecting
encapsulated vaccine cargoes or controlling the drugs release via physical and chemical
properties. As result of this approach, immune stimulation could be generated by, for
example, Toll-like receptors (TLR) whose presence was detected on dendritic cells (DCs) which
play an important role in innate and adaptive immunity. Polymers such as, polystyrene or
PLGA, are able to activate DCs promoting pro-inflammatory secretion and T-cell proliferation
in vitro.

Currently, the increase of intrinsic immunogenic activity executed by these biomaterials is still
not clear and for this reason it is essential to investigate which polymers properties can
generate these responses. Andorko et al., firstly, proved that the class of PBAEs show intrinsic
immunogenic properties whose effects depend on the extent of polymers degradation, then
extended their study considering a small library of PBAEs showing different starting molecular
weight (MW). PBAEs were synthesised using different diacrylate monomers having an
increasing number of carbons in their backbone. Considering the DNA vaccine formulation
strategies, particles and fragments were designed via electrostatic interactions followed by
evaluation of their degradation. Therefore, it was discovered that properties such as, MW,
size, charge and concentration, are linked to the degree of polymers degradation and any

variation of these parameters can influence intrinsic immunogenicity. Despite of starting
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MWs, the immunogenicity achieved the maximum when the MW dropped within a range
between 1500-3000 Da providing an important information for the design of future polymer

carries (Andorko and Jewell, 2017).

Chemotherapy delivery

PBAEs are employed in delivering anticancer drugs due to their biocompatibility and pH-
responsiveness. Therefore, the discovery of these polymers allows to overwhelm typical
disadvantages of the common used anticancer drugs like camptothecin (CPT) such as poor
water solubility and pharmacodynamics properties. The application of polymeric
nanoparticles aims to increase the drug solubility, to improve the drug release under the
triggers in tumor-specific pH, to extend the drug circulation in blood vessels and to target
tumor sites (Cordeiro et al., 2019) .

Generally, the anticancer drugs are loaded via hydrophobic interactions onto PBAEs
polymeric micelles. Normally the pKaH of PBAEs is 6.5 corresponding to the pH value of tumor
sites but once these matrices are below their pKaH value, the PBAEs are protonated,
becoming positive and promoting via electrostatic interactions the conjugation between
nanoparticles surface and tumor cells and their cell internalization. PBAEs become hydrophilic
especially under acidosis conditions in the endosomes; in this case the drug release is faster,
and it improves the killing efficacy. Moreover, the addition of responsive moieties into PBAEs
can have several advantages such as the increase of drug loading efficacy on nanoparticles
surface, the drug release rate can be accelerated and an improvement in the stability of
polymeric nanoparticles. As one example, polylactic acid (PLA) is widely employed in the
design of modified PBAEs nanoparticles (C. Yang et al., 2018).

Another way to destroy tumorous cell is by photodynamic therapy. This technique requires
tissue oxygen, light source and photosensitizers to create toxic singlet oxygen (102) and for
example, protoporphyrin IX (PplIX) and verteporfin are largely used as photosensitizers.
However, these agents present an important limitation like water solubility lack. Therefore,
Koo et al., produced a block of PEG-PBAE to enhance PplX cancer applications. Indeed, in a
murine model they noticed that these micelles were increasing the solubility of the drug, the
permeability and the release effect. In particular, a fluorescent signal was produced as result
of conjugation between the micelles and the tumor sites evidencing images of the tumor and

facilitation both its diagnosis and eradication. In addition, Kim et al., designed a triblock
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copolymer PEG-PBAE-PEG encapsulating verteporfin to increase its cellular uptake and killing
efficacy against lung and breast cancer cells (Kim et al., 2018).

PBAEs based materials are also valid autophagy modulators applied as potential cancer
treatments. Autophagy is essential in guaranteeing the cellular metabolism via recycling of
cellular components, but its process needs to be controlled in order to reduce cancer cells
proliferation. Indeed, Lin et al., synthesised a compound, gold (I) phosphine, able to moderate
the release of reactive oxygen species, followed by its incorporation on PBAE micelles through
hydrophobic interactions (Lin et al., 2016). This research group discovered the synergism
performed by drug loaded-PBAEs micelles and Au compounds in regulating and decreasing
autophagy inside the cells. This strategy needs further investigations, but it could be a

potential alternative to current cancer treatments (Liu et al., 2019).

Small cell lung cancer (SCLC)

Furthermore, PBAEs are also employed as treatment of small cell lung cancer (SCLC), mainly
caused by genetic mutations or inactivation of tumor suppressor genes such as TP53 or RB. It
is an aggressive disease which represents 15% of lung cases with the highest fatality rate
among all cancers (Kamat et al., 2013). Therefore, new therapeutic approaches are required
aiming at long-term survival in this disease. Kamat D.C. et al., synthesised a library of PBAEs
with further application of these polymers as potential gene-delivery vectors developing non-
viral nanoparticles. These matrices could deliver therapeutic genes showing high efficiency to

SCLC cells.

Codelivery

A single drug or gene delivery sometimes cannot provide a good treatment effect due to drug
resistance. For this reason, the delivery of more therapeutics is becoming a more interesting
challenge among researchers. The employment of PBAEs in drug delivery systems including
two therapeutics is currently the methodology mostly used. For instance, Zhang et al., loaded
doxorubicin (Dox) and curcumin into PBAEs developing a system showing a synergist effect.
Notably, PBAEs allow the interactions between both hydrophobic anticancer drug and
oligonucleotides thanks to their hydrophobic domains and positive charge. Codelivery
systems showed a better killing efficacy against tumor cells compared to the one performed

by a single drug or gene (Zhang et al., 2017).
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Antimicrobial delivery

Among their several applications, PBAEs are also employed for antimicrobial delivery to
overcome infectious diseases killing bacteria in their biofilm mode of growth. Another goal is
also the improvement of drug loading efficacy achieved by the application of several
techniques. For example, the layer by layer (LbL) is a coating protocol used by different groups
of research to embed opposite charge molecules and hydrophilic antibiotics such as
vancomycin and gentamycin belonging to the class of aminoglycosides drugs. For instance,
Kim et al., coated via LbL a drug delivery system including PBAEs, gentamycin and diclofenac.
This matrix inhibited, for more than two weeks, the bacterial attachment and formation of
biofilms to epithelial and osteoprogenitor cells (Kim et al., 2009).

Recently, the use of micelles is becoming more interesting to combat the biological barriers
in delivering antimicrobials into bacterial films. Despite of the biofilm bacteria are very
difficult to eradicate, micelles able to be quite stable at physiological pH were synthesised as
alternative strategy. Thus, these matrices can circulate for longer in the body increasing the
chance to react to biofilms. As consequence, once interacted with the biofilms the PBAEs
become positive charged rising the electrostatic interaction between the micelles and the
polymeric matrix or the bacterial cell membranes (Cordeiro et al., 2019).

Finally, the hydrogels are currently considered promising platform for antimicrobial delivery.
Besides, they can prevent bacterial infections thanks to the humid environment ideal for the
tissue regeneration. The amines of vancomycin once introduced on PBAE hydrogels can

provide a system which can provide longer drug release (K. Yang et al., 2018).

Protein delivery

Protein therapeutics are widely used as disease treatments and are different compared to
other drugs due to their deactivation nature depending on surrounding pH, heating or
enzymatic degradation. For this reason, it is essential the application of PBAEs to design
platforms, like hydrogels or layer by layer coatings, that can enhance the stability of these
molecules. For example, Huynh et al., produced a PBAEs based hydrogels to deliver insulin via
subcutaneous injection. This delivery system included pentablocked PBAE-PCL-PEG-PCL-PBAE
polymers providing a sol-gel transition quite responsive to temperature and pH changes. The
loading of the insulin occurred via electrostatic interactions between its negative charged

moieties and the amino groups of PBAEs. As result of the in vivo studies, the hydrogels
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improved the therapeutic efficacy by maintaining the glucose concentration in the blood at
normal level for over a week in a rat diabetic model (Huynh et al., 2008).

Hammond et al., developed multilayers coatings via layer by layer deposition for protein
therapeutics such as growth factors or antigens. Thanks to their studies they observed that
this strategy provides different advantages such as the successful penetration of proteins into
skin, the encapsulation and the release of multiple agents and an increase in the stability of

proteins against dehydrated conditions during the storage (Shah et al., 2012).

Antioxidant delivery

Generally, antioxidant agents, like polyphenols derives compounds, are applied to antioxidant
delivery with the aim of reducing the reactive oxygen species formation and thus, the
oxidative stress in tissues. To reach this goal, for example, quercetin and curcumin are
employed for the synthesis of poly (antioxidant beta-amino esters) (Gupta et al., 2015),
(Wattamwar et al., 2012). Afterwards, cross linked hydrogels were designed due to the
different acrylate reaction sites on polyphenol monomers. This method increased the
solubility and the stability of the antioxidant whose release profile was slow and controlled.
Furthermore, using a similar polymerization mechanism, nanogels were produced for cell
applications providing a reduction of oxidative stress after stabilization via PEGylation

(Jordan, Hilt and Dziubla, 2019).

Scaffolds for tissue repairing

For tissue engineering, a scaffold is a material which promotes cell adhesion and contributes
to the formation of new tissue. Theoretically, this matrix should degrade allowing
replacement of new tissue in approximately 3-5 months after its implantation minimizing the
toxicity by degradation of products and providing support over the time needed for a fracture
to heal. Ideally, materials designed for tissue engineering require specific criteria such as
degradation, biocompatibility, cytotoxicity, cell attachment and mechanical properties. Thus,
a material needs to be degradable, so that it can be replaced by cells and tissue over time.
Moreover, it has to be bioactive, integrating with tissues, and biocompatible, avoiding any
inflammatory or immune response after its implantation in the body. Furthermore, cell
attachment is important for matrix deposition via anchorage dependent cells as well as

mechanical properties for increasing the stability of the material (Filipovi¢ et al., 2018).
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However, traditional polymers synthesis for these applications were considered time
consuming due to multiple steps of reactions and purifications steps required. For this reason,
also in this case, PBAEs represent a promising approach gained by combinatorial synthesis via
single step reactions (Cordeiro et al., 2019). For instance, Brey et al., designed a new
biomaterial showing potential characteristics for bone regeneration. In particular, they
pursued a screening of a library of PBAEs resulting from a combination between diacrylates
and primary amines, to determine an osteoconductive material for mineralized tissue
regeneration. Among all the candidates, the optimal one was, firstly, processed into 3-
dimensional scaffolds and then implanted into rat cranial defects or via intramuscular
implants. Based on that, the biomaterial needs to degrade, not too quickly to provide support
and prevent cell adhesion, but also not too slowly to interfere with the growth and the
replacement of the natural tissue, this research group noticed that among the 120 PBAEs
library synthesised, only 10 macromers met these mass loss criteria. These polymers were
characterised by linear or rapid initial release followed by small plateau region. The diversity
in the polymers degradation was mainly due to the various hydrophobicity of the monomers
resulting in different hydrolysis or water uptake. After cell cultured studies the optimal
osteoconductive material showed improved viability profiles and minimal inflammation after
subcutaneous implantation followed by successful scaffolds tissue infiltration (Brey, Erickson

and Burdick, 2008).
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1.4 Aim of project

Total joint replacement is a life-enhancing procedure used to alleviate pain and to improve
the mobility of patients affected by osteoarthritis. However, one of its tremendous
complications is the development of prosthetic joint infection, which, despite its incidence
rate is between 0.5% and 3%, in some rare cases it can lead to death. Therefore, preventing
the risk of infection while the arthroplasty surgery is performed, is still an interesting
challenge among researchers (Martinez-Moreno et al., 2017), (Prokopovich et al., 2015). The
employment of antibiotic loaded bone cement (ALBC) is an approach which allows the
achievement of high concentration of antibiotic at the site of infection with no systemic
toxicity. However, the use of these systems in clinical practice could be controversial due to
the increasing bacterial resistance to antibiotics. In addition, the release profile of these
molecules provides a burst release of few hours followed by a slow release below the
minimum inhibitory concentration (MIC) within a few days, which is not a long-term solution
for the treatment of early and delayed onset infections (1-3 months after the surgery)
(Anagnostakos and Kelm, 2009), (Al Thaher et al.,, 2018a). Hence, to overcome these
problems, novel antimicrobial strategies able to improve the performance of ALBC and thus,

the quality of life of patients, are required.

In this context, the aims of this PhD project are to develop silica nanocarriers releasing
antimicrobial agents using Layer-by-Layer (LbL) technique employing poly (B-amino esters)
(PBAEs) as polycations and to establish the optimal nanocarrier construct to provide
sustained drug release for future applications on PMMA bone cement. We hypothesize that
the choice of the monomers employed in the polymerization of PBAEs is crucial and it greatly
influences the physicochemical properties of PBAEs, including molecular weight (MW) and
charge, as well as, the release of the bioactive compounds embedded onto the surface of the
nanoparticles. Additionally, we hypothesize that LbL self-assembly combined with
nanotechnology can provide a sustained release of antimicrobial agents from silica
nanoparticles at inhibitory concentrations for a long period of time (1-3 months). This could
be considered an early stage approach for a potential long-term prophylaxis from post-

surgical orthopaedic infections.
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To achieve these goals the objectives were defined as follows:

i Poly(B-amino esters) synthesis and characterisation

PBAEs are a class of co-polymer polyelectrolytes that exhibit high bio-compatibility, low cost
and bio-degradability. PBAEs properties such as charge, molecular weight (MW) influence
their hydrolysis and depend on the polymer backbone (Perni and Prokopovich, 2017a).
Therefore, in this project a variety of PBAEs have been synthesised using different monomers
and have been employed as polycations in the LbL coating of silica nanoparticles. Priory the
coating, PBAEs chemical structures have been identified via Nuclear Magnetic Resonance
(NMR) and the polymer hydrolysis was investigated by Gel Permeation Chromatography

(GPC) and ZetaSizer through molecular weight (MW) and charge determination.

ii. Silica nanocarriers preparation

In this project, silica nanoparticles were chosen as nanocarrier due to their biocompatibility,
high loading capability, easy synthesis and scale up with reasonable costs (Liu et al., 2015).
Furthermore, these nanoconjugates include a high surface area containing silanol groups
which could be functionalised to increase drug loading and control the kinetics of release
depending on the physiochemical properties of the loaded agents (Tamanna, Bulitta and Yu,
2015), (Perni, Martini-Gilching and Prokopovich, 2018). Before proceeding with the LbL, the
surface of silica nanoparticles was functionalised by adding amino groups which facilitate the
deposition of antimicrobial agents and cationic or anionic polyelectrolytes along the LbL self-

assembly technique.

iii. Antimicrobial drug delivery systems development by Layer by Layer deposition

The antimicrobial agents, tobramycin and chlorhexidine were loaded alone onto silica
nanocarriers. Tobramycin has been employed as model antibiotic and is among the
aminoglycosides used to treat PJI in total joint arthroplasty due to its antimicrobial activity
against Gram-negative bacteria and particularly against species of Pseudomonas (Slane,
Gietman and Squire, 2018), (Dienstag and Neu, 1972). On the other hand, chlorhexidine has
been applied as model antimicrobial agent. It is a broad spectrum antiseptic widely used in
dental field and effective against Gram-positive and Gram-negative bacteria (Lim and Kam,

2008), (George, Klika and Higuera, 2017). All the PBAEs synthesised and characterised in this
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project were employed as polycations in the drug delivery systems. Therefore, tobramycin
and chlorhexidine LblL-loaded silica nanoparticles were developed via electrostatic
interactions by using a PBAE as polycation and alginate as polyanion. Each nanoconstruct was
composed by repetitive quadruple layers of the sequence alginate-tobramycin-alginate-PBAE
or alginate-chlorhexidine-alginate-PBAE designed with the aim of providing longer release
efficacy. All the nanoconjugates were characterised using Thermal Gravimetric Analysis (TGA)
and zeta potential measurements as well as tobramycin and chlorhexidine release profiles
were evaluated under different pH conditions and compared the hydrolysis and the chemical

structures of the PBAEs.
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Chapter 2: Materials and methods

Chemicals

Triton X-100, n-hexanol, Tetraethyl orthosilicate (TEQS), 3 aminopropyl-triethoxysilane
(APTS), sodium acetate trihydrate, chlorhexidine diacetate salt hydrate, tobramycin, alginic
acid sodium salt from brown algae (medium viscosity), isopropanol, o-phthaldialdehyde
reagent (OPA), 1,4 butanediol diacrylate (compound A), 1,3 butanediol diacrylate (compound
E), neopentyl glycol diacrylate (compound D), 1,6 hexanediol diacrylate (compound B),
bisphenol A ethoxylate diacrylate (compound F), tricyclo [5.2.1.0 2] decanodimethanol
diacrylate (compound G), piperazine (amine 1), 4,4 trimethyldipiperidine (amine 2), N-N bis
[3-(methylamino) propyl] methylamine (amine 3), polyethylene glycol standards for Gel
Permeation Chromatography (GPC) with molecular weights (MW) as followed: 500 Da, 1000
Da, 2000 Da, 3000 Da, 4000 Da, 6000 Da, 12000 Da, 23500 Da, 36000 Da, 56000 Da have been
all purchased from Sigma Aldrich. Cyclohexane and deuterated chloroform (CDCl3) for NMR
from Acros Organics; ammonium hydroxide (29.6%), ethanol absolute 99.8%, acetic acid
glacial, dichlorometane (DCM), diethylether and acetonitrile HPLC grade from Fisher
Chemicals and PBS (Phosphate Buffered Saline) tablets from Oxford-England (UK).

All the molecules of this thesis were drawn with Perkin Elmer Informatics ChemDraw

Professional version 16.0.1.4 (61) (2017).

Protocol for amino-functionalised silica nanoparticles (AFSi-NPs)

500 mg of amino-functionalised silica nanoparticles (AFSi-NPs) were synthesised via one-pot
reaction where Triton X-100 (35.4 g) was added to 150 mL of cyclohexane, 32 mL of n-hexanol,
9.6 mL of deionised water and left vigorously stirring at room temperature for 10 minutes.
Only after the solution appeared transparent, firstly ammonium hydroxide (29.6%) (1200 L)
and after 20 minutes tetraethyl orthosilicate (TEOS) (2 mL) were both added to the reverse
micro-emulsion that was then allowed to stir overnight at room temperature. The following
step of the reaction was the amino-functionalization of the silica nanoparticles by adding 3-
(amino propyl) triethoxysilane (APTS) (100 pL) to the micro-emulsion kept stirring for one
more overnight. As last step of the synthesis, the AFS-NPs were recovered by adding ethanol
(99.9%) (200 mL) to break the micro-emulsion followed by centrifugation at 14000 rpm for 10
minutes at 20°C using the Beckman Coulter Optima LE-80K Ultracentrifuge and up to 5

washing steps with deionised water (figure 2.1).
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Figure 2.1: Amino-functionalised silica nanoparticles (AFSi-NPs) synthesis

Finally, the nanoparticles were spread into a plate and left drying under fume-hood at room
temperature overnight (Stober, 1968), (Al Thaher et al., 2018). Percentage yield was

calculated as follows:

%yield = (actual yield/theoretical yield) x 100. E.g.: (90 mg final product/ 100 mg theoretical

yield) x 100 = 90% correspondent to the efficiency of the reaction.

Protocol for poly-f amino-esters (PBAE) synthesis

In this thesis, a general strategy for the synthesis of 18 poly(-amino-esters) was adapted
(Lynn and Langer, 2000). These polymers contained tertiary amines in their backbones after
conjugation of bis (secondary amine) (1.1 eq) monomers to diacrylates esters (1.0 eq) in
dicloromethane (DCM) solution stirring in oil bath at 50°C (figure 2.2). After 48 hours, the
polymers were recovered by precipitation in DCM using 30 mL diethyl ether up to 3 times
removing the excess of starting materials via centrifugation at 3500 rpm for 5 minutes and in

vacuo. The crude products were left drying for an overnight.
o] (o]
AN \)}\ )k/ - )k/\ /\)k
50 C (48 h) o NN o

Figure 2.2: General reaction for PBAE synthesis
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In this project, 3 secondary amines were added to 6 diacrylates producing, via Michael
addition stepwise polymerization, a combinatorial library of 18 linear biodegradable polymers
used as versatile biomaterials for future orthopaedical application. In the table 2.1a
represented below, there is the list of amines and acrylates monomers and their quantity

(mg) chosen for the reactions, plus the yield of reaction.

Diacrylates (a) Amines (b) mg (a) mg (b) | solvent | yield (%)
(o]
A /\Ir“\/\/\g)]\% ij 792.88 379.016 DCM 99%
(s}
o 2
R e O/\/\O 905.08 | 925.584 DCM 99%
o]
X ;
D AN N~~~ | 84896 | 762.52 DCM 99%
o] o] H H H
E 0 o
/E Y\’ ‘g"\“ 792.88 DCM 99%
. %J '\ZIH ~ 2040 DCM 99%
F
® oS e 8 1217 DCM 99%
HeCs A‘D/T_f_____{'}?_l,-\ o AL _cH;

Table 2.1a: Amines, diacrylates monomers and the quantity used for the synthesis of 18 PBAEs

In the next chapters these polymers will be named: A1, A2, A3, B1, B2, B3, D1, D2, D3, E1, E2,
E3, F1, F2, F3, G1, G2, G3 where the letter corresponds to the diacrylate monomer whereas
the number to the secondary amine. These polyelectrolytes are dissolvable, biodegradable,

biocompatible, low cost and possess a weak positive charge.

Layer by Layer (LbL) self-assembly Protocol

Layer by layer technique was applied to form thin multilayer films by alternatively coating
sodium alginate, PBAE and the antiseptic drug chlorhexidine or the aminoglycoside
tobramycin via electrostatic interactions onto the surface of the amino-functionalised silica
nanoparticles. In particular, the negative charged sodium alginate was loaded as first layer

onto the nanocarriers previously functionalised with amino groups as described before. Then,
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the chlorhexidine possessing a strong positive charge was added as second layer, followed by
the alginate again as third layer and finally the positive charge of the poly (-amino ester) to
complete the first quadruple layer.

The alginate solution (2mg/mL) needed to be prepared the day before to proceed with layer
by layer technique due to longer time required to be dissolved in the buffer, whereas the
chlorhexidine (10mg/mL) and PBAE solution (2mg/mL), in the same day to avoid issues
regarding the biodegradability of the compounds. Fresh acetate buffer solution pH5 was used
during the washing steps and for the preparation of all the solution mentioned before.
Sodium acetate buffer pH5 was prepared as follows: 70% sodium acetate 0.1 M was added to
30% acetic acid 0.1M. More specifically, 13.6 g of sodium acetate trihydrate were added to
1L bottle and made up to volume with deionised water to provide sodium acetate 0.1 M; as
well as 5.81 mL of acetic acid glacial were added to 1L flask and made up to volume with

deionised water forming acetic acid 0.1M.

500 mg of dried amino functionalised silica nanoparticles were placed in a 50ml tube test; 20
mL of the polyanion alginate solution were added under stirring for at least 10 minutes. Then,
after the centrifugation of the solution for 2 minutes at 5000 rpm at 20°C by using Heraeus
megafuge 40R centrifuge provided by Thermo Fisher Scientific UK, the supernatant was
removed and replaced with 20 mL of sodium acetate buffer pH5, whose preparation is
reported above, for a washing step followed by centrifugation for 2 minutes at 20°C and 4000
rpm. After that, 10 mL of drug solution, whose concentration was 10mg/mL in sodium acetate
buffer pH5 (chlorhexidine or tobramycin), were added to the precipitate nanoparticles and
stirring for 10 minutes to re-suspend the particles. Once the supernatant was removed by
centrifugation (2 minutes, 5000 rpm, at 20°C) one further washing step with acetate buffer
was carried out. Subsequently, 20 mL of alginate solution were layered again for 10 minutes
followed by centrifugation and washing step with buffer. Afterwards, 20 mL of the polycation
PBAE solution were added to gain the fourth layer and after centrifugation and washing step

the first quadruple layer was completed (figure 2.3).
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Figure 2.3: single quadruple layer composition

This procedure was carried out up to 10 quadruple layers, embedding in total 40 layers onto
the surface of the AFSi-NPS. This number of layers was chosen to minimise the risk of
nanoparticles agglomeration observed when more layers were coated onto the nanocarriers.
In this project, chlorhexidine and tobramycin were encapsulated onto silica nanoparticles
surface via LbL technique including 18 different PBAEs employed as polycations. Therefore,
18 matrices for each drug, such as 18 TOB-PBAEs and 18 CHX-PBAEs, were prepared changing

only the PBAE in each multilayer system.

Chlorhexidine

Chlorhexidine is a symmetric molecule composed by 2 chlorophenyl rings, bis-guanide groups
connected by a central hexamethylene bridge (figure 2.4). The dicationic nature of this
compound makes it extremely interactive with anions and for the presence of the bis guanide
family it is considered as a cationic broad-spectrum antimicrobial agent. Indeed, this molecule
is a topic antiseptic/disinfectant used for dental application and surgery scrubs and stable
between pH 5-8 (Jones, 1997), (Luo et al., 2016). This small molecule is partially soluble in
water with logP correspondent to -0.34 (XlogP3) (Daina, Michielin and Zoete, 2017) and its

preparation for LbL required 1h as dissolving time in buffer in a sonicated water bath.
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Chlorhexidine and poly ( amino-esters) loaded silica amino functionalised nanoparticles
The antimicrobial agent, chlorhexidine, was loaded in 18 different matrices and the difference

among them was represented by the PBAE, summarised in the table 2.1b below, loaded as

polycation.

PBAEs chemical structures
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Table 2.1b: PBAEs chemical structures and abbreviations




Thus, here all the coating delivery systems including chlorhexidine onto amino-functionalised

(AFSi-NPs) nanoparticles are listed as matrices 1-18 as follows:

Matrix 1: Alg-CHX-Alg-A1

Quadruple layer no. Abbreviation

O 00 N o U1 A& W N =

=
o

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-Al
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-Al
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-Al
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-Al
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-Al
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-Al
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-Al
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-Al
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-Al
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-Al

Table 2.2: LbL matrix of deposited CHX and A1 layers on AFSi-NPs

Matrix 2: Alg-CHX-Alg-A2

Quadruple layer no. Abbreviation
1 Q1
2 Q2
3 Q3
4 Q4
5 Q5
6 Q6
7 Q7
8 Qs
9 Q9

10 Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-A2
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-A2
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-A2
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-A2
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-A2
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-A2
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-A2
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-A2
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-A2

AFSi-NPs-Q9-alginate-chlorhexidine-alginate-A2

Table 2.3: LbL matrix of deposited CHX and A2 layers on AFSi-NPs
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Matrix 3: Alg-CHX-Alg-A3

Quadruple layer no.

O 00 N o uu A W N =

[y
o

Abbreviation
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q1o

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-A3
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-A3
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-A3
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-A3
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-A3
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-A3
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-A3
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-A3
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-A3
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-A3

Table 2.4: LbL matrix of deposited CHX and A3 layers on AFSi-NPs

Matrix 4: Alg-CHX-Alg-B1

Quadruple layer no.

O 0 N OO Uu & W N =

=
o

Abbreviation
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-B1
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-B1
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-B1
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-B1
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-B1
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-B1
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-B1
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-B1
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-B1
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-B1

Table 2.5: LbL matrix of deposited CHX and B1 layers on AFSi-NPs

Matrix 5: Alg-CHX-Alg-B2

Quadruple layer no.

1

Abbreviation

Q1

Layers on the surface of AFSi-NPs

AFSi-NPs-alginate-chlorhexidine-alginate-B2
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O 00 N o U & W N

=
o

Q2
Q3
Q4
Q5
Q6
Q7
Qs
Q9

Q10

AFSi-NPs-Q1-alginate-chlorhexidine-alginate-B2
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-B2
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-B2
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-B2
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-B2
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-B2
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-B2
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-B2

AFSi-NPs-Q9-alginate-chlorhexidine-alginate-B2

Table 2.6: LbL matrix of deposited CHX and B2 layers on AFSi-NPs

Matrix 6: Alg-CHX-Alg-B3

Quadruple layer no.

1

O 0 N O U & W N

=
o

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Qs
Q9
Q10

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-B3
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-B3
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-B3
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-B3
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-B3
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-B3
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-B3
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-B3
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-B3
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-B3

Table 2.7: LbL matrix of deposited CHX and B3 layers on AFSi-NPs

Matrix 7: Alg-CHX-Alg-D1

Quadruple layer no.

v A W N =

Q1
Q2
Q3
Q4
Q5

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-D1
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-D1
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-D1
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-D1
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-D1
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O 00 N o

Q6

Q7

Q8

Q9
Q10

AFSi-NPs-Q5-alginate-chlorhexidine-alginate-D1
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-D1
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-D1
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-D1
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-D1

Table 2.8: LbL matrix of deposited CHX and D1 layers on AFSi-NPs

Matrix 8: Alg-CHX-Alg-D2

Quadruple layer no.

O 00 N OO U1 A W N =

=
o

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-D2
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-D2
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-D2
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-D2
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-D2
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-D2
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-D2
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-D2
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-D2
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-D2

Table 2.9: LbL matrix of deposited CHX and D2 layers on AFSi-NPs

Matrix 9: Alg-CHX-Alg-D3

Quadruple layer no.

O 00 N o U1 Ao W N =

Q1
Q2
Q3
Q4
Qs
Q6
Q7
Q8
Q9

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-D3
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-D3
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-D3
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-D3
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-D3
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-D3
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-D3
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-D3
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-D3
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Q10

AFSi-NPs-Q9-alginate-chlorhexidine-alginate-D3

Table 2.10: LbL matrix of deposited CHX and D3 layers on AFSi-NPs

Matrix 10: Alg-CHX-Alg-E1

Quadruple layer no.

O 00 N o Uuu A W N =

=
o

Abbreviation
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Qs
Q9

Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-E1
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-E1
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-E1
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-E1
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-E1
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-E1
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-E1
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-E1
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-E1

AFSi-NPs-Q9-alginate-chlorhexidine-alginate-E1

Table 2.11: LbL matrix of deposited CHX and E1 layers on AFSi-NPs

Matrix 11: Alg-CHX-Alg-E2

Quadruple layer no. Abbreviation
1 Q1
2 Q2
3 Q3
4 Q4
5 Q5
6 Q6
7 Q7
8 Qs
9 Q9

10 Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-E2
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-E2
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-E2
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-E2
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-E2
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-E2
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-E2
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-E2
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-E2
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-E2

Table 2.12: LbL matrix of deposited CHX and E2 layers on AFSi-NPs

Matrix 12: Alg-CHX-Alg-E3
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Quadruple layer no.

O 0 N o U & W N =

[y
o

Abbreviation
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q1o

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-E3
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-E3
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-E3
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-E3
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-E3
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-E3
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-E3
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-E3
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-E3
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-E3

Table 2.13: LbL matrix of deposited CHX and E3 layers on AFSi-NPs

Matrix 13: Alg-CHX-Alg-F1

Quadruple layer no.

O 00 N O Uu & W N R

=
o

Abbreviation
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-F1
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-F1
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-F1
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-F1
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-F1
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-F1
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-F1
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-F1
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-F1
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-F1

Table 2.14: LbL matrix of deposited CHX and F1 layers on AFSi-NPs

Matrix 14: Alg-CHX-Alg-F2

Quadruple layer no.
1
2

Abbreviation
Q1
Q2
Q3

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-F2
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-F2
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-F2
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Q4
Q5
Q6
Q7
Q8
Q9
Q10

AFSi-NPs-Q3-alginate-chlorhexidine-alginate-F2
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-F2
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-F2
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-F2
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-F2
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-F2

AFSi-NPs-Q9-alginate-chlorhexidine-alginate-F2

Table 2.15: LbL matrix of deposited CHX and F2 layers on AFSi-NPs

Matrix 15: Alg-CHX-Alg-F3

Quadruple layer no.

1

O 0 N O U & W N

=
o

Q1
Q2
Q3
Q4
Qs
Q6
Q7
Q8
Q9
Q10

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-F3
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-F3
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-F3
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-F3
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-F3
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-F3
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-F3
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-F3
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-F3
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-F3

Table 2.16: LbL matrix of deposited CHX and F3 layers on AFSi-NPs

Matrix 16: Alg-CHX-Alg-G1

Quadruple layer no.

N oo u s~ W N R

Q1
Q2
Q3
Q4
Q5
Q6
Q7

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-G1
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-G1
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-G1
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-G1
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-G1
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-G1
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-G1
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Q8
Q9
Q10

AFSi-NPs-Q7-alginate-chlorhexidine-alginate-G1
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-G1
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-G1

Table 2.17 LbL matrix of deposited CHX and G1 layers on AFSi-NPs

Matrix 17: Alg-CHX-Alg-G2

Quadruple layer no. Abbreviation

O 0 N o U1 & W N =

=
o

Q1
Q2
Q3
Q4
Qs
Q6
Q7
Q8
Q9
Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-G2
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-G2
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-G2
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-G2
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-G2
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-G2
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-G2
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-G2
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-G2
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-G2

Table 2.18: LbL matrix of deposited CHX and G2 layers on AFSi-NPs

Matrix 18: Alg-CHX-Alg-G3

Quadruple layer no. Abbreviation
1 Q1
2 Q2
3 Q3
4 Q4
5 Q5
6 Q6
7 Q7
8 Qs
9 Q9

10 Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-chlorhexidine-alginate-G3
AFSi-NPs-Q1-alginate-chlorhexidine-alginate-G3
AFSi-NPs-Q2-alginate-chlorhexidine-alginate-G3
AFSi-NPs-Q3-alginate-chlorhexidine-alginate-G3
AFSi-NPs-Q4-alginate-chlorhexidine-alginate-G3
AFSi-NPs-Q5-alginate-chlorhexidine-alginate-G3
AFSi-NPs-Q6-alginate-chlorhexidine-alginate-G3
AFSi-NPs-Q7-alginate-chlorhexidine-alginate-G3
AFSi-NPs-Q8-alginate-chlorhexidine-alginate-G3
AFSi-NPs-Q9-alginate-chlorhexidine-alginate-G3

Table 2.19: LbL matrix of deposited CHX and G3 layers on AFSi-NPs
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Tobramycin

Tobramycin (figure 2.5) is a natural aminoglycoside made up of 5 amino groups (-NH)
conjugated to a derivate of sugars known as glycoside. It is a water-soluble small molecule
with log Po/w equal to -6.19 (XlogP3) (Daina, Michielin and Zoete, 2017) which theoretically
confirmed the hydrophilic nature of this compound. This antibiotic derives from Streptomyces
tenebrarius and it shows an effective bacteriostatic activity against Gram negative bacteria,

especially Pseudomonias species (Bodey and Stewart, 1972), (Hill et al., 2019).

HoN

™~

OH

NH,

Figure 2.5: Tobramycin chemical structure

Tobramycin and poly (8 amino-esters) loaded silica amino functionalised nanoparticles

The antibiotic tobramycin was loaded in 18 different matrices as well as the chlorhexidine
diacetate and the difference among them, as mentioned before, was represented by the PBAE
loaded as polycation. Thus, here all the nanoconstructs including tobramycin onto amino-

functionalised (AFSi-NPs) are listed as matrices 19-36 as follows:

Matrix 19: Alg-TOB-Alg-Al

Quadruple layer no. Abbreviation Layers on the surface of AFSi-NPs
1 Q1 AFSi-NPs-alginate-tobramycin-alginate-Al
2 Q2 AFSi-NPs-Q1-alginate-tobramycin-alginate-Al
3 Q3 AFSi-NPs-Q2-alginate-tobramycin-alginate-Al
4 Q4 AFSi-NPs-Q3-alginate-tobramycin-alginate-Al
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Q5
Q6
Q7
Q8
Q9
Q10

AFSi-NPs-Q4-alginate-tobramycin-alginate-Al
AFSi-NPs-Q5-alginate-tobramycin-alginate-Al
AFSi-NPs-Q6-alginate-tobramycin-alginate-Al
AFSi-NPs-Q7-alginate-tobramycin-alginate-Al
AFSi-NPs-Q8-alginate-tobramycin-alginate-Al

AFSi-NPs-Q9-alginate-tobramycin-alginate-Al

Table 2.20: LbL matrix of deposited TOB and Al layers on AFSi-NPs

Matrix 20: Alg-TOB-Alg-A2

Quadruple layer no.

O 00 N O U A W N R

=
o

Q1
Q2
Q3
Q4
Qs
Q6
Q7
Q8
Q9
Q10

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-A2
AFSi-NPs-Q1-alginate-tobramycin-alginate-A2
AFSi-NPs-Q2-alginate-tobramycin-alginate-A2
AFSi-NPs-Q3-alginate-tobramycin-alginate-A2
AFSi-NPs-Q4-alginate-tobramycin-alginate-A2
AFSi-NPs-Q5-alginate-tobramycin-alginate-A2
AFSi-NPs-Q6-alginate-tobramycin-alginate-A2
AFSi-NPs-Q7-alginate-tobramycin-alginate-A2
AFSi-NPs-Q8-alginate-tobramycin-alginate-A2
AFSi-NPs-Q9-alginate-tobramycin-alginate-A2

Table 2.21: LbL matrix of deposited TOB and A2 layers on AFSi-NPs

Matrix 21: Alg-TOB-Alg-A3

Quadruple layer no.

00 N oo u A W N R

Q1
Q2
Q3
Q4
Qs
Q6
Q7
Q8

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-A3
AFSi-NPs-Q1-alginate-tobramycin-alginate-A3
AFSi-NPs-Q2-alginate-tobramycin-alginate-A3
AFSi-NPs-Q3-alginate-tobramycin-alginate-A3
AFSi-NPs-Q4-alginate-tobramycin-alginate-A3
AFSi-NPs-Q5-alginate-tobramycin-alginate-A3
AFSi-NPs-Q6-alginate-tobramycin-alginate-A3
AFSi-NPs-Q7-alginate-tobramycin-alginate-A3
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Q9
Q10

AFSi-NPs-Q8-alginate-tobramycin-alginate-A3
AFSi-NPs-Q9-alginate-tobramycin-alginate-A3

Table 2.22: LbL matrix of deposited TOB and A3 layers on AFSi-NPs

Matrix 22: Alg-TOB-Alg-B1

Quadruple layer no. Abbreviation

O 0 N o u A W N =

=
o

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-B1
AFSi-NPs-Q1-alginate-tobramycin-alginate-B1
AFSi-NPs-Q2-alginate-tobramycin-alginate-B1
AFSi-NPs-Q3-alginate-tobramycin-alginate-B1
AFSi-NPs-Q4-alginate-tobramycin-alginate-B1
AFSi-NPs-Q5-alginate-tobramycin-alginate-B1
AFSi-NPs-Q6-alginate-tobramycin-alginate-B1
AFSi-NPs-Q7-alginate-tobramycin-alginate-B1
AFSi-NPs-Q8-alginate-tobramycin-alginate-B1

AFSi-NPs-Q9-alginate-tobramycin-alginate-B1

Table 2.23: LbL matrix of deposited TOB and B1 layers on AFSi-NPs

Matrix 23: Alg-TOB-Alg-B2

Quadruple layer no. Abbreviation

© 00 N o U A W N =

[y
o

Q1
Q2
Q3
Q4
Qs
Q6
Q7
Qs
Q9
Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-B2
AFSi-NPs-Q1-alginate-tobramycin-alginate-B2
AFSi-NPs-Q2-alginate-tobramycin-alginate-B2
AFSi-NPs-Q3-alginate-tobramycin-alginate-B2
AFSi-NPs-Q4-alginate-tobramycin-alginate-B2
AFSi-NPs-Q5-alginate-tobramycin-alginate-B2
AFSi-NPs-Q6-alginate-tobramycin-alginate-B2
AFSi-NPs-Q7-alginate-tobramycin-alginate-B2
AFSi-NPs-Q8-alginate-tobramycin-alginate-B2
AFSi-NPs-Q9-alginate-tobramycin-alginate-B2

Table 2.24: LbL matrix of deposited TOB and B2 layers on AFSi-NPs
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Matrix 24: Alg-TOB-Alg-B3

Quadruple layer no.

O 00 N o uu & W N =

[y
o

Abbreviation
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q1o

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-B3
AFSi-NPs-Q1-alginate-tobramycin-alginate-B3
AFSi-NPs-Q2-alginate-tobramycin-alginate-B3
AFSi-NPs-Q3-alginate-tobramycin-alginate-B3
AFSi-NPs-Q4-alginate-tobramycin-alginate-B3
AFSi-NPs-Q5-alginate-tobramycin-alginate-B3
AFSi-NPs-Q6-alginate-tobramycin-alginate-B3
AFSi-NPs-Q7-alginate-tobramycin-alginate-B3
AFSi-NPs-Q8-alginate-tobramycin-alginate-B3

AFSi-NPs-Q9-alginate-tobramycin-alginate-B3

Table 2.25: LbL matrix of deposited TOB and B3 layers on AFSi-NPs

Matrix 25: Alg-TOB-Alg-D1

Quadruple layer no.

O 00 N o Uu & W N =

=
o

Abbreviation
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-D1
AFSi-NPs-Q1-alginate-tobramycin-alginate-D1
AFSi-NPs-Q2-alginate-tobramycin-alginate-D1
AFSi-NPs-Q3-alginate-tobramycin-alginate-D1
AFSi-NPs-Q4-alginate-tobramycin-alginate-D1
AFSi-NPs-Q5-alginate-tobramycin-alginate-D1
AFSi-NPs-Q6-alginate-tobramycin-alginate-D1
AFSi-NPs-Q7-alginate-tobramycin-alginate-D1
AFSi-NPs-Q8-alginate-tobramycin-alginate-D1
AFSi-NPs-Q9-alginate-tobramycin-alginate-D1

Table 2.26: LbL matrix of deposited TOB and D1 layers on AFS-NPs

Matrix 26: Alg-TOB-Alg-D2

Quadruple layer no.
1
2

Abbreviation
Q1
Q2

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-D2

AFSi-NPs-Q1-alginate-tobramycin-alginate-D2
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O 0 N o U1 &~ W

Q3
Q4
Q5
Q6
Q7
Qs
Q9
Q10

AFSi-NPs-Q2-alginate-tobramycin-alginate-D2
AFSi-NPs-Q3-alginate-tobramycin-alginate-D2
AFSi-NPs-Q4-alginate-tobramycin-alginate-D2
AFSi-NPs-Q5-alginate-tobramycin-alginate-D2
AFSi-NPs-Q6-alginate-tobramycin-alginate-D2
AFSi-NPs-Q7-alginate-tobramycin-alginate-D2
AFSi-NPs-Q8-alginate-tobramycin-alginate-D2
AFSi-NPs-Q9-alginate-tobramycin-alginate-D2

Table 2.27: LbL matrix of deposited TOB and D2 layers on AFSi-NPs

Matrix 27: Alg-TOB-Alg-D3

Quadruple layer no.

O 00 N O Uu & W N R

=
o

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-D3
AFSi-NPs-Q1-alginate-tobramycin-alginate-D3
AFSi-NPs-Q2-alginate-tobramycin-alginate-D3
AFSi-NPs-Q3-alginate-tobramycin-alginate-D3
AFSi-NPs-Q4-alginate-tobramycin-alginate-D3
AFSi-NPs-Q5-alginate-tobramycin-alginate-D3
AFSi-NPs-Q6-alginate-tobramycin-alginate-D3
AFSi-NPs-Q7-alginate-tobramycin-alginate-D3
AFSi-NPs-Q8-alginate-tobramycin-alginate-D3
AFSi-NPs-Q9-alginate-tobramycin-alginate-D3

Table 2.28: LbL matrix of deposited TOB and D3 layers on AFSi-NPs

Matrix 28: Alg-TOB-Alg-E1

Quadruple layer no.

v A W N =

Q1
Q2
Q3
Q4
Q5

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-E1
AFSi-NPs-Q1-alginate-tobramycin-alginate-E1
AFSi-NPs-Q2-alginate-tobramycin-alginate-E1
AFSi-NPs-Q3-alginate-tobramycin-alginate-E1
AFSi-NPs-Q4-alginate-tobramycin-alginate-E1
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Q6
Q7
Q8
Q9
Q10

AFSi-NPs-Q5-alginate-tobramycin-alginate-E1
AFSi-NPs-Q6-alginate-tobramycin-alginate-E1
AFSi-NPs-Q7-alginate-tobramycin-alginate-E1
AFSi-NPs-Q8-alginate-tobramycin-alginate-E1
AFSi-NPs-Q9-alginate-tobramycin-alginate-E1

Table 2.29: LbL matrix of deposited TOB and E1 layers on AFSi-NPs

Matrix 29: Alg-TOB-Alg-E2

Quadruple layer no.

O 0 N OO U1 A W N =

=
o

Q1l
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-E2
AFSi-NPs-Q1-alginate-tobramycin-alginate-E2
AFSi-NPs-Q2-alginate-tobramycin-alginate-E2
AFSi-NPs-Q3-alginate-tobramycin-alginate-E2
AFSi-NPs-Q4-alginate-tobramycin-alginate-E2
AFSi-NPs-Q5-alginate-tobramycin-alginate-E2
AFSi-NPs-Q6-alginate-tobramycin-alginate-E2
AFSi-NPs-Q7-alginate-tobramycin-alginate-E2
AFSi-NPs-Q8-alginate-tobramycin-alginate-E2

AFSi-NPs-Q9-alginate-tobramycin-alginate-E2

Table 2.30: LbL matrix of deposited TOB and E2 layers on AFSi-NPs

Matrix 30: Alg-TOB-Alg-E3

Quadruple layer no.

O 0 N o U Ao W N =

Q1
Q2
Q3
Q4
Qs
Q6
Q7
Q8
Q9

Abbreviation

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-E3
AFSi-NPs-Q1-alginate-tobramycin-alginate-E3
AFSi-NPs-Q2-alginate-tobramycin-alginate-E3
AFSi-NPs-Q3-alginate-tobramycin-alginate-E3
AFSi-NPs-Q4-alginate-tobramycin-alginate-E3
AFSi-NPs-Q5-alginate-tobramycin-alginate-E3
AFSi-NPs-Q6-alginate-tobramycin-alginate-E3
AFSi-NPs-Q7-alginate-tobramycin-alginate-E3
AFSi-NPs-Q8-alginate-tobramycin-alginate-E3
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Q10

AFSi-NPs-Q9-alginate-tobramycin-alginate-E3

Table 2.31: LbL matrix of deposited TOB and E3 layers on AFSi-NPs

Matrix 31: Alg-TOB-Alg-F1

Quadruple layer no.  Abbreviation

O 00 N o U A W N =

=
o

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-F1
AFSi-NPs-Q1-alginate-tobramycin-alginate-F1
AFSi-NPs-Q2-alginate-tobramycin-alginate-F1
AFSi-NPs-Q3-alginate-tobramycin-alginate-F1
AFSi-NPs-Q4-alginate-tobramycin-alginate-F1
AFSi-NPs-Q5-alginate-tobramycin-alginate-F1
AFSi-NPs-Q6-alginate-tobramycin-alginate-F1
AFSi-NPs-Q7-alginate-tobramycin-alginate-F1
AFSi-NPs-Q8-alginate-tobramycin-alginate-F1

AFSi-NPs-Q9-alginate-tobramycin-alginate-F1

Table 2.32: LbL matrix of deposited TOB and F1 layers on AFSi-NPs

Matrix 32: Alg-TOB-Alg-F2

Quadruple layer no.  Abbreviation

© 00 N O Uu & W N =

=
o

Q1
Q2
Q3
Q4
Qs
Q6
Q7
Q8
Q9
Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-F2
AFSi-NPs-Q1-alginate-tobramycin-alginate-F2
AFSi-NPs-Q2-alginate-tobramycin-alginate-F2
AFSi-NPs-Q3-alginate-tobramycin-alginate-F2
AFSi-NPs-Q4-alginate-tobramycin-alginate-F2
AFSi-NPs-Q5-alginate-tobramycin-alginate-F2
AFSi-NPs-Q6-alginate-tobramycin-alginate-F2
AFSi-NPs-Q7-alginate-tobramycin-alginate-F2
AFSi-NPs-Q8-alginate-tobramycin-alginate-F2
AFSi-NPs-Q9-alginate-tobramycin-alginate-F2

Table 2.33: LbL matrix of deposited TOB and F2 layers on AFSi-NPs
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Matrix 33: Alg-TOB-Alg-F3

Quadruple layer no.

O 00 N o uu A W N =

[y
o

Abbreviation
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q1o

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-F3
AFSi-NPs-Q1-alginate-tobramycin-alginate-F3
AFSi-NPs-Q2-alginate-tobramycin-alginate-F3
AFSi-NPs-Q3-alginate-tobramycin-alginate-F3
AFSi-NPs-Q4-alginate-tobramycin-alginate-F3
AFSi-NPs-Q5-alginate-tobramycin-alginate-F3
AFSi-NPs-Q6-alginate-tobramycin-alginate-F3
AFSi-NPs-Q7-alginate-tobramycin-alginate-F3
AFSi-NPs-Q8-alginate-tobramycin-alginate-F3

AFSi-NPs-Q9-alginate-tobramycin-alginate-F3

Table 2.34: LbL matrix of deposited TOB and F3 layers on AFSi-NPs

Matrix 34: Alg-TOB-Alg-G1

Quadruple layer no.

O 00 N o Uu & W N =

=
o

Abbreviation
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q10

Layers on the surface of AFSi-NPs
AFSi-NPs-alginate-tobramycin-alginate-G1
AFSi-NPs-Q1-alginate-tobramycin-alginate-G1
AFSi-NPs-Q2-alginate-tobramycin-alginate-G1
AFSi-NPs-Q3-alginate-tobramycin-alginate-G1
AFSi-NPs-Q4-alginate-tobramycin-alginate-G1
AFSi-NPs-Q5-alginate-tobramycin-alginate-G1
AFSi-NPs-Q6-alginate-tobramycin-alginate-G1
AFSi-NPs-Q7-alginate-tobramycin-alginate-G1
AFSi-NPs-Q8-alginate-tobramycin-alginate-G1

AFSi-NPs-Q9-alginate-tobramycin-alginate-G1

Table 2.35 LbL matrix of deposited TOB and G1 layers on AFSi-NPs

Matrix 35: Alg-TOB-Alg-G2

Quadruple layer no.

1

Abbreviation

Q1

Layers on the surface of AFSi-NPs

AFSi-NPs-alginate-tobramycin-alginate-G2
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2 Q2 AFSi-NPs-Q1-alginate-tobramycin-alginate-G2
3 Q3 AFSi-NPs-Q2-alginate-tobramycin-alginate-G2
4 Q4 AFSi-NPs-Q3-alginate-tobramycin-alginate-G2
5 Q5 AFSi-NPs-Q4-alginate-tobramycin-alginate-G2
6 Qb6 AFSi-NPs-Q5-alginate-tobramycin-alginate-G2
7 Q7 AFSi-NPs-Q6-alginate-tobramycin-alginate-G2
8 Q8 AFSi-NPs-Q7-alginate-tobramycin-alginate-G2
9 Q9 AFSi-NPs-Q8-alginate-tobramycin-alginate-G2
10 Q10 AFSi-NPs-Q9-alginate-tobramycin-alginate-G2

Table 2.36: LbL matrix of deposited TOB and G2 layers on AFSi-NPs

Matrix 36: Alg-TOB-Alg-G3

Quadruple layer no.  Abbreviation Layers on the surface of AFSi-NPs

1 Q1 AFSi-NPs-alginate-tobramycin-alginate-G3

2 Q2 AFSi-NPs-Q1-alginate-tobramycin-alginate-G3
3 Q3 AFSi-NPs-Q2-alginate-tobramycin-alginate-G3
4 Q4 AFSi-NPs-Q3-alginate-tobramycin-alginate-G3
5 Q5 AFSi-NPs-Q4-alginate-tobramycin-alginate-G3
6 Qb6 AFSi-NPs-Q5-alginate-tobramycin-alginate-G3
7 Q7 AFSi-NPs-Q6-alginate-tobramycin-alginate-G3
8 Q8 AFSi-NPs-Q7-alginate-tobramycin-alginate-G3
9 Q9 AFSi-NPs-Q8-alginate-tobramycin-alginate-G3
10 Q10 AFSi-NPs-Q9-alginate-tobramycin-alginate-G3

Table 2.37: LbL matrix of deposited TOB and G3 layers on AFSi-NPs

Nanoparticles characterization

Size measurements

a. Dynamic Light Scattering (DLS)

The size was measured for the silica nanoparticles after the amino-functionalization using the
ZetaSizer Nanoseries ZS of Malvern. DLS allows the determination of the size particle by

measuring the changes in the intensity of the light scattered from a solution or a suspension.
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In particular. DLS refers to Brownian motion that is related to the size of the particle by
illumination of the particles with a laser and analysing fluctuations in the scattering light. The
correlation between the size of a particle and its speed due to the Brownian motion is
represented by the Stokes-Einstein equation, considering that small particles move quickly
instead large ones move slowly. It is as followed: Dn= ksT/31tnDr where Dnis the hydrodynamic
diameter, ks the constant of Boltzmann, T is the thermodynamic temperature, 7 is the
dynamic viscosity and Dr the translational diffusion coefficient (Sun et al., 2016). For the
analysis 1 mg of silica nanoparticles after the amino-functionalization was dispersed in 1 mL
of sodium acetate buffer pH5 and measured by ZetaSizer using a cuvette cell. The experiment

was carried out to provide in total 3 replicates per measurement.

b. Transmission electron microscopy

Transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM) were performed on a JEOL JEM-2100 operating at 200 kV. Energy dispersive X-ray
analysis (EDX) was done using an Oxford Instruments X-MaxN 80 detector and the data
analysed using the Aztec software. 2 pg of sample was prepared by dispersion in ethanol by
sonication and 4 pL of solution were deposited on 300 mesh copper grids coated with holey
carbon film. The experiment was carried out in the school of Optometry in Cardiff and the

magnification of the images was 100,000 X.

Zeta potential measurements

For all the sequences, the charge of every constituent of each quadruple layer was analysed
by the ZetaSizer Nanoseries ZS of Malvern. It is a high-performance equipment that allows
the measurement of the size, electrophoretic mobility of proteins, zeta potential of
nanoparticles and colloids and the measurement of protein mobility and micro-rheology of
protein and polymer solutions. The measurement of the zeta potential is made by a Laser
Doppler Micro-electrophoresis. An electric field is applied to dispersed particles or a solution
of molecules, whose movement occurs with a velocity that is related to their zeta potential.
The velocity is measured by a patented laser interferometric technique, M3 PALS (Phase
Analysis Light Scattering). This provides the calculation of electrophoretic mobility and from
this the zeta potential and its distribution (Limited, 2011). Each measurement was performed

with the following protocol: 1 mg of dried nanoparticles, after new layer coated onto the
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nanocarrier surface via LbL deposition, was suspended in 1 mL of sodium acetate pH5 buffer
and added to a disposable folded capillary cell DTS1070. The parameters applied for the
experiment were as follows: viscosity 1.0500, Rl 1.300, dielectric constant 82.0 and
temperature 25°C, correspondent to the sodium acetate buffer pH5 used as dispersant. The
Smoluchowski model was employed for calculations considering the equation = 4mun/e
where T is zeta potential, u is electrophoretic mobility, n is viscosity and € represents the
dielectric constant of fluids (HUNTER, 1981). For each measurement, between 10 and 100
runs were performed and 3 replicates per sample. The data interpretation was provided by
plotting the result expressed as mV as function of number of layers embedded onto the

nanocarrier surface.

Thermogravimetric Analysis (TGA)

For all the developed nanotechnology systems, the Thermogravimetric Analysis was carried
out on 2 replicates of 10 mg for each following sample: Q1, Q3, Q5, Q7 and Q10. TGA is a
thermal analysis that measures changes in physical and chemical proprieties of materials as a
function of increasing temperature with constant heating rate, or as a function of time with
constant temperature and/or constant mass loss. In this case, TGA provides the
determination of the loss of drying for each sample. The TGA instrument weights continuously
a sample increasing the temperature up to 2000°C (Ng et al., 2018a). For this project, the
instrument used was Perkin-Elmer TGA 4000 Thermogravimetric analyser. The method of the
analysis included air and each sample was heated from 20°C to 800°C with an increase of 30°C
every minute. The risen temperature influenced the sample mass causing an increase of
weight loss. Results were plotted evidencing the sample weight loss as function of

temperature changes.

Chlorhexidine release quantification

All the sequences were prepared with the aim of evaluating the chlorhexidine release profile.
The tenth quadruple layer (Q10), where it was expecting to have the highest released
concentration of the antimicrobial agent, was the only quadruple layer considered in the drug
profile. For an accurate analysis 3 replicates of each 10 mg of silica coated sample were
suspended in 1 ml of two different media: pH5 and pH7.4 in order to have a comparison

between pathological and physiological environment (Ribeiro et al., 2012). Then, the samples
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were kept in the incubator at 37°C and every 24 hours 1 ml of the supernatant was withdrawn
and replaced with fresh buffer from both media.

The drug release was detected by the High-Performance Liquid Chromatography (HPLC) 1100
Series of Agilent Technologies. The column used for the analysis was pBondapak C18 silica-
based, reverse phase, 125 A, 10 pm, 3.9 * 150 mm. The samples were analysed with
chlorhexidine isocratic method having 12 minutes as retention time, flow rate of 1 ml/min,
mobile phase composed by sodium acetate buffer pH4 45% and acetonitrile 55%. The buffer
was made with the following procedure: acetic acid 82% and sodium acetate 18%. Injection
volume was 20 pL and the retention time for chlorhexidine was 6.0 min detected via UV
detector at 239 nm.

Before starting the analysis, a calibration curve was built up for the chlorhexidine diacetate.
Firstly, a stock solution (1 mg/mL) was prepared, followed by 7 standard solutions gained via
serial dilutions with concentration ranging between 0.5mg/mL- 0.125 mg/mL. Standards were
diluted with sodium acetate buffer pH5 and the analysis was performed on 3 independent
samples for each dilution. Results were plotted on an Excel sheet and an equation has been

gained equal to: y=17915x —42.742 and R?=0.97608. (figure 2.6).

N . . e YEEL7915x3 42.742
CalibrationRurvefor@hlorhexidinel RE-1D.97608

AreadmAURs)

0 0.02 0.04 006 008 01 012 0.14
Conclfimg/mL)

Figure 2.6: Chlorhexidine diacetate calibration curve, *Mean * SD (N=1, n=3)
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Tobramycin release quantification

The release profile for tobramycin was evaluated applying the same protocol of chlorhexidine
diacetate release described in the previous paragraph. However, the drug quantification was
detected by fluoroscopy with the aid of a fluoroscan (FLUOROstar Optima, BMG labtech). The
amount of tobramycin released from AFS-coated-NPs in both buffers pH5 and pH7.4 required
this time the use of the o-phthaldialdehyde (OPA) reagent (Perni and Prokopovich, 2014), that
reacting with the amino moieties of the antibiotic, produced a fluorescent conjugate.

The experiment was performed on black 96 well-plates as follows: the total volume of each
well corresponded to 280 plL involving firstly 70 uL of PBS, then 70 pL of tobramycin released
sample in sodium acetate buffer pH5, 70 pL isopropanol and 70 uL of OPA reagent added
protecting it from light. This procedure was repeated for 3 replicates for both media, pH5 and
pH7.4. The first 3 columns of each 96 well-plate were kept for eight tobramycin calibrations
solutions. After the addition of 70 puL of PBS, from 140 uL of sample added on 3 wells of the
first row, 70 pL were transferred on the following 3 wells of the second row by serial dilutions
up to the end of the 3 calibration solution columns.

Once prepared, the plate was read using A excitation=340 nm and A emission=455 nm as
parameters (Interchim Fluoroprobes). The results were plotted on Excel as fluorescence vs
concentration (ug/mL) providing a linear trend line for the calibration of tobramycin. The

figure 2.7 shows one example of calibration curve obtained among all the analysis.
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Figure 2.7: Representative tobramycin calibration curve, *Mean + SD (N=1, n=3)

PBAEs characterisation

Nuclear Magnetic Resonance (NMR)

All the PBAEs synthesised in this project were characterised by *H NMR and 3C NMR. The
resonance solvent applied for all the experiments was deuterated chloroform (CDCls)
purchased by Thermo Scientific Fisher (UK). 'H NMR spectra were measured on Bruker
Avance Ultra Shield spectrometer (500 MHz) at room temperature. Data were recorded as
follows: chemical shift in dppm (parts per million) from internal standard tetramethylsilane
(TMS), multiplicity (s= singlet, d= doublet, t= triplet, m= multiplet), coupling constant (Hz),
integration and assignment. 13C NMR spectra were measured on Bruker Avance Ultra Shield
spectrometer (125 MHz) at ambient temperature. Chemical shifts were recorded in ppm from
the solvent resonance employed as internal standard (e.g. CDCls= 77.00 ppm in 3C NMR

spectra, CDCls= 7.24 ppm in 'H NMR spectra).

PBAE molecular weight (MW) and hydrolysis through Gel Permeation Chromatography

(GPC) and zeta potential

GPC is a form of liquid chromatography usually used to purify or analyse mixture of proteins
and takes advantages of high resolution made possible by smaller-diameter stationary

phases. The molecular weight (MW) and hydrolysis studies were pursued for all the PBAEs

67



synthesised for this project. In a 50-ml test tube each polymer (10 mg/mL) was dissolved in
both buffers pH5 and pH7.4. After solubilisation in buffers, 20 uL were injected into liquid
chromatography LC-20 Ai with refractive index detector RID-20A and GPC post-run as data
analysis tool provided by Shimadzu Corporation (UK) to detect the molecular weight (MW).
Each independent experiment had 2 replicates per day and per medium. Afterwards, the
solutions were both incubated at 37°C, and every 24h 1 mL was collected analysed on GPC up

to 30 days.

A calibration curve was built up in order to correlate MW and retention volumes. Thus, 10
PEG standards with known MW (Da) such as: 200, 500, 1000, 2000, 3000, 4000, 6000, 23000,
23500, 36000, were prepared and injected on GPC and correspondent respectively to the
points from 10 (lowest MW) to 1 (highest MW) in the figure below. All the samples were run
with isocratic method having 25 minutes as retention time, 1.0 mL/min as flow rate, 100%
sodium acetate buffer as mobile phase and analytical mode for the Rl detector. The column
used was Superdex 75 bed dimensions 10/300, bed volume approximately 24 mL column
efficiency > 30000m, pH stability between 3 to 12 for regular use and pressure over column
maximum 18 bar. The results were processed using Shimadzu software for GPC post-run

proving a linear trend line for the calibration curve (figure 2.8).
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==== Shimadzu LabSolutions GPC Calibration Curve

<Calibration Curve>

Detector Name : Detector A
Ch# : Channel 1
Method File : C:\LabSolutions\Data\Project1\Silvia\Poly Test + Cal.lcm
Curve Fit Type : Linear
Function 1 f(x)=-0.2119725*x+6.146507
RA2=0.9869979 Dispersion=0.08106466
log(M.W.)
4.5+
4.0
3.5+
3.0+ w:
25 | : | i
h i i i i
10.0 12.5 15.0 17.5

min

Figure 2.8: PEG calibration curve, *Mean £ SD (N=1, n=2)

Statistical analysis

All data were expressed as means * standard deviation (SD) from at least three independent
values. To assess the statistical significance of results between groups, one-way analysis of
variance (ANOVA) was performed. Experimental results were considered statistically
significant at 95 % confidence level (p-value <0.05). All analyses were run using the Microsoft

Excel 2018.
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Chapter 3: Poly (B-amino esters) (PBAE): synthesis and characterisation

Introduction

Poly (B-amino esters), known as PBAEs, are cationic polymers obtained by conjugation
between acrylates and primary or secondary amines via Michael addition (Perni and
Prokopovich, 2017), (Devalapally et al., 2007). In the past few decades these molecules were
employed as DNA drug delivery systems showing better biocompatibility and biodegradability
compared to the other polymers such as PLL or PEl (Green et al., 2009) (Lehmann-horn et al.,
2014). Biodegradability and biocompatibility are the main properties belonging to these
compounds (Est-Witte et al., 2020), (Qu et al., 2020), (Eltoukhy et al., 2013), (Green, Langer
and Anderson, 2008), (Lynn and Langer, 2000). In particular, the amino-moieties of PBAEs
electrostatically interact with DNA plasmid at physiological pH and their degradation leads to
small non-toxic by-products such as bis-(B-amino) acids and diol products (Liu et al., 2019)
(Zugates et al., 2006), (Green et al., 2006), . PBAEs are the result of one-pot reaction; thus,
several analogues can be synthesised from commercially starting materials (Cordeiro et al.,

2019).

In this chapter, 18 PBAEs were synthesised via Michael addition by conjugating 3 amines to 6

different diacrylates.

The structure and the molecular weight MW (1300-3100Da) of the 18 crude products were
identified by *H NMR, 3C NMR and Gel Permeation Chromatography (GPC) whereas the
hydrolysis at pH5 and pH7.4 was evaluated via GPC and T potential measurements (+10

mV/+36 mV) over a period of 30 days.

The polymeric degradation showed that PBAEs slowly degrade under acid conditions (pH5)
and rapidly in the physiological environment (pH7.4) (Akyol et al., 2018), (Eltoukhy et al.,
2012), (Lynn and Langer, 2000) . However, the work presented in this chapter highlights that
the choice of the monomers employed in the polymerization is crucial and it greatly influences
the physicochemical properties of PBAEs, especially molecular weight M.W. and charge for

their application as vectors for drug delivery systems.
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Polymer preparation

Polymer synthesis

Amino-terminated poly (B-amino esters) were obtained by one-pot reaction between amines
and diacrylates. Piperazine, 4,4’ -trimethylendipiperidine and N,N-Bis[3-
(methylamino)propyl]lmethylamine, were employed as secondary amines monomers and
correspondent to amines 1, 2 and 3 in the table 3.1, whereas 1,4 butanediol diacrylate (A), 1-
6 hexanediol diacrylate (B), neo-pentyl glycol diacrylate (D), 1-3 butanediol diacrylate (E),
bisphenol A ethoxylate diacrylate (F) and tri-cyclodecane dimethanol diacrylate (G) used as
diacrylates monomers. The polymerization was carried out by mixing 4.4 mmol of amine to 4
mmol of diacrylate (1.1:1 ratio) in dichloromethane at 50°C in oil bath and left under stirring
for 48 hours. The products were recovered by precipitation in diethyl ether and centrifugation
at 3500 rpm at 20°C for 5 minutes. This step was repeated up to 3 times to remove any excess
of starting materials and the precipitates were concentrated under reduced pressure. The
aspect of the final products depended on the choice of the amine: Piperazine or N,N-Bis[3-
(methylamino)propyllmethylamine applied as monomers provided clear viscous liquid
polymers, whereas 4,4’-trimethylendipiperidine led to white solids poly ((B-amino esters).
Scheme 3.1 represents the general scheme of reaction applied to all the polymers synthesised
in this project while all the starting materials and the conditions adopted for the PBAEs

reaction are illustrated in Table 3.1.

o) (o} o o
NHWW NH CH.Cl;
S g A N " = -
(o} (o] 50°C (48 h) \ fo) NJWR 0

Scheme 3.1: PBAEs general mechanism of reaction
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Diacrylates (a) Amines (b) mg (a) mg (b) solvent | vyield (%)
1 i
(o]
P e e (j 792.88 | 379.016 DCM 99%
’ )
PP O/\/\O 905.08 | 925584 | DCM 99%
o HN NH
> :
D Ay° BAVERN N N e 848.96 762.52 DCM 99%
[e] (o] H H H
E Q. o]
YU 792.88 DCM 99%
mebrd T Crgen 2040 DCM 99%
. Tl X
G o] \ Q
no X 7= Ao 1217 DCM 99%

Table 3.1: Amines and diacrylates employed to PBAE’s reaction.

Polymer characterisation

Nuclear Magnetic Resonance (NMR)

All the chemical structures of the PBAEs were characterised by N HMR and 3C NMR. 10 mg
of each polymer were dissolved in 1 mL of deuterated chloroform (CDCls) and between 0.6-
0.7 mL of this sample were withdrawn to perform the analysis. The characterisation occurred
by using a Bruker Avance Ultra Shield spectrometer at room temperature at 500 MHz for *H
NMR and at 125 MHz for 3C NMR. Mestrenova-MestrelLab Research-, version 14-1.0-24037
and released on 2019-08-27, was applied as chemistry software for PBAEs spectra

interpretation.

Log P determination

Log P, known as partition coefficient, was evaluated by SwissADME software developed by
SIB-Swiss Institute of Bioinformatics-version 2019 for all the synthesised polymers and listed
on figure 3.1 as MLog P, considering the sum of lipophilic and hydrophilic atoms included in

each molecular structure (Mooriguchi et al.).
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PBAE MLogP

Al -0.19
A2 4.23
A3 0.59
Bl 0.54
B2 4.8

B3 1.22
D1 0.18
D2 4.52
D3 1.63
El -0.19
E2 4.23
E3 0.59
Fl 2.06
F2 5.62
F3 2.34
Gl 2.55
G2 6.45
G3 2.46

Figure 3.1: MLogP values for all PBAEs.

Molecular weight (MW) determination of PBAEs via Gel Permeation Chromatography (GPC)
For all PBAEs, the molecular weight (MW) was defined by using liquid chromatography LC-
20Ai with refractive index (RI) detector RID-20A. As stationary phase, Superdex 75 column,
bed dimensions 10/300 and pH stability between 3 to 12, was adopted for the analysis and
the conditions chosen for the experiments were as followed: 25 mins retention time,
1.0mL/min as flow rate and 100% acetate buffer pH5 as mobile phase gained by addition of
70% sodium acetate 0.1M to 30% acetic acid 0.1M. Each polymer was dissolved priory every
analysis in two separate media, sodium acetate buffer pH5 and phosphate buffer pH7.4 in a
concentration of 2mg/mL. 20 pL was the injected volume for all PBAEs prepared and each
independent sample reading had 2 replicates per medium. Data were analysed via GPC post-

run software provided by Shimadzu Corporation (UK).

Poly (B-amino) esters hydrolysis

The degradation of PBAEs occurs via hydrolysis and for all the polymers synthesised along this
project it was evaluated via chromatography and dynamic light scattering.

In a 50-ml test tube each polymer (2mg/mL) was dissolved in both buffers pH5 and pH7.4. As

previously mentioned, the analysis pursued on GPC allowing the MW determination was
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considered as day 0 for both media. Afterwards, the solutions were both incubated at 37°C,
and every 24h 1 mL was collected and analysed on GPC up to 30 days.

The same conditions were adopted for dynamic light scattering. The charge of PBAEs was
measured by ZetaSizer Nanoseries ZS of Malvern on day 0 as starting point for both media
and carried out every 24 h over a period of 1 month. Each independent sample reading was
pursued adding 1 mL of PBAE/buffers solution to a disposable folded capillary cell DTS1070
and 3 replicates were analysed for each polymer. The dispersant for each PBAE was sodium
acetate buffer pH5; the method was Viscosity 1.0500, Rl 1.300, Dielectric constant 82.0 and
Temperature 25°C and the Smoluchowski model was employed as converter of
electrophoretic mobility into zeta potential and its distribution (Perni and Prokopovich,

2017b), (HUNTER, 1981).
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Results

All the reactions were carried out in 100% dichloromethane (DCM) and the efficiency of each
reaction was calculated as follows: actual yield/ theoretical yield * 100 (Isac-Garcia et al.,
2016). The stochiometric ratio chosen was diacrylate/amine 1:1.1 due to higher

cytocompatibility than PBAEs ending capping with the diacrylate. (Lynn and Langer, 2000).

Al

Chemical procedure

Compound Al was prepared according to the general PBAEs synthesis procedure previously
described (scheme 3.1). Piperazine (1) (4.4 mMol, 379.016 mg) and 1,4 butanediol diacrylate
(A) (4.0 mMol, 782.88 mg) were reacted to give compound Al (scheme 3.2) after precipitation
in diethyl ether. Yield 99%.

/

(o] I'If e} o] \
HO - /\[(o\/\/\ OJ\/ —)-DC‘&{LS“,C I\ OJ\/—N N\)I\O/lﬁ.,,
fo) rs \ n
1 A Al

Scheme 3.2: Reaction scheme of compound Al

Chemical identification

Figure 3.2: Al structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls

MLog P: -0.19

MW (GPC): (1395-1502), n=3

Zeta potential: +14.3mV (+ 0.95) at pH5, +14.6mV (£ 0.51) at pH7.4

Appearance: Yellowish viscous oil
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1H NMR (500 MHz, CDCls) & (ppm): 4.34 — 3.82 (m, 16H) (A), 3.89 — 2.85 (m, 16H) (B), 2.90 —

2.56 (m, 16H) (C), 2.58 — 2.15 (m, 40H) (D), 2.02 — 1.30 (m, 16H) (E).
13C NMR (126 MHz, CDCls) & (ppm): 171.95 (C=0), 63.57 (O-CH,), 53.2 (NH2-CH>), 52.5 (NH2-

CHa), 32.9 (-CH,-C=0), 25.31 (-CH2-CHa).

The molecular structure of Al can be divided into 5 main groups (A-E in the figure above)
representative of 5 different types of proton peaks (*H NMR spectrum 1a in appendix section).
The protons (-H) of the group A belong to the methylene groups (-CH:) near the oxygen with
chemical shifts ranging between 4.34-3.82 ppm. In the case of A1, among the 16H of the group
A, 12H are included in the repeat units (3) whereas 4H are part of the end group of the
homopolymer. Additionally, protons of the group B (16H) are representative of the -CH,
bonded to the nitrogen with chemical shifts between 3.89 and 2.85 ppm, and those of the
group C (16H) are part of -CH, affected by the nearness of the carbonyl group with values
shifted to 2.90-2.56 ppm. Furthermore, protons of the group D belong to the methylene
groups of the piperazine, especially 24H in the repeat units and 16H of the end groups of the
molecule. Finally, protons of the group E correspond to the 16H of the -CH; of the aliphatic
chain of the diacrylate monomer. Besides, considering the 3CNMR (1b-appendix), the carbon
of the carbonyl group was found at 171.95 ppm, whereas those bonded to the heteroatoms
N and O provided chemical shifts ranging between 63.5 and 52.5 ppm. To conclude, the
carbon near the carbonyl group was at 32.9 ppm and those of the aliphatic chain were at

25.31 ppm.
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Chemical procedure

Compound A2 (scheme 3.3) was synthesised by adding the secondary amine 4,4
trimethylenpiperidine (2) (4.4 mMol, 925.58 mg) to 1,4 butanediol diacrylate (A) (4.0 mMol,
782.88 mg) in DCM at 50°C. After 48 hours, the crude product was obtained through

precipitation in diethyl ether. Yield 99%.

C(\/\O /W/ / "‘,‘,,',.f‘!‘ W‘(/\/\k/‘ M—%)’W

Scheme 3.3: Reaction scheme of compound A2

Chemical identification
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Figure 3.3: A2 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls;

MlLog P: 4.23

MW (GPC): (1860-1876), n=3

Zeta potential: +20.35 mV (+ 0.94) at pH5, +20.57 mV (+ 1.26) at pH7.4

Appearance: White solid

14 NMR (500 MHz, CDCls) & (ppm): 4.01 (m, 16H) (A), 2.79 (t, J = 14.9 Hz, 16H) (B), 2.53 (m,

40H) (C), 1.81 (m, 16H) (D), 1.58 (m, 40H) (E), 1.16 (m, 56H) (F).
13C NMR (126 MHz, CDCls) & (ppm): 172.50 (C=0), 64.07 (O-CH.), 53.16 (NH2-CH2), 36.31 (NH2-

CH,-Pip), 34.95 (NH,-CH-Pip), 31.80 (-CH-C=0), 25.31 (Pip-CH,-CH,-Pip), 23.63 (CH,-CH).

The molecular structure of A2 is composed by 6 parts (2a-appendix). Protons of the group A,

as observed for Al, correspond to the -CH; near to the oxygen and also in this case there are
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in total 16H, especially 12H belonging to the 3 repeat units and 4H included in the methylene
groups of the final part of the molecule. Protons of the group B represent the -CH, affected
by the nearness of the nitrogen, whereas protons of the groups C and E are characteristics of
the -CH; of the piperidine. In particular, the 40H of the group C are representative of the
methylene groups near the nitrogen of the piperidine, instead those of the group E (40H) near
the aliphatic chain between the two piperidine. Finally, protons of the group D correspond to
the -CH; groups near to the carbonyl group, and those of the group F are correlated to the
hydrocarbon -CH of the piperidine and to the methylene groups of the aliphatic chains of both
piperidine and diacrylate monomers. Analysing the 23*CNMR (2b-appendix), similarly to A1,
the carbon of the carbonyl group was at 172.50 ppm and those bonded to heteroatoms such
as nitrogen and oxygen ranged between 64.07-53.16 ppm. For A2, the signals at 36.31 ppm
and at 34.95 ppm were equal to the carbons of the methylene groups of the piperidine,
whereas the carbon of the -CH near to the carbonyl group was at 31.80 ppm. Finally, the
carbons of the aliphatic chains of the piperidine and diacrylate were respectively found at

25.31 ppm and 23.63 ppm.
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Chemical procedure

Compound A3 (scheme 3.4) was gained by conjugation between the amine N,N-Bis[3-
(methylamino)propyl]lmethylamine (3) (4.4 mMol, 762.52 mg) and 1,4 butanediol diacrylate
(A) (4.0 mMol, 782.88 mg) in DCM at 50°C. After 48 hours, the polymer was recovered via

precipitation in diethyl ether. Yield 99%.
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Scheme 3.4: Reaction scheme of compound A3
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Figure 3.4: A3 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls;

MLog P: 0.59

MW (GPC): (1580-1640), n=3

Zeta potential: +9.8 mV (£ 0.94) at pH5, +9.57 mV (+ 0.51) at pH7.4
Appearance: Yellowish viscous oil

1H NMR (500 MHz, CDCls) § (ppm): 4.12 — 4.07 (m, 16H) (A), 3.63 (dt, J = 4.0, 3.6 Hz, 22H)

(B), 2.72 — 2.64 (m, 16H) (C), 2.58 — 2.33 (m, 60H) (D), 2.21 (d, J = 3.9 Hz, 16H) (E), 1.71 —
1.61 (m, 39H) (F).
13C NMR (126 MHz, CDCls) § (ppm): 172.7 (C=0), 64.36 (O-CH,), 61.96 (NH-CHs), 53.96 (NH2-

CH,), 41.62 (R-CH;- CR2-CH,-0), 32.47(-CH,-C=0), 29.30 (R-CH;-CH,-NH), 25.25 (CH3-NR3),
23.32 (CH3-NRy).
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The molecular structure of A3 is constituent of 6 groups as well as A2 (3a-appendix). The
chemical shifts at 4.12-4.07 ppm correspond to the protons of the group A representative of
the -CH; near the oxygen, and group B involves the protons of the methylene groups bonded
to the nitrogen (16H) plus those of the 2 methyl groups of the nitrogen ending the polymer
(6H). Moreover, the signals of the group C belong to the protons of the -CH, next to the
carbonyl group, whereas those of the group D are part of the methylene groups of the
aliphatic chain of the amine monomer. Finally, the protons of the group E and F respectively
correspond to the -CH; of the aliphatic groups of the diacrylate A and to the methyl groups
bonded to the nitrogen of the amine 3. On the other hand, from the 3*CNMR (3b-appendix),
the signal at 172.7 ppm is equal to the carbon of the carbonyl group, and for the carbons
bonded to the nitrogen and the oxygen the signal ranged between 64.36-53.96 ppm. In
addition, the carbon of the methyl group bonded to the nitrogen ending the homopolymer
was at 61.96 ppm, whereas those of the internal methyl groups correlated to the nitrogen
were between 25.25 and 23.22 ppm. In the end, the carbons belonging to the methylene
groups of the aliphatic chain of the amine provided a chemical shift of 53.96 ppm, whereas

those of the diacrylate shifted to 29.30 ppm.
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Chemical procedure

Compound Bl was prepared by mixing Piperazine (1) (4.4 mMol, 379.016 mg) and 1,6
hexanediol diacrylate (B) (4.0 mMol, 905.08 mg) followed by precipitation in diethyl ether
(scheme 3.5). Yield 99%.
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Scheme 3.5: Reaction scheme of compound B1

Chemical identification

Figure 3.5: B1 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls

MLog P: 0.51

MW (GPC): (1883-2148), n=4

Zeta potential: +19.53mV (£ 0.55) at pH5, +17.97mV (+ 2.01) at pH7.4
Appearance: Yellowish viscous oil

'H NMR (500 MHz, CDCls) & (ppm): 4.04 (s, 20H) (A), 3.97 — 2.75 (m, 20H) (B), 2.66 (dd, J =

19.7, 12.6 Hz, 20H) (C), 2.55 — 2.42 (m, 48H) (D), 1.68 — 1.56 (m, 20H) (E), 1.41 — 1.29 (m,
20H) (F).
13C NMR (126 MHz, CDCls) & (ppm): 171.88 (C=0), 63.62 (O-CH,), 52.03 (NH2-CH,), 32.10 (-

CH>-C=0), 28.60 (O-CH»-CH,-CH,-0) 25.50 (R-CH2-CH>-R).
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Considering the proton NMR for the PBAE B1 (4a-appendix), the molecular structure of
polymer is quite similar to A1, with the difference of 2 more methylene groups in the aliphatic
chain of the diacrylate monomer. Therefore, in this case there are 6 groups of protons instead
of 5. Protons of the group A correspond to 20H as part of the -CH; near the oxygen: 16H
belonging to the 4 repeat units and 4H to the -CH; of the end group of the molecule.
Furthermore, protons of the groups B, C and D represent respectively protons of the
methylene groups bonded to the nitrogen (B), to the carbonyl group (C), and those included
in the ring of the piperazine (D). Finally, groups E and F constitute the protons of the -CH; of
the backbone of the diacrylate: in particular, those of the group E are bonded to the
methylene groups near to the oxygen, whereas protons of the group F are part of internal -
CH; of the aliphatic chain of the diacrylate with a shifted signal providing a chemical shift
between 1.41 and 1.29 ppm. Additionally, also the signals of the carbons obtained by the
13CNMR (4b-appendix) confirmed the similarities observed between the structures of Al and
B1. For instance, the carbon of the carbonyl group was found at 171.88 ppm, those bonded
to the heteroatoms N and O ranged between 63-52 ppm, and the carbon of the methylene
groups near the carbonyl was at 32.10 ppm. Finally, also the carbons bonded to the protons
of the groups E and F showed different chemical shifts which were respectively equal to 28.60

ppm and 25.50 ppm.
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Chemical procedure

The secondary amine 4,4 trimethylenpiperidine (2) (4.4 mMol, 925.58 mg) was conjugated to
1,6 hexanediol diacrylate (B) (4.0 mMol, 905.08 mg) to give compound B2 (scheme 3.6) using
DCM as solvent of the reaction in oil bath at 50°C for 48 hours. This poly (B-amino) ester was

the result of precipitation of the mixture of reaction in diethyl ether. Yield 99%.
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Scheme 3.6: Reaction scheme of compound B2
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Figure 3.6: B2 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls;

MLog P: 4.8

MW (GPC): (2558-2579), n=4

Zeta potential: +19.07 mV (+ 1.7) at pH5, +19.17 mV (£ 0.51) at pH7.4

Appearance: White solid

14 NMR (500 MHz, CDCls) & (ppm): 3.98 (s, 20H) (A), 2.80 (m, 20H) (B), 2.65 — 2.33 (m, 48H)

(C), 1.99 — 1.78 (m, 20H) (D), 1.52 (d, J = 35.3 Hz, 48H) (E), 1.27 (d, J = 26.4 Hz, 20H) (F), 1.15
(m, 68H) (G).
13C NMR (126 MHz, CDCls) & (ppm): 172.63 (C=0), 64.76 (O-CH.), 53.77 (NH2-CH2), 36.64 (NH2-

CH-Pip), 35.54 (NH,-CH,-Pip), 32.23 (-CH-C=0), 28.5 (Pip-CHy-CH,-Pip), 25.56 (-R-CHa-CH,-
CH2-CH2-R) 23.63 (Pip-CHy-CH,-CH-CH-CH,-Pip), (R-CHa-CHa-R).
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The molecular structure of B2 (5a-appendix) is similar to the one of A2 showing 2 further
methylene groups typical of the structure of the diacrylate B. Thus, also in this case, one
additional group of protons was detected presenting overall 7 different groups of protons.
Therefore, protons of the group A are representative of the -CH; near the oxygen and as
observed for B1 the repeat units are 4 (16H) plus 4H belonging to the -CH; of the end group
of the homopolymer. Protons of the group B correspond to the methylene groups near the
nitrogen; those of the groups C and E to the -CH; of the piperidine, whereas protons of the D
represent the -CH; the carbonyl groups. Finally, protons of the group F are part of the -CH;
near the methylene group bonded to the oxygen but belonging to the aliphatic chain of the
diacrylate, and the group G includes protons of the -CH and -CH; of the hydrophobic chain of
the amine plus the internal -CH; of the aliphatic chain of the diacrylate. The 3*CNMR (5b-
appendix) allowed the identification of the carbons bonded to the protons evaluated by
'HNMR: the signals were similar to those of A2 except for the carbons of the methylene
groups of the diacrylate which showed chemical shifts equal to 25.56 ppm for the carbons

bonded to the protons of the group F and 23.63 ppm for those correlated to the group G.
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Chemical procedure

Compound B3 (scheme 3.7) was synthesised by addition of the amine N,N-Bis[3-
(methylamino)propyllmethylamine (3) (4.4 mMol, 762.52 mg) to 1,6 hexanediol diacrylate (B)
(4.0 mMol 905.08 mg) in DCM at 50°C. After 48 hours, the mixture of reaction was treated

with diethyl ether allowing the precipitation of the crude product in DCM. Yield 99%.
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Scheme 3.7: Reaction scheme of compound B3
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Figure 3.7: B3 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls;

MLog P: 1.22

MW (GPC): (2260-2317), n=4

Zeta potential: +15.1 mV (£ 0.85) at pH5, +14.53 mV (£ 0.51) at pH7.4
Appearance: Yellowish viscous oil

1H NMR (500 MHz, CDCls) & (ppm): 4.06 (s, 20H) (A), 2.79 — 2.60 (m, 26H) (B), 2.58 — 2.34

(m, 24H) (C), 2.34 = 2.09 (m, 48H) (D), 2.05 — 1.90 (m, 20H) (E), 1.74 (d, J = 61.1 Hz, 20H) (F),
1.63 — 1.44 (m, 20H) (G), 1.34 (s, 48H) (H).
13C NMR (126 MHz, CDCls) § (ppm): 172.56 (C=0), 64.30 (O-CH-), 62.01 (NH-CHs), 52.43

(NH2-CH3), 41.66 (R-CH,- CR2-CH,-0), 32.49(-CH-C=0), 29.79 (R-CH,-CH>-NH), 26.29 (CHs-
NR3), 22.37 (CH3-NR3).
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The molecular structure of B3 presents 2 more methylene groups typical of the aliphatic chain
of the diacrylate B. For instance, considering the proton NMR (6a-appendix), there are 8
groups of protons for this polymer and especially those of the group G belong to the internal
-CH; of the hydrophobic chain of the diacrylate monomer. This was confirmed by the 3CNMR
(6b-appendix) showing a chemical shift of 29.79 ppm correspondent to the carbons bonded
to the protons of the group G. For the other groups (A-H) similarities were observed between

the PBAE A3 and B3.
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Chemical procedure
Compound D1 was gained by polymerisation between Piperazine (1) (4.4 mMol, 379.016 mg)
and neo-pentyl glycol diacrylate (D) (4.0 mMol, 848.96 mg) at 50°C in DCM for 48 hours

(scheme 3.8), followed by precipitation in diethyl ether. Yield 99%.
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Scheme 3.8: Reaction scheme of compound D1

Chemical identification

Figure 3.8: D1 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls

MLog P: 0.18

MW (GPC): (1420-1440), n=3

Zeta potential: +16.21mV (+ 1.67) at pH5, +15.46mV (+ 0.76) at pH7.4
Appearance: Yellowish viscous oil

'H NMR (500 MHz, CDCls) & (ppm): 3.86 (s, 16H) (A), 2.77 — 2.58 (m, 16H) (B), 2.57 — 2.33

(m, 60H) (C), 0.89 (s, 24H) (D).
13C NMR (126 MHz, CDCls) & (ppm): 171.69 (C=0), 68.96 (O-CH2), 52.93 (NH2-CH,), 34.90 (CHs-

C-CHs), 32.01 (-CH2-C=0), 21.64 (-CH3-CRas).
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The molecular structure of D1 can be divided into only 4 groups considering the proton NMR
reported in the spectrum 7a in the appendix section. Protons of the group A are
representative of the methylene groups bonded to the oxygen showing a chemical shift of
3.86 ppm. In particular, 12H belong to the 3 repeat units but 4H are part of the end group of
the polymer. Moreover, protons of the group B include the -CH; near to the nitrogen whereas
those of the group C involve respectively the methylene groups of the piperazine and those
bonded to the carbonyl groups. Finally, in this molecule there is a quaternary carbon bonded
to 2 methyl groups (-CHs) whose protons belong to the group D: 18H included in the 3 repeat
units and 6H in the end group of the PBAE. In the 3CNMR (7b-appendix), the carbon
correspondent to the carbonyl group was found at 171.69 ppm, whereas those near to the
heteroatoms were between 63-52 ppm. Finally, the chemical shift for the quaternary carbon
was at 34.90 ppm, instead those at 32.01 ppm and at 21.64 ppm were respectively
correspondent to the carbon near the carbonyl group and to the methyl groups of the

aliphatic chain of the diacrylate D.
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Chemical procedure

Compound D2 (scheme 3.9) was synthesised by adding the secondary amine 4,4
trimethylenpiperidine (2) (4.4 mMol, 925.58 mg) to neo pentyl diacrylate (D) (4.0 mMol,
848.96 mg) in DCM at 50°C. After 48 hours, the crude product was obtained through
precipitation in diethyl ether. Yield 99%.
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Scheme 3.9: Reaction scheme of compound D2

Chemical identification

Figure 3.9: D2 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls;

MLog P: 4.52

MW (GPC): (1820-1905), n=3

Zeta potential: +19.23 mV (+ 1.15) at pH5, +18.27 mV (+ 1.21) at pH7.4

Appearance: White solid

14 NMR (500 MHz, CDCls) & (ppm): 3.86 (s, 16H) (A), 2.88 (d, J = 10.4 Hz, 16H) (B), 2.61 (m,

40H) (C), 1.96 (t, J = 9.6 Hz, 16H) (D), 1.65 (m, 20H) (E), 1.21 (m, 60H) (F), 0.93 (s, 24H) (G).
13C NMR (126 MHz, CDCls) & (ppm): 171.48 (C=0), 68.96 (O-CH.), 53.50 (NH2-CH2), 36.44 (NH2-

CH,-Pip), 34.84 (CH3-C-CHs), 32.04 (-CH-C=0), 23.60 (Pip-CH2-CH2-Pip), 21.70 (-CH3-CRs).

Considering the *HNMR for D2 (8a-appendix), the molecule is constituent by 7 different
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groups of protons. For example, the group A comprehends the protons of the methylene
groups near to the oxygen, and those of the group B are part of the -CH;, near the nitrogen.
Furthermore, the protons of the group C are representative of the -CH; of the piperidine near
to the nitrogen, whereas those near to the -CH conjugating the aliphatic chain of the amine
to the ring of the piperidine belong to the group E. The protons of the group D correspond to
the methylene groups near to the carbonyl groups, and the protons of the group F involves
the hydrophobic chain of the amine monomer. Finally, protons correlated to the methyl
groups of the diacrylate D are part of the group G. This was confirmed by the 3CNMR, where
the carbon of the carbonyl group was at 171.48 ppm and those bonded to the heteroatoms
ranged between 68.96 ppm and 53.50 ppm. Then, the carbons of the methylene groups of
the piperidine were at 36.44 ppm, whereas those of the aliphatic chain of the amine were
found at 23.60 ppm. Finally, the quaternary carbon was equal to 34.84 ppm and the carbons

of the methyl group correspondent to 21.70 ppm.
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Chemical procedure

Compound D3 (scheme 3.10) was gained by polymerisation between the amine N,N-Bis[3-
(methylamino)propyl]lmethylamine (3) (4.4 mMol, 762.52 mg) and neo pentyl diacrylate (D)
(4.0 mMol, 848.96 mg) in DCM at 50°C. Precipitation in diethyl ether allowed the purification
of the crude product. Yield 99%.
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Scheme 3.10: Reaction scheme of compound D3
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Figure 3.10: D3 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls;

MLog P: 1.63

MW (GPC): (1513-1517), n=3

Zeta potential: +22.99 mV (+ 0.85) at pH5, +22.53 mV (+ 0.51) at pH7.4
Appearance: Yellowish viscous oil

1H NMR (500 MHz, CDCls) & (ppm): 3.87 (s, 16H) (A), 2.73 — 2.62 (m, 22H) (B), 2.53 — 2.42 (m,

56H) (C), 2.24 — 2.16 (m, 39H) (D), 0.96 — 0.90 (m, 20H) (E), 0.88 (s, 24H) (F).
13C NMR (126 MHz, CDCls) & (ppm): 172.7 (C=0), 69.06 (O-CH.), 67.34 (NH-CH3), 54.59 (NH,-

CH,), 41.77 (R-CH;-CR2-CH,-0), 34.90 (-CH,-C=0), 32.68 (R-CH2-CH;-NH), 22.19 (CHs-NRy),
21.29 (CH3-NRy).
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The molecular structure of D3 is composed by 6 parts considering the *HNMR (9a-appendix)
as well as observed for the PBAEs A3. Groups A and B correspond to the protons of the
methylene groups near oxygen and nitrogen plus to the methyl groups bonded to the external
nitrogen at the end of the molecule, and groups C and E to those of the -CH; belonging to the
aliphatic chain of the amine monomer and near the carbonyl groups. Additionally, the group
D includes protons of the methyl groups bonded to nitrogen of the amine, whereas group F
represent protons of the -CHs which a part of the hydrophobic chain of the diacrylate D. On
the other hand, considering the *CNMR (9b-appendix), similarly to A3, the chemical shift of
the carbon of the carbonyl group was found at 172.7 ppm, and those bonded to the nitrogen
and oxygen ranged between 69-67 ppm. The carbons of the methyl groups bonded to the
external nitrogen of the amine was at 67.34 ppm, whereas those of the methylene groups of
the aliphatic chain of the amine ended to 32.68 ppm. Finally, the carbons of the -CH; bonded

to the internal nitrogen of the amine ranged between 22.19 and 21.29 ppm.
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Chemical procedure

Compound E1 was prepared by mixing Piperazine (1) (4.4 mMol, 379.016 mg) and 1,3
butanediol diacrylate (E) (4.0 mMol, 782.88 mg) for 48 hours at 50°C in DCM, followed by
after precipitation in diethyl ether. Yield 99% (figure 3.11).
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Scheme 3.11: Reaction scheme of compound E1
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Figure 3.11: E1 structure and NMR characterisation

Chemical identification

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls

MLog P: -0.19

MW (GPC): (1770-1778), n=4

Zeta potential: + 20.37mV (+ 1.92) at pH5, +20.46mV (+ 2.34) at pH7.4
Appearance: Yellowish viscous oil

1H NMR (500 MHz, CDCls) & (ppm): 4.83 (t, J = 22.8 Hz, 5H) (A), 3.95 (s,10H) (B), 2.51 (m, 20H)

(C), 2.32 (m, 68H) (D), 1.63(m, 10H) (E), 1.08 (s, 15H) (F).
13C NMR (126 MHz, CDCl:) & (ppm): 171.87 (C=0), 67.86 (O-CH.), 53.35 (NH2-CH2), 52.52 (NH2-

CHa), 34.70 (-CH2-C=0), 32.20 (-O-CHR-CH3), 20.03 (-CH-CHs).
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Analysing the IHNMR (10a-appendix), the PBAE E1 is constituent of 6 main areas. In this case,
the group A is representative of the carbon-hydrogen bond (-CH) near the oxygen (5H),
whereas the group B corresponds to the protons of the methylene groups near the oxygen
and the carbonyl group (10H). Moreover, protons of the group C belong to the -CH; near the
nitrogen and those of the group D are part of the methylene groups of the piperazine. Finally,
the groups E and F represent the protons of the short hydrophobic chain and the methyl
groups conjugated to the -CH of the diacrylate E. From the 3CNMR (10b-appendix) the carbon
of the carbonyl group showed a chemical shift of 171.87 ppm; those of -CH; correlated to the
heteroatoms were between 67-53 ppm, and the carbons of the methylene groups of the
piperazine had a chemical shift of 52.52 ppm. Furthermore, the carbon of the -CH; near the
carbonyl group was at 34.70 ppm; the signal of the -CH provided a chemical shift of 32.20
ppm, and the carbons of the methyl group and bonded to the -CH were at 20.02 ppm.
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Chemical procedure

Compound E2 (scheme 3.12) was gained by conjugation between the secondary amine 4,4
trimethylenpiperidine (2) (4.4 mMol, 925.58 mg) and 1,3 butanediol diacrylate (A) (4.0 mMol,
782.88 mg) in DCM at 50°C followed by

precipitation in diethyl ether. Yield 99%.
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Scheme 3.12: Reaction scheme of compound E2

Chemical identification

GH H  H  H H D GH D_GH SH H _H K
D U\D / o s\ AN o \ H D~ H y D
H H H E 'U\ MN N— B E oo
NH._~H H N ol Vo \_/H H H /‘\)(0 A OY\/N\ ( e~
( \ / ¢ D D
D D W \F E D GH DGH E | F
o\ / °

n

Figure 3.12: E2 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls;

MLog P: 4.23

MW (GPC): (2072-2376), n=4

Zeta potential: +12.13 mV (+ 0.25) at pH5, +12.17 mV (£ 0.41) at pH7.4

Appearance: White solid

!H NMR (500 MHz, CDCls) & (ppm): 4.89 (m, 5H) (A), 3.96 (m, 10H) (B), 2.75 (d, J = 10.2 Hz,

20H) (C), 2.39 (dq, J = 14.7, 7.2 Hz, 48H) (D), 1.85 (t, J = 9.3 Hz, 20H) (E), 1.71 (m, 10H) (F),
1.47(m, 24H) (G), 1.07 (m, 87H) (H).
13C NMR (126 MHz, CDCls) & (ppm): 172.11 (C=0), 61.08 (O-CH.), 53.13 (NH2-CH2), 36.84 (NH2-

CH,-Pip), 34.84 (NH,-CH,-Pip), 32.20 (-O-CHR-CH3), 31.53 (-CH,-C=0), 23.63 (Pip-CH,-CH,-Pip),
21.87 (CHs-R).
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The molecular structure of E2 could be divided into 8 groups of protons (11a-appendix).
Protons of the group A correspond to the -CH of the diacrylate E; those of the group B are
part of the methylene groups near the oxygen whereas protons of the group C belong to the
-CH3 near the nitrogen. The groups D, G and H are representative of the protons of the -CH;
of the piperidine, the aliphatic chain of the amine and the methyl groups bonded to the -CH
of the diacrylate. Finally, the protons of the group E and F are conjugated to the methylene
groups near the carbonyl groups and to the -CH; of the short chain of the diacrylate E.
Considering the 3CNMR (11b-appendix), the carbon of the carbonyl group was at 172.11
ppm; those of the heteroatoms at 63-51 ppm and those belonging to the methylene groups
of the piperidine ranging between 36-34 ppm. The signal for the -CH of the diacrylate was
detected at 32.20 ppm; the carbon of the -CH, near the carbonyl group was found at 31.53
ppm, whereas the carbons of both methylene groups of the aliphatic chain of the amine and

the methyl groups of the diacrylate were respectively at 23.63 ppm and 21.87 ppm.
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Chemical procedure

Compound E3 (scheme 3.13) was gained by mixing N,N-Bis[3-
(methylamino)propyl]methylamine (3) (4.4 mMol, 762.52 mg) and 1,3 butanediol diacrylate
(A) (4.0 mMol, 782.88 mg) in DCM at 50°C. After 48 hours, the polymer was recovered via

precipitation in diethyl ether. Yield 99%.
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Scheme 3.13: Reaction scheme of compound E3

Chemical identification

Figure 3.13: E3 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls;

MLog P: 0.59

MW (GPC): (1882-1913), n=4

Zeta potential: +14.66 mV (+ 0.85) at pH5, +12.8 mV (£ 0.51) at pH7.4
Appearance: Yellowish viscous oil

1H NMR (500 MHz, CDCls) & (ppm): 4.91 (m, 5H) (A), 4.08 — 3.95 (m, 10H) (B), 2.66 — 2.54 (m,

26H) (C), 2.51 — 2.24 (m, 68H) (D), 2.14 (s, 48H) (E), 1.92 (s, 10H) (F), 1.63 (s, 24H) (G), 1.10 (s,
15H) (H).
13C NMR (126 MHz, CDCls) § (ppm): 172.22 (C=0), 65.75 (O-CH), 60.45 (NH-CHs), 52.65 (NH2-

CHa,), 41.87 (R-CHa- CR2-CH,-0), 34.75 (-CH-C=0), 32.65 (R-CHa-CH2-NH), 32.20 (-O-CHR-CHs),
24.02 (CH3-NR2), 20.09 (CHs-R acrylate).
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Considering the *HNMR (12a-appendix), the PBAE E3 could be split into 8 groups as observed
for E2. Protons of the group A are conjugated to the -CH of the diacrylate; those of the group
B and C belong to the methylene groups near respectively oxygen and nitrogen plus the
methyl groups bonded to the external nitrogen of the end of the homopolymer. Then, the
group D includes the protons of -CH; near the carbonyl groups plus those involved in the -CH»
of the aliphatic chain of the amine as well as protons of the group G. Finally, the groups F and
H involves protons of both the -CH; of the chain and of the methyl groups bonded to the -CH
of the diacrylate E. The identification of E3 via *HNMR was confirmed by 3CNMR (12b-
appendix). For instance, the carbon of the carbonyl group was at 172.22 ppm; those of the-
CH, near oxygen and nitrogen were between 65-52 ppm, and those of the methyl groups
conjugated to the external nitrogen at the end of the molecule was at 60.45 ppm. Moreover,
the carbons of the -CH; of the piperidine provided a chemical shift of 52.65 ppm, whereas
those of the aliphatic chain of the amine were found at 41-32 ppm. Then, the carbon of -CH;
near the carbonyl group was at 34.75 ppm; the one of -CH was at 32.20 ppm and the carbons

of the methyl groups of the diacrylate and the amine ranged between 24-20 ppm.
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Chemical procedure
Compound F1 was synthesised by adding piperazine (1) (4.4 mMol, 379.016 mg) to bisphenol
A ethoxylate diacrylate (F) (4.0 mMol, 2040 mg) (scheme 3.14). The polymer was recovered

via precipitation in diethyl ether. Yield 99%.

HN/\ + /‘X‘ .X‘
o o
R i
K/"” Y o O O o 71/\ —)..D(“ > o SA® 0Oy ey ©
1 o F1 © n

48 hrs o

Scheme 3.14: Reaction scheme of compound F1

Chemical identification

Figure 3.14: F1 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls;

MLog P: 2.06

MW (GPC): (2584-2801), n=4

Zeta potential: +29.57mV (£ 2.01) at pH5, +29.9mV (+ 1.97) at pH7.4
Appearance: Yellowish viscous oil

1H NMR (500 MHz, CDCls) & (ppm): 7.01 (d, J = 7.1 Hz, 20H) (A), 6.70 (d, J = 7.6 Hz, 20H) (B),

4.34 — 4.10 (m, 40H) (C), 3.80 — 3.64 (m, 20H) (D), 2.68 — 2.53 (m, 28H) (E), 2.49 — 2.26 (m,
40H) (F), 1.51 (s, 30H) (G).
13C NMR (126 MHz, CDCls) & (ppm): 172.85 (C=0), 156.42 (O-C-Ar), 143.30 (Ar-C-C-R3), 127.67

(RsC-CH-Ar), 113.91 (O-R2C-CH-Ar), 66.27 (CH2-0), 63.42 (CH2-0), 53.46 (CH,-Pip), 52.25 (CH2-
NH.), 41.94 (CH3-C-CHs), 32.19 (-CH,-C=0), 31.69 (R3C-CHs).
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The PBAE F1 is composed by 7 groups of protons (13a-appendix). For example, the group A
and B are representative of the protons of the -CH of the aromatic rings of the diacrylate F,
whereas the protons of the group C are part of the -CH; of the aliphatic chain of the diacrylate
near to the oxygen. Furthermore, the groups D and E correspond to the protons of -CH; near
the nitrogen and those of the external -CH; of the piperazine at the end of the molecule plus
the protons of the methylene groups near the carbonyl groups. Finally, the rest the -CH; of
the piperazine are represented by the protons of the group F whereas the group G includes
protons of the methyl groups bonded to the quaternary carbon of the diacrylate F. From the
13CNMR (13b-appendix), the carbon of the carbonyl group was at 171.85 ppm; the quaternary
carbons of the aromatic rings near the oxygen ranged between 156-143 ppm, whereas those
of the -CH of the 2 aromatic rings correspondent to 127-113 ppm. Then, carbons of the -CH;
near the oxygen showed a chemical shift of 66-63 ppm, but those conjugated to the protons
of the piperazine were found at 52 ppm. To conclude, the carbons of the -CH, near the
carbonyl groups were at 32.19 ppm, whereas the quaternary carbon and the carbons of the

methyl groups of the diacrylate F were respectively at 41.94 ppm and 31.69 ppm.
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Chemical procedure

Compound F2 (scheme 3.15) was the result of mixing the secondary amine 4,4
trimethylenpiperidine (2) (4.4 mMol, 925.58 mg) and bisphenol A ethoxylate diacrylate (F)
(4.0 mMol, 2040 mg) adopting DCM as solvent of reaction. The synthesis was pursued at 50°C

for 48 hours and the crude product was precipitated in diethyl ether. Yield 99%.
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Scheme 3.15: Reaction scheme of compound F2
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Figure 3.15: F2 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls;

MLog P: 5.62

MW (GPC): (2749-2800), n=3

Zeta potential: +20.7 mV (£ 3.12) at pH5, +21.2 mV (£ 0.4) at pH7.4

Appearance: White solid

14 NMR (500 MHz, CDCls) & (ppm): 7.03 (s, 16H) (A), 6.72 (s, 16H) (B), 4.39 — 3.92 (m, 32H)

(C), 3.84—3.69 (m, 16H) (D), 3.70 — 3.65 (m, 8H) (E), 2.79 (s, 16H) (F), 2.66 — 2.39 (m, 32H) (G),
1.88 (s, 24H) (H), 1.63 — 1.46 (m, 30H) (1), 1.27 — 1.02 (m, 50H) (J).
13C NMR (126 MHz, CDCls) & (ppm): 172.49 (C=0), 156.41 (O-C-Ar), 143.34 (Ar-C-C-R3), 127.68

(RsC-CH-Ar), 113.92 (O-R,C-CH-Ar), 65.80 (CH2-0), 63.50 (CH2-0), 53.54 (CH2-NH,), 41.94 (CH3-
C-CHs), 32.01 (-CH2-C=0), 36.64 (CH2-Pip-NH), 32.25 (Alk-CH,-Piperidine), 31.23 (RsC-CHs).
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Considering the 'THNMR (14a-appendix), the PBAE is constituent by 10 groups of protons. As
observed for F1, the groups A and B correspond to the protons of aromatic rings of the
diacrylate F, and the groups C and D belong to the -CH, near the oxygen and the nitrogen.
Protons of the group E are representative of the external methylene groups of the piperidine
in the end group of the polymer. Then, groups G, | and J comprehend protons of the -CH; of
the piperidine plus those of the aliphatic chain of the amine. Finally, protons of the group F
belong to the -CH; near to the carbonyl groups whereas those of the group H are part of the
methyl groups of the diacrylate. Analysing the *CNMR (14b-appendix), the carbon of the
carbonyl group was at 172.49 ppm, and the signals of the quaternary carbon of the aromatic
rings were at 156-143 ppm. Furthermore, the -CH of the aromatic rings were between 127
and 113 ppm but the chemical shifts provided by the carbons of the methylene groups near
to the oxygen were found at 65-63 ppm. The carbons of the -CH; of the piperidine were at
53ppm; those of the quaternary carbon was at 41.94 ppm and the carbons near to the
carbonyl group at 32.01 ppm. Finally, carbons of the -CH; of the hydrophobic chain of the
amine showed a chemical shift equal to 32.25 ppm, whereas those of the methyl group

correspondent to 31.23 ppm.
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Chemical procedure

Compound F3 (scheme 3.16) was the polymer resulting from the synthesis between N,N-
Bis[3-(methylamino)propyl]methylamine (3) (4.4 mMol, 762.52 mg) and bisphenol A
ethoxylate diacrylate (F) (4.0 mMol, 2040 mg) in DCM at 50°C. After 48 hours, the crude

product was precipitated by using diethyl ether. Yield 99%.
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Scheme 3.16: Reaction scheme of compound F3
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Figure 3.16: F3 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls;

MLog P: 2.34

MW (GPC): (3043-3080), n=4

Zeta potential: +28.7 mV (£ 0.85) at pH5, +24.53 mV (£ 0.53) at pH7.4
Appearance: Yellowish viscous oil

'H NMR (500 MHz, CDCls) & (ppm): 3.98 (m, 40H) (C), 3.85 — 3.76 (m, 26H) (D), 3.72 — 3.54

(m, 68H) (E), 2.76 —2.52 (m, 48H) (F), 2.21 — 2.12 (m, 24H) (G), 1.57 (s, 30H) (H).
13C NMR (126 MHz, CDCls) & (ppm):172.52 (C=0), 156.37 (O-C-Ar), 143.50 (Ar-C-C-Rs),

127.74 (R3C-CH3-Ar), 113.95 (O-R2C-CHz-Ar), 67.35 (CH2-0), 63.61 (CH2-0), 52.54 (CH2-NH.),
41.48 (CH3-C-CHs), 31.92 (CH2-C=0), 54.56 (R-CH2-CH,-NH), 41.88 (CH3-NR3), 31.34 (CHs-R

acrylate).
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The molecular structure of F3 could be divided into 8 group of protons (15a-appendix). Group
A and B correspond to the protons of the -CH of the aromatic rings of the diacrylate and those
of the group C and D respectively to the -CH; near to the oxygen and nitrogen of both
diacrylate and amine monomers. In addition, groups E and G represent the protons of the -
CH; of the aliphatic chain of the amine whereas F and H respectively include protons of methyl
groups of both diacrylate and amine. From the *CNMR (15b-appendix) it was observed that
the carbon of the carbonyl group was at 172.52 ppm; quaternary carbons of the aromatic
rings ranged between 156-143 ppm; carbons of the -CH showed chemical shifts of 127-113
ppm and those of the methylene groups near the oxygen were between 67-63 ppm. Then,
the quaternary carbons of the diacrylate correspondent to 41.48 ppm whereas those of the -
CH3 near the carbonyl group were at 31.92 ppm. Finally, the carbons of the methylene groups
of the amine were at 54.56 ppm, and the those of the methyl groups of the diacrylate showed

a chemical shift at 31.34 ppm.
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Chemical procedure
Compound G1 was synthesised by adding Piperazine (1) (4.4 mMol, 379.016 mg) to tri-
cyclodecane dimethanol diacrylate (G) (4.0 mMol, 1217 mg) in DCM and kept at 50°Cfor 48

hours. The polymer was recovered via precipitation in diethyl ether (scheme 3.17). Yield 99%.

Scheme 3.17: Reaction scheme of compound G1
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Figure 3.17: G1 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls

MLog P: 2.55

MW (GPC): (1990-2034), n=4

Zeta potential: +36.16mV (£ 0.46) at pH5, +38.06mV (+ 1.43) at pH7.4
Appearance: Yellowish viscous oil

1H NMR (500 MHz, CDCls) & (ppm): 3.83 — 3.58 (m, 20H) (A), 2.59 — 2.48 (m, 20H) (B), 2.41 —

2.18 (m, 68H) (C), 2.02 — 1.82 (m, 25H) (D), 1.68 — 1.09 (m, 45H) (E).
13C NMR (126 MHz, CDCls) & (ppm): 172.19 (C=0), 66.01 (O-CH,), 53.50 (CH2-PIP), 52.63 (NH2-

CHa), 48.82 (CH-CH-cyclo), 44.74 (O-CH,-CH-cyclo), 40.3 (CH,-PIP-NH), 38.60 (CH-cyclo), 32.32
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(-CH,-C=0), 30.80 (CH-cyclo), 27.71 (CH2-cyclo) 24.44 (CH;-cyclo).

The PBAE G1 is composed by 5 groups of protons (16a-appendix). Groups A and B respectively
correspond to the protons of the methylene groups near to oxygen and nitrogen, and those
of the group C represent the protons of -CH; of the piperazine and of the -CH; near to the
carbonyl groups. Then, protons of the -CH of the cyclo groups of the diacrylate G belong to
the group D whereas the protons of the methylene groups of the cyclo are included in the
group E. Considering the 13 CNMR (16b-appendix) the carbon of the carbonyl group was found
at 172.19 ppm; those bonded to the nitrogen and oxygen ranged between 66-52 ppm and
the carbons of the -CH of the cyclo were at 38-30 ppm. Finally, the carbon of the methylene
group near to the carbonyl group was at 32.32 ppm and those of the -CH, composing the

cyclo groups of the diacrylate backbone were between 27-24 ppm.
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Chemical procedure

4,4 trimethylenpiperidine (2) (4.4 mMol, 925.58 mg) was conjugated to tri-cyclodecane
dimethanol diacrylate (G) (4.0 mMol, 1217 mg) to give compound G2 (scheme 3.18) adopting
DCM as solvent of reaction at 50°C for 48 hours. The product was precipitated by using diethyl

ether and dried under vacuum. Yield 99%.
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Scheme 3.18: Reaction scheme of compound G2
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Figure 3.18: G2 structure and NMR characterisation

Monomers ratio: 1.1 (amine): 1.0 (diacrylate)

Solvent stability: DCM and CDCls

MLog P: 6.45

MW (GPC): (2260-2300), n=3

Zeta potential: +27.57 mV (+ 0.55) at pH5, +22.17 mV (+ 0.5) at pH7.4

Appearance: White solid

14 NMR (500 MHz, CDCl3) & (ppm): 3.80 — 3.57 (m, 16H) (A), 2.73 — 2.59 (m, 16H) (B), 2.54 —

2.39 (m, 24H) (C), 2.40 — 2.25 (m, 32H) (D), 1.85 — 1.72 (m, 20H) (E), 1.53 — 1.39 (m, 36H) (F),
1.13 - 0.88 (m, 80H) (G).
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13C NMR (126 MHz, CDCls) § (ppm): 172.51 (€C=0), 68.01 (O-CH.), 65.74 (CH,-Pip), 53.80 (NH,-

CHa), 49.35 (CH-CH-cyclo), 48.81 (NH2-CHa-Pip), 45.43 (O-CH,-CH-cyclo), 35.46 (CHa-CH-cyclo),
36.54 (Pip-CH2-CH2-Pip), 32.25 (-CH2-C=0), 31.90 (CH,-cyclo), 23.81 (CH-cyclo), 24.16 (Pip-CHa-
CHa-CH-CH,-CH,-Pip), 19.3 (Pip-CH,-CH,-CH-CH,-CHa-Pip).

The molecular structure of G2 is constituent of 7 groups of protons (17a-appendix). Protons
of the groups A and B are part of the methylene groups bonded to the oxygen and nitrogen.
Moreover, those of the -CHz near to the carbonyl groups and protons of the external -CH; of
the piperidine of the end group of the molecule, belong to the group C. Additionally, the group
D correspond to the protons of the -CH; of the piperidine near to the nitrogen, whereas group
E represents the -CH of the cyclo groups of the diacrylate. Finally, group F and G respectively
involve protons of -CH; of the cyclo groups and of the -CH; included in the ring of the
piperidine and in the aliphatic chain of the amine. Considering the 13NMR (17b-appendix), the
carbon of the carbonyl group was at 172.51 ppm; those conjugated to heteroatoms were
between 68 ppm and 53 ppm. The carbons of the cyclo groups of the diacrylate G ranged
from 49 ppm to 23 ppm whereas those of the -CH; from 35 ppm to 31 ppm. Then, the carbons
of the methylene groups near to the carbonyl groups were at 32.25 ppm and those of the -

CH; of the hydrophobic chain of piperidine ranged between 24.16 ppm to 19.3 ppm.
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Chemical procedure

Compound G3 (scheme 3.19) was gained by mixing N,N-Bis[3-
(methylamino)propyl]lmethylamine (3) (4.4 mMol, 762.52 mg) to tri-cyclodecane dimethanol
diacrylate (G) (4.0 mMol, 1217 mg) in DCM at 50°C. After 48 hours, the crude product was

recovered by precipitation in diethyl ether. Yield 99%.
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Scheme 3.19: Reaction scheme of compound G3
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Figure 3.19: G3 structure and NMR characterisation
Monomers ratio: 1.1 (amine): 1.0 (diacrylate)
Solvent stability: DCM and CDCls
MLog P: 2.46
MW (GPC): (2474-2535), n=4
Zeta potential: +31.1 mV (£ 0.8) at pH5, +29.3 mV (+ 0.46) at pH7.4

Appearance: Yellowish viscous oil
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1H NMR (500 MHz, CDCls) & (ppm): 3.90 — 3.75 (m, 20H) (A), 2.72 — 2.60 (m, 26H) (B), 2.53 —

2.32 (m, 68H) (C), 2.20 (s, 45H) (D), 2.05 — 1.91 (m, 25H) (E), 1.85 — 1.74 (m, 24H) (F), 1.69 —
1.29 (m, 45H) (G).
13C NMR (126 MHz, CDCls) & (ppm): 172.68 (€C=0), 65.85 (0-CH,), 54.95 (CH,-Pip), 52.52 (NRq-

CH,), 48.97 (NR2-CHs), 44.86 (OR-CH»-CH-cyclo), 34.21 (NH-CH3), 38.92 (CH»-cyclo), 33.39 (CH-
cyclo), 32.23 (-CH,-C=0), 30.70 (CHa-cyclo), 28.27 (NR2-CHz-CH2-NR-CH2-CH2-NRH), 20.04
(CH2-cyclo).

The PBAE G3 includes 7 groups of protons detected from the 'HNMR (18a-appendix). The
groups A and B are respectively representative of the protons of the methylene groups near
to the nitrogen, to the oxygen and of the protons of the methyl groups bonded to the nitrogen
ending the molecule. Protons of the -CH; of the aliphatic chain of the amine belong to the
groups F and C which also involves protons of the -CH; near to the carbonyl groups. Then,
groups D, E and G correspond to protons of methyl groups bonded to the nitrogen of amine,
to the -CH and the -CH; of the cyclo groups included in the backbone of the diacrylate G.
Considering the *CNMR (18b-appendix), the sighal belonging to the carbon of the carbonyl
group was at 172.68 ppm, whereas those correlated to the -CH; near to nitrogen and oxygen
ranged between 65-52 ppm. Furthermore, the carbons of the methyl groups bonded to the
nitrogen ending the polymer were at 48.97 ppm; those of the -CH of the cyclo groups were
between 44 and 33 ppm, and the carbons conjugated to the protons of the cyclo groups
possessed a chemical shift of 38-20 ppm.  To conclude, carbons of the -CH, near the
carbonyl groups were found at 32.23 ppm and those of the -CH, of the aliphatic chain of the

amine presented a chemical shift equal to 28.27 ppm.
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Hydrolysis of PBAEs

All the polymers that has been heretofore described hydrolytically degraded. The hydrolysis
was investigated via Gel Permeation Chromatography and light scattering measurements and
reproduced in both media, pH5 and pH7.4. In both cases, the analysis was carried out every
24 hours over a period of 30 days keeping the samples in the incubator at 37°C. In this section,

all results regarding the degradation of poly-(B)-amino esters will be reported.

Al

The study reported in the figures 3.20a and 3.20b represent the hydrolysis profile of the
polymer Al pursued in two different media, pH5 and pH7.4, considering as parameters the
polymer charged by zeta potential, measured in millivolt (mV) and the polymer molecular
weight (MW) expressed in Dalton (Da). As it is shown in the figure 20a, MW for A1 was similar
for both media (p-value > 0.05), 1457Da at pH5 and 1448Da at pH7.4. The polymer degraded
faster at pH7.4 than at pH5: at physiological environment, the hydrolysis significantly
occurred within 2 days (p-value < 0.05) and the MW dropped to 144Da; instead under acid
conditions the polymer significantly hydrolysed within the first 5 days (p-value < 0.05)

reaching 149 Da only after 12 days its dissolution in buffer.

Al MW hydrolysis

—e—A1MW pH5 —e—A1 MW pH7.4

1500
1200

900

(MW) in Da

600

300

Average molecular weight

Time (days)

Figure 3.20a: MW and hydrolysis of Al at pH5 and pH7. Mean + SD (N=1, n=2).

In figure 3.20b, the impact of hydrolysis for A1 on charge shows a polymer attitude that was
similar (p-value > 0.05) to the MW data reported above. Additionally, also in this case the

analysis was carried out for 30 days. Initially, for both media the zeta potential was positive,
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14.3 £ 0.95 mV at pH5 and 14.6 £ 0.51 at pH7.4. After 24 hours, at pH7.4 the positive charge
of Al significantly dropped nearly to 0 (p-value < 0.05) and became negative on day 2, -7.07
+ 1.53. From day 3 the negativity slowly increased up to -13.08 + 2.01 on day 15. The charge
of Al was slightly more stable at pH5: after 24 hours it was still positive, 6.97 + 1.02, it
dropped to negative on the day 2 (p-value < 0.05), -1.65 + 1.71, reaching -12.43 + 1.24 on day
20.
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Figure 3.20b: Impact of Al hydrolysis on charge at pH5 and pH7.4. Mean + SD (N=1, n=2).

A2
The hydrolysis study was performed also for the polymer A2. The conditions adopted for the
experiment where the same chosen for Al. The polymer A2 was dissolved at pH5 and pH7.4
and kept in the incubator at 37°C. Every 24 hours 1 mL from both the solutions was withdrawn
and analysed by Gel Permeation Chromatography, storing the rest of samples in the
incubator. As it is displayed in the line chart of the figure 3.21a, the molecular weight (MW)
detected for the polycation A2 was equal to 1876 Da at pH5 and 1860 Da at pH7.4. At
physiological environment, the polymer significantly hydrolysed, after 24 hours showing MW
correspondent to 569 Da (p-value < 0.05), then it quickly degraded on day 2 when the M.W.
dropped to only 155 Da (p-value < 0.05). Alternatively, the degradation of the polymer at pH5
occurred within 4 days: the molecular weight MW decreased from 1860 Da to 1422 Da on day
1, to 943 Da on day 2, then to 474 Da on day 3 (p-value < 0.05) and only few units of the

polymer were left after day 5 showing a value of 176 Da (p-value > 0.05).
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Figure 3.21a: MW and hydrolysis of A2 at pH5 and pH7. Mean + SD (N=1, n=2).

Comparing the polymers of the group A until now presented, both Al and A2 provide quite
similar profiles (p-value > 0.05), highlighting higher stability at pH5 than at pH7.4.
Furthermore, the hydrolysis study for A2 was performed also by NanoSizer considering as
changing parameter the charge measured via zeta potential instead of the molecular weight
(MW) mentioned before. In two separate tube tests, 100 mg of A2 were dissolved in 10 mL
of sodium acetate buffer pH5 and phosphate buffer pH7.4 respectively. The samples were
stored in the incubator at 37°C. Moreover, similarly to the test conditions adopted for GPC,

every 24 hours 1 mL from the media solutions was withdrawn and analysed with the
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Figure 3.21b: Impact of A2 hydrolysis on charge at pH5 and pH7.4. Mean % SD (N=1, n=2).
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The experiment was carried out over 30 days. At pH5 the zeta potential was 20.35 + 0.94 mV
on day 0 and it dropped to 0.88 + 0.65 mV after 5 days (p-value < 0.05). Then, the charge
detected was between -3.24 + 0.26 mV and -5.88 + 0.44 mV up to day 30 when it decreased
to-14.36 = 3.7 mV. Differently, at pH7.4 starting from 20.57 £ 1.26 mV on day 0, the positivity
of polymer reduced straight after 24 hours showing a potential correspondent to 7.36 + 0.93
mV (p-value < 0.05). On day 2 the potential was reversed, -5.03 + 1.39mV (p-value < 0.05),

and its negativity constantly increased from day 3 until day 25, -13.53 £ 0.85 mV.

A3

The determination of the molecular weight (MW) followed by the study of the hydrolysis,
considering charge and molecular mass of the PBAE, was processed also for the polymer A3.
The experiments were run following the same protocols described in advance and the results

are reported below in the figures 3.22a and 3.22b.
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Figure 3.22a: MW and hydrolysis of A3 at pH5 and pH7. Mean = SD (N=1, n=2).

The molecular weight (MW) detected for the PBAE A3 at pH5 was 1641 Da on day O (figure
3.22a). The polymer mainly hydrolysed within the first 24 hours with the MW value
correspondent to 694 Da (p-value < 0.05); the degradation kept slowly occurring until day 5
when only few units of polymer, 258 Da, were left (p-value < 0.05). No significant difference
was observed from day 6 to day 30 showing an average of MW units equal to 205 Da (p-value
> 0.05). On the other hand, the polymer quickly hydrolysed at pH7.4. Starting from 1580 Da,
the MW dropped to 161 Da within only the first 24 hours (p-value < 0.05), showing overall

this similar result until day 30 (p-value > 0.05).
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The graph of figure 3.22b shows how the charge of A3 changed over 30 days in both media
pH5 and pH7.4. The attitude of the polymer is similar to what previously described. Thus, also
in this case the polymer degradation promptly occurred under physiological conditions. The
charge detected was nearly the same at both media: 9.57 + 0.51 mV at pH7.4 and 9.8 + 0.94
mV at pH5.

A3 charge hydrolysis
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Figure 3.22b: Impact of A3 hydrolysis on charge at pH5 and pH7.4. Mean = SD (N=1, n=2).

At pH7.4, it dropped to 1.54 + 1.53 mV on day 1, it became negative, -7.07 £ 0.79 mV, from
day 2 (p-value < 0.05) and then its negativity increased on day 20 reporting a potential of -13
+ 0.25 mV until day 30. Differently, at pH5 the polymer slowly degraded showing similarities
with what described above with the MW hydrolysis (p-value > 0.05). Starting from a positive
charge, the potential was firstly close to 0 after 5 days, 1.84 + 0.27 mV, and then definitely
reversed from day 6, -1.8 £ 0.23 mV (p-value < 0.05). The negativity gradually continued to
rise until day 20 when the zeta potential was finally equal to -4.2 + 0.14 mV keeping the same

value up to day 30 (p-value > 0.05).

B1
The evaluation of the molecular weight followed by the hydrolysis study was performed by
GPC and zeta potential also for the PBAEs belonging to the group B, adopting the same

conditions chosen for A1, A2 and A3.
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B1 MW hydrolysis
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Figure 3.23a: MW and hydrolysis of B1 at pH5 and pH7. Mean % SD (N=1, n=2).

The curves shown in the figure 3.23a represent the hydrolysis of the polymer in the two
media. Firstly, the molecular weight (MW) detected was equal to 1913 Da at pH5 and 1953
Da at pH7.4 on day 0. Then, a radical decrease in the molecular weight was observed after
the first day that the polymer was dissolved in buffer pH7.4 (p-value < 0.05). Indeed, the MW
was composed by only few units, 170 Da, until the day 30 (p-value > 0.05). Besides, the rapid
hydrolysis at pH7.4, the attitude of B1 was opposite at pH5 highlighting a higher stability and
a slower degradation in acidic buffer. In this case, the MW was almost significantly reduced
at day 1, 1032 Da (p-value < 0.05), and the hydrolysis gradually continued until day 12 when
the value of MW dropped to 132 Da until the day 30 (p-value > 0.05).

In the figure 3.23b it is reported the impact of the hydrolysis for A2 on the charge at both
buffers. At pH5 starting from 19.53 + 0.55 mV, the charge slightly decreased. For instance, it
was correspondent to 17.53 £ 0.65 mV at day 1; 15.23 £ 0.85 mV at day 3 and still strongly
positive after 7 days, 10.63 + 0.42 mV (p-value > 0.05). Comparing to the profiles of the group
A, it was detected a strong positive charge for over 15 days; only at day 20 it was around 0.98
1+ 56 mV and it reversed into negative at day 25, -0.2 £ 0.68 mV showing a significant change

from day 0 (p-value < 0.05).
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B1 charge hydrolysis
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Figure 3.23b: Impact of B1 hydrolysis on charge at pH5 and pH7.4. Mean £ SD (N=1, n=2).

However, the degradation of B1 at pH7.4 was different to the A1l when dissolved at
physiological environment (p-value < 0.05). If the charge was turned into negative on day 2
for A1, in this case instead starting from 17.97 + 2.01 mV on day 0, it became strongly negative
from the day 1, -28.47 + 1.06 (p-value < 0.05). No significant difference was observed up to
the day 30, -30.23 + 0.98 mV (p-value > 0.05).

B2
The molecular weight (MW) was detected by GPC also for the polymer B2. The figures 3.24a
and 3.24b display the PBAE hydrolysis considering both respectively MW and polymer charge

measured via zeta potential.

Considering the MW hydrolysis profile, the molecular weight of B2 was 2579 Da at pH5 and
2558 Da at pH7.4. Also, in this case, the polymer was more stable at pH5 rather than at pH7.4.
Under acid conditions, B1 slowly hydrolysed and within 15 days. In particular, the MW was
1969 Da on day 1, 985 Da on day 3 (p-value < 0.05) and 565 Da after one week of the polymer
dissolution in sodium acetate buffer (p-value < 0.05). Finally, on day 15 only few units of
polymer were left, 150 Da with no significant difference up to day 30 (p-value > 0.05). The
attitude of B2 was different once dissolved in physiological buffer: it rapidly degraded
showing a drastic drop of MW in only 24 hours. Indeed, the value was correspondent to 575
Da on day 1 (p-value < 0.05), 210 Da on day 2 and from day 3 to day 30 130 Da (p-value >
0.05) (figure 3.24a).
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B2 MW hydrolysis
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Figure 3.24a: MW and hydrolysis of B2 at pH5 and pH7. Mean % SD (N=1, n=2).

The line graph in the figure 3.24b shows the polymer B2 hydrolysed at both media analysing
the polymer charge detected via zeta potential instead of the MW. The polycation had an
initial positive charge equal to 19.07 + 1.7 mV at pH5 on day 0. The potential was gradually
reduced and reversed into negative within 20 days (p-value < 0.05). Thus, the measured
charge was: 18.73 £ 0.66 mV on day 1, 13.14 + 4.05 mV on day 4 and 6.35 + 0.7 mV after 7
days. The potential was close to 0 on day 10, 1.9 + 0.64 mV and it became negative on day 15,
-2.47 + 0.07 mV. Finally, the negativity increased reaching a vale of -8.64 + 1.61 mV on day
25. On the other hand, the positive charge at pH7.4 was easily reversed: initially the value
was 19.17 + 0.57 mV on day 0, then it changed on day 1 (p-value < 0.05), -30.7 + 1.72 mV
keeping a strong negativity from day 2 to day 30, -33.97 + 1.53 mV (p-value > 0.05).

B2 charge hydrolysis

—e—B2pH5 —e—B2pH7.4
30

20
; M
0 ?
20
30 e e e ey e .

-40
0 1 2 3 4 5 6 7 8 9 10 12 15 20 25 30

Time (days)

Average mV

Figure 3.24b: Impact of B2 hydrolysis on charge at pH5 and pH7.4. Mean + SD (N=1, n=2).
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B3

The studies reported in the figures 3.25a and 3.25b represent the hydrolysis profiles for
molecular weight (MW) and charge of the polymer B3 pursued in sodium acetate buffer pH5
and phosphate buffer pH7. As it is shown in the figure 3.25a, the molecular weight of the
polycation was initially correspondent to 2317 Da at pH5; it significantly reduced after the
first day of dissolution in buffer, 833 Da (p-value < 0.05). The hydrolysis of the polymer
steadily progressed from day 2, 492 Da, until day 8 when only few units of B3 were left, 231
Da (p-value < 0.05). No consistent variation of MW was observed from day 8 up to day 30 (p-
value > 0.05). Differently, the pathway of B3 degradation at pH7.4 shows a sharp decline of
the MW detected on day 0, which fell from 2261 Da to 246 Da in only 24 hours (p-value <

0.05). In the following days, there was no substantial decrease of the value of MW that overall

was equal to 154 Da until day 30 (p-value > 0.05).

B3 MW hydrolysis
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Figure 3.25a: MW and hydrolysis of B3 at pH5 and pH7. Mean £ SD (N=1, n=2).

The line chart of the figure 3.25b displays the impact of hydrolysis for B3 on charge along a
period of 30 days. On day 0 the charge of B3 was positive at both media, 15.1 + 0.85 mV at
pH5 and 14.53 + 0.51 mV at pH7.4. In the first medium, the polymer hydrolysed within the
first 8 days; thus, the positivity of B3 was detected for 8 days and it was around 0, 0.06 + 0.84
mV, only on day 9 (p-value < 0.05). The charge was then inverted on day 10, when the PBAE
showed a weak negativity, -3.22 £ 0.36 mV, which slightly increased on day 25, -9.75 £ 0.56
mV (p-value > 0.05).
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B3 charge hydrolysis
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Figure 3.25b: Impact of B3 hydrolysis on charge at pH5 and pH7.4. Mean £ SD (N=1, n=2).

At pH7.4 the positive charge of the polymer was easily reversed into negative along the first
2 days. Indeed, the potential dropped to -4.48 + 2.46 mV on day 1 and -21.87 + 0.46 mV on
day 2 (p-value < 0.05). The strong negativity was detected until day 30, -27.73 + 0.46 mV (p-
value > 0.05).

Comparing PBAEs of group B to those of group A, similarities and differences were observed.
The hydrolysis of B1, B2 and B3 rapidly occurred at pH7.4 as detected and described for A1,
A2 and A3 (p-value > 0.05). However, the degradation under acid conditions for the polymers
synthesised by using the diacrylate B, gradually happened compared to those belonging to
the group A (p-value < 0.05). Thus, in this case, B1, B2 and B3 appeared to be more stable
than A1, A2 and A3.

D1

The hydrolysis study was performed also for the PBAEs gained by conjugation of diacrylate D
and amine 1, 2 and 3, by using the same conditions heretofore described. The results of the
degradation profiles for D1 are shown in the figures 3.26a and 3.26b.

The molecular weight (MW) detected for D1 was 1440 Da at pH5 and 1421 Da at pH 7.4 on
day 0. In acidic buffer, the polymer mainly hydrolysed within the first week. Thus, the MW
slowly decreased showing values equal to: 1217 Da on day 1, 987 Da on day 2 which was
significantly reduced after 2 days, 439 Da (p-value < 0.05). After day 7 no significant variation
of the MW was detected highlighting an average between 200-110 Da until day 30 (p-value >
0.05). At pH7.4 the initial MW of D1 plummeted after one day confirming the rapid hydrolysis

of the PBAEs after being dissolved in physiological environment (p-value < 0.05). After the
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drop, the value of MW remained almost the same, between 220-240 Da, until day 30 as

displayed on the figure below (p-value > 0.05).

D1 MW hydrolysis
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Figure 3.26a: MW and hydrolysis of D1 at pH5 and pH7. Mean £ SD (N=1, n=2).

The hydrolysis of D1 was also evaluated considering as parameter of analysis the change of
its potential (mV) over a period of 30 days allowing a better understanding of the behaviour

of this polymer in both media, pH5 and pH7.4.
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Figure 3.26b: Impact of D1 hydrolysis on charge at pH5 and pH7.4. Mean + SD (N=1, n=2).

The positive charge measured via zeta potential was 23.7 + 1.18 mV at pH5. This analysis
evidenced the steady change of the charge under acid conditions. Indeed, the variation of the
charge was: 15.46 £ 0.76 mV on day 1, 12.75 + 0.86 mV on day 3 and 6.25 £ 0.78 mV on day

4. After 8 days, the polymer was still weakly positive and the charge close to 0, 0.704 + 0.85
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mV (p-value < 0.05). Only from day 10 a reversed potential was detected, -2.12 + 0.38 mV,
and the negativity increased reaching -6.6 + 0.65 mV on day 20 (p-value < 0.05). On the hand,
the measured charge of D1 at pH7.4 was in this case lower than what observed at pH5.
Starting from 16.21 £ 1.67 mV, it was inverted into negative after the first day, -9.63 £ 1.19
mV (p-value < 0.05). The negativity kept rising in the following days, ending to -17.86 + 1.85
mV on day 30 (p-value < 0.05).

D2
The determination of the molecular weight and the hydrolysis profiles considering both
charge and MW were also determined for the PBAE D2. Protocol for samples preparation and

settings for the experiment were exactly the same of the PBAEs heretofore presented.

The MW of the polymer was defined by GPC on day 0, once D2 was completely dissolved in
both media, pH5 and pH7.4 (figure 3.27a). Under acid conditions initially the MW detected
was 1906 Da and a gradual fall was observed in the following days, for instance, 1430 Da on
day 1and 1251 Da on day 2. Starting from day 3 the polymer hydrolysed more at pH5 showing
a reduction of the MW of more than 300 Da. Nevertheless, the hydrolysis was carried out
until day 9, when only few units of polymer remain detectable, 189 Da (p-value < 0.05). From
day 10 to day 30 no more effective change in the MW were noticed. Differently, at pH7.4 D2
rapidly degraded compared to pH5 (p-value > 0.05). Firstly, the initial MW, 1822 Da, easily
dropped to 235 Da on day 1. Then, a further reduction occurred within the second day, 131

Da (p-value < 0.05), without any other variation until day 30 (p-value > 0.05).

D2 MW hydrolysis
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Figure 3.27a: MW and hydrolysis of D2 at pH5 and pH7. Mean + SD (N=1, n=2).

122



Furthermore, to support the hydrolysis via GPC described above, the modulation of the
charge for D2 was pursued in both media. The results displayed in the figure 27.b highlight
the different attitude of the polymer at pH5 and pH7.4, evidencing a faster hydrolysis at
physiological conditions rather than under acidosis. Indeed, in the first case, the potential was
initially strongly positive on day 0, 18.27 + 1.21 mV,; then, it was reversed into negative within
one day, -8.47 £ 0.8 mV (p-value < 0.05). Furthermore, the negativity doubled increased after
7 more days, -17.87 + 2.87 mV, reaching a maximum value of -25.87 + 0.74 mV from day 12
to day 30 (p-value < 0.05).

D2 charge hydrolysis
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Figure 3.27b: Impact of D2 hydrolysis on charge at pH5 and pH7.4. Mean + SD (N=1, n=2).

Beside the rapid hydrolysis at pH7.4, the experiment evidenced that D2 was more stable at
pH5. The charge was initially 24.63 £ 1.22 mV on day O; then it slowly decreased within 3 days,
15.22 £ 1.15 mV. Although the potential plummeted on day 4, showing a weak positivity, 5.73
1 0.4 mV, the polymer was inverted into negative only on day 12, -1.81 + 0.55 mV. In the end,
the negativity steadily increased until day 30 when the measured potential was -8.56 + 2.51

mV (p-value < 0.05).

D3
To compare the degradation profiles of the polymers belonging to the group D, the hydrolysis
was finally performed also for the PBAE D3. As reported in the figure 3.28a, the molecular

weight MW was correspondent to 1518 Da at pH5 and 1514 Da at pH7.4 on day 0. In this case,
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the polymer showed a better stability at pH5 than at pH7.4. Indeed, after one day being
dissolved in acidic buffer, the MW of D3 was significantly reduced to 797 Da (p-value < 0.05).
Furthermore, the polymer kept hydrolysing detecting a value of 383 Da on day 2 (p-value <
0.05) and on the average between 230-190 Da from day 3 to day 10. No more variation of
MW was observed until day 30 (p-value > 0.05). On the other hand, a sharp fall of the MW,
from 1514 Da to 218 Da, was detected after one day of the polymer dissolution in pH7.4 (p-
value < 0.05). From day 2 to day 30 no further decrease was noticed, with an average of MW

between 165-150 Da (p-value > 0.05).

D3 MW hydrolysis
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Figure 3.28a: MW and hydrolysis of D3 at pH5 and pH7. Mean £ SD (N=1, n=2).

The figure 3.28b explained the shift of the potential measured for D3. The experiment allowed
to better explain how hydrolysis occurred in both media. At pH5 starting from 22.99 + 0.85
mV, the positivity of the PBAE dropped within 1 day being half reduced, 13.13 + 0.5 mV. The
major decline was detected on day 2, when the charge was equal to 4.3 £ 0.5 mV. From day
2 the potential of D3 started a gradual reduction: firstly, it was nearly 0 from day 5 to day 8,
then it turned into negative from day 9, -1.03 + 0.36 mV with a regular growth of its negativity
until day 30, when the measured charge was equal to -6.0 + 0.55 mV (p-value < 0.05). At
pH7.4, the polymer showed a strong positivity, 22.53 £ 0.51 mV on day 0. In this case, the
potential was easily inverted into negative, -4.48 + 2.46, on day 1 and the negativity of D3
definitely increased on day 2, -21.87 £ 0.46 mV. A steady rise was observed until day 30, when

the measured charge was -27.73 + 1.2 mV (p-value < 0.05).

124



D3 charge hydrolysis
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Figure 3.28b: Impact of D3 hydrolysis on charge at pH5 and pH7.4. Mean + SD (N=1, n=2).

Overall, the PBAEs possessing D as diacrylate, presented a better stability at pH5 than at
pH7.4. Thus, the 3 polymers D1, D2 and D3 similarly hydrolysed as reported for the PBAEs of
the groups A and B (p-value > 0.05). However, difference in the degradation timing was
observed at pH5: D3 degraded faster than D1 and D2 highlighting the importance of the

choice of the amine and its impact on PBAE hydrolysis (p-value < 0.05).

El
The hydrolysis study was performed also for the polymers synthesised by mixing the

diacrylate E and one of the amines 1, 2 and 3 to give respectively E1, E2 and E3.

E1 MW hydrolysis
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Figure 3.29a: MW and hydrolysis of E1 at pH5 and pH7. Mean = SD (N=1, n=2).
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The degradation of E1 was evaluated by GPC after the detecting its molecular weight on day
0, 1779 Da at pH5 and 1771 Da at pH7.4, as reported on figure 3.29a above. A consistent
reduction of MW was observed at pH5 on day 1, showing a value of 752 Da (p-value < 0.05).
Thus, the polymer mainly hydrolysed within 3 days and no significant MW loss was detected
from day 3 to day 30 with a range of units between 130-140 Da (p-value > 0.05). The PBAE
quickly degraded within few days also at pH7.4. In particular, the MW plummeted from 1779
Da to 539 Da on day 1, to 124 Da on day 2 (p-value < 0.05), with a range of 110-125 Da until
day 30 (p-value > 0.05).
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Figure 3.29b: Impact of E1 hydrolysis on charge at pH5 and pH7.4. Mean £ SD (N=1, n=2).

For the PBAE E1 the hydrolysis was pursued considering also the change of the zeta potential
measured at pH5 and at pH7.4 (figure 3.29b). In both cases, on day 0, E1 presented a positive
charge correspondent to 20.37 + 1.92 mV at pH5 and to 20.46 + 2.34 mV at pH7.4. This
experiment confirmed what mentioned before about the reduction of molecular weight M.W.
at both media: the hydrolysis occurred within few days and the charge was easily reversed
into negative. Under acid conditions, the potential was nearly to O until day 3, 1.72 £ 0.10 mV;
then it was inverted, and its negativity constantly started increasing reaching -18.11 + 1.28
mV on day 30 (p-value < 0.05). However, at pH7.4 the charge was turned into negative within
one day, -8.32 + 1.89 mV. According to what observed at pH5, the negativity of the E1
significantly rose until day 30, when the potential measured was equal to -21.89 + 2.22 mV

(p-value < 0.05).
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E2

The hydrolysis carried out for E2 is represented by both figures 3.30a and 3.30b. Starting from
the modulation of the molecular weight over 30 days, the initial value correspondent to 2376
Da at pH5 and 2073 Da at pH7.4. Compared to the profiles of E1, this polymer slowly
hydrolysed in 10 days. A significant drop occurred after day 1, 1426 Da, and day 2, 456 Da (p-
value < 0.05). Then E2 gradually degraded and the MW detected was 362 Da on day 7 and
210 Da on day 12 (p-value < 0.05). From day 15 to day 30 only few units of polymer were left
with a range between 210 and 180 Da (p-value > 0.05). At pH7.4 the attitude of the PBAE was
opposite to the one determined at pH5: the hydrolysis happened within only 2 days. Hence,
a substantial reduction of MW was observed from day 0, 2073 Da, to day 1, 241 Da (p-value
< 0.05). No significant variation was noticed until day 30 and the value of the MW fluctuated

between 140-165 Da (p-value > 0.05).
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Figure 3.30a: MW and hydrolysis of E2 at pH5 and pH7. Mean = SD (N=1, n=2).

The initial positivity of the polymer E2 on day 0 was weaker than the one E1. Thus, the
potential was 12.13 £ 0.25 mV at pH5 and 12.17 + 0.41 at pH7.4. The charge at pH5 was
significantly reduced on day 1, 6.83 £ 1.97 mV whereas it was nearly 0 until day 6, 0.10 + 0.62
mV, and it was inverted into negative only on day 7, -4.2 £ 1.42 mV. Then, the negativity of

the polymer slightly rose reaching a value of -6.6 + 1.23 mV on day 30 (p-value < 0.05).
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E2 charge hydrolysis
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Figure 3.30b: Impact of E2 hydrolysis on charge at pH5 and pH7.4. Mean % SD (N=1, n=2).

Under physiological conditions the potential of E2 was reversed within only one day. This
explained the faster hydrolysis detected also by GPC considering the MW and described
before. Therefore, starting from 12.17 + 0.41 mV, the polymer became negative on day 1, -
4.33 + 1.22 mV. The negativity of the PBAE kept slowly increasing until day 20 ended to -8.0
+1.68 mV (p-value < 0.05).

E3

Among the PBAEs belonging to the group E there was also E3. The hydrolysis studied for this
polymer is displayed on both figures 3.31a and 3.31b. Firstly, the molecular weight MW was
determined at both media on day 0: 1882 Da at pH5 and 1913 at pH7.4. Under acid conditions,
E3 significantly hydrolysed within the first two days. Thus, a consistent degradation was
detected on day 1, 551 Da, and on day 2, 220 Da (p-value < 0.05). From day 2, no considerable
difference on the value of molecular weight was detected. Therefore, the range was between
200-220 Da (p-value > 0.05). However, under physiological conditions, the hydrolysis quickly
occurred, and the molecular weight consistently varied in the first 24 hours. There was a drop
of more than 100 units, 188 Da on day 1 (p-value < 0.05), and the modulation of the MW was
between 150-170 Da from day 2 to day 30 (p-value > 0.05) (figure 3.31a).
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Figure 3.31a: MW and hydrolysis of E3 at pH5 and pH7. Mean + SD (N=1, n=2).

To support the hydrolysis performed by GPC, the variation of the charge for E3 was monitored
via measurements of its zeta potential (figure 3.31b). The polymer was positive on day 0
showing a similar value to E2: 14.66 + 0.85 mV at pH5 and 12.8 + 0.51 mV at pH7.4. In both
cases, the potential was inverted in few days. In particular, at pH7.4, it was turned into
negative on day 1, reporting a weak negative charge, -1.87 + 2.46 mV, which considerably
increased on day 2, -10.49 + 0.46 mV. Then the polymer became strongly negative on day 30
reaching a potential equal to -21.98 + 0.78 mV (p-value < 0.05). At pH5, the potential was
reversed in 2 days with a consistent drop of its positivity, firstly, on day 1,3.91+ 0.5 mV, then,
on day 2 with a charge of -2.27 + 0.7 mV. The negativity steadily increased from day 3 to day

30 when the measured potential was correspondent to -15.44 £ 1.78 mV (p-value < 0.05).
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Comparing the polymers of the group E, E1, E2 and E3 provided profiles quite similar,
presenting a weak stability (p-value > 0.05). In both media, the polymers easily hydrolysed
considering both parameters potential and molecular weight MW. Hence, among all the
PBAEs until now analysed, those possessing E as diacrylate, presented a lower stability due to
their fast degradation at both pH5 and pH7.4. No significant difference was observed among
the 3 polymers of group E (p-value > 0.05), showing that, in this case, the hydrolysis depended

more on the choice of the diacrylate rather than the amines.

F1

The determination of the molecular weight MW and the study of the hydrolysis was carried
out also for the polymers of the group F: F1, F2 and F3. For F1 the results are shown in figures

3.32a and 3.32b.

F1 MW hydrolysis
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Figure 3.32a: MW and hydrolysis of F1 at pH5 and pH7. Mean £ SD (N=1, n=2).

The molecular weight MW detected via GPC was 2802 Da at pH5 and 2584 Da at pH7.4. For
the hydrolysis of this polymer a substantial difference was observed between the profiles of
both media: at pH7.4 F1 quickly hydrolysed in only one day, whereas at pH5 the degradation
gradually occurred within 12 days. At physiological environment, from 2584 Da on day O,
there was a considerable drop in the value of MW on day 1, 130 Da (p-value < 0.05). From
day 2 until day 30 no difference was observed, and the molecular weight changed between
130-110 Da (p-value > 0.05). However, the polymer slowly degraded after being dissolved in
acidic buffer. Furthermore, a moderate decrease of MW was detected: 2456 Da on day 1,

2329 Da on day 3 and 2005 Da on day 5 (p-value < 0.05). The degradation mainly happened
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from day 6, 1959 Da, to day 10, 694 Da and the MW kept decreasing until day 12, 155 Da,

showing a value that was similarly detected to day 30 (p-value < 0.05).

As reported for the previous PBAEs, also for F1 the hydrolysis was performed considering the
modulation of the charge of the polymer and in this case, this experiment highlighted the
strong stability of F1 under acidosis. For instance, the initial measured charge was strongly
positive on day 0, 29.57 + 2.01 mV dropped nearly to 0 only on day 25, 0.95 + 1.83 mV. The
positivity of the polymer was detected for the whole period of the analysis and the potential
was not reversed into negative along 30 days. In particular, the positivity was mainly reduced

after 7 days, 5.35 + 0.33 mV, and it steady continued decreasing until day 25 (p-value < 0.05).

F1 charge hydrolysis
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Figure 3.32b: Impact of F1 hydrolysis on charge at pH5 and pH7.4. Mean £ SD (N=1, n=2).

On the other hand, the attitude of the polymer at pH7.4 was comparable to the other profiles
of PBAEs dissolved at the same medium. Indeed, the charge on day 0 was equal to 29.9 £ 1.97
mV and it was promptly turned into negative after the first 24 hours. Thus, the potential on
day 1 was strongly negative, -16.77 + 2.25 mV, and the negativity of the polymer F1 steadily
rose reaching -17.93 + 1.21 mV on day 30 (p-value < 0.05).

F2
The molecular weight MW determination was defined also for F2 and its value corresponded
to 2800 Da at pH5 and 2749 Da at pH7.4. Furthermore, the hydrolysis was performed for both

charge and MW of this polymer. The figure 3.33a shows how the molecular weight MW
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changed along 30 days and the hydrolysis profiles provided once the polymer was dissolved
in both media. Indeed, the line graphs highlighted the difference between the two media: at
pH5 the polymer slowly hydrolysed whereas at pH7.4 the degradation quickly occurred.
Under acid conditions, there was a gradual decline of the MW; the value was 2657 Da on day
1, 2384 Da on day 3, 2055 on day 5 and 1846 Da on day 7. After 2 days it was significantly
reduced, 997 Da, and it kept decreasing until day 30 when only few units left, 200 Da (p-value
< 0.05). Under physiological conditions, the attitude of F2 was opposite compared to what
observed at pH5: starting from 2749 Da on day 0, the MW plummeted to 230 Da on day 1 (p-
value < 0.05), with a range between 230-130 Da detected from day 2 to day 30 (p-value >
0.05).

F2 MW hydrolysis
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Figure 3.33a: MW and hydrolysis of F2 at pH5 and pH7. Mean £ SD (N=1, n=2).

Considering the impact of the hydrolysis of A2 on the charge, at pH5 the polymer showed a
strong positivity equal to 20.7 + 3.12 mV; the potential was steadily reduced within the first
week of analysis. Indeed, it was 20.53 + 0.4 mV on day 4 and 19.5 + 0.65 mV, proving the
strong stability of the polymer when dissolved in acidic buffer. A gradual decrease of the
positivity was noticed from day 8, 14.8 £ 1.7 mV to day 30 when the polymer was still positive
showing a positive charge correspondent to 9.11 + 1.59 mV (p-value < 0.05). Also, in this case
as reported before for F1, the charge of the polymer was positive for the whole period of the
experiment, underlining the strong stability heretofore presented by the polymers possessing
diacrylate F as starting material. The behaviour of F2 was similar to the other PBAEs once

dissolved in pH7.4. Hence, the polymer showed a positive charge of 21.2 £ 0.4 mV, but it was

132



easily reversed within 24 hours becoming strongly negative -20.76 + 2.57 mV (p-value < 0.05).

The negativity slowly rose from day 2 to day 30 ended up to a potential equal to -22.76 + 1.32

mV (p-value > 0.05).
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Figure 3.33b: Impact of F2 hydrolysis on charge at pH5 and pH7.4. Mean £ SD (N=1, n=2).

F3

To conclude the analysis of the polymers of the group F, the hydrolysis was pursued also for

the PBAE F3 and the results are shown in both figures 3.34a and 3.34b below.
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Figure 3.34a: MW and hydrolysis of F3 at pH5 and pH7. Mean £ SD (N=1, n=2).

The molecular weight MW for F3 was detected via GPC for both media: at pH5 3080 Da and

3043 Da at pH7.4. As described for F1 and F2, also in this case there was a difference between

the two profiles. At pH5 the polymer moderately degraded and it was completely hydrolysed
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in 20 days. In particular, the MW dropped to 2793 Da on day 2, to 2280 Da on day 4 and it
was almost half reduced, 1648 Da, on day 6. The reduction continued and after 10 days of
dissolution of the polymer in buffer, the MW was correspondent to 831 Da and the value
gradually kept decreasing until day 20, when only 223 Da of polymer remained (p-value <
0.05). No significant variation of MW was observed from day 20 to day 30 with a range of MW
between 230-200 Da (p-value > 0.05). However, the hydrolysis of the polymer at pH7.4
occurred within only 2 days. Indeed, on day 1, the detected MW was equal to 1173 Da and it
plummeted to 161 Da on day 2 (p-value < 0.05). The modulation of the value for the molecular
weight of F2 was between 160-140 regarding rest of the analysis which continued until day

30 (p-value > 0.05).

F3 charge hydrolysis
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Figure 3.34b: Impact of F3 hydrolysis on charge at pH5 and pH7.4. Mean £ SD (N=1, n=2).

To support the hydrolysis performed for F3 via GPC, the same experiment was carried out
considering this time the charge of the polymer measured through zeta potential instead of
the molecular weight MW. A strong positive charge was detected on day 0 at both media:
28.7 £ 0.85 mV at pH5 and 24.53 + 0.76 mV at pH7.4. In an acid environment, the potential of
F3 was positive until the first 10 days when it was nearly 0, 0.88 + 1.85 mV; then, from day 12
it was reversed, -2.06 + 2.5 mV, with a progress of its negativity which reached -11.35 + 1.34
mV (p-value < 0.05). However, under physiological conditions, the charge of the polymer was
quickly turned into negative in only one day, -4.48 £ 2.46 mV, and in this case a rapid raise of

negativity was observed on day 2, with a charge equal to -21.87 £ 0.46 mV. From day 3 to day
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30 there a steady increase of the negativity ended to -27.73 + 0.65 mV after the 30 days of
analysis (p-value < 0.05).

To sum up the polymers of the group F presented a strong stability once dissolved at pHS5,
whereas they rapidly hydrolysed within maximum 2 days at pH7.4. In particular, once
dissolved in acidic buffer, F1 and F2 showed a considerable positivity without being reversed
into negative for the whole period of analysis. Therefore, this was the main change observed
comparing these profiles to the ones of the all PBAEs previously described. On the contrary,
comparing F3 to F1 and F2, at pH5, the polymer was stable only for the first 10 days, with a
considerable drop of MW and charge afterwards (p-value < 0.05). No significant variation was

detected between the profiles of the group F at pH7.4 and the other PBAEs (p-value > 0.05).

G1

The hydrolysis study was carried out also the for the polymers belonging to the group G: G1,
G2 and G3 adopting the same protocol used for the analysis of the previous PBAEs. The
molecular weight MW detected on day 0 for G1 by GPC was correspondent to 2063 Da at pH5
and 1986 Da at pH7.4. At pH5, there was no reduction in the MW for the first 2 days of the
analysis, showing 2045 Da on day 1 and 2022 Da on day. An initial drop was observed from
day 3, 1945 Da, to day 6, 1860 Da; then, the MW plummeted to 664 Da on day 7 and kept
decreasing until day 15, when only few units left, 220 Da (p-value < 0.05). A low reduction

was finally noticed from day 20 to day 30 with a range of value between 220-200 Da (p-value
> 0.05) (figure 3.35a).

G1 MW hydrolysis
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Figure 3.35a: MW and hydrolysis of G1 at pH5 and pH7. Mean + SD (N=1, n=2).

135



On the contrary, at pH7.4 the hydrolysis mainly occurred within 10 days, with a remarkable
difference between this profile and those of the other PBAEs, where the hydrolysis lasted only
few days. Starting from day 0, with a MW of 1986 Da, firstly, there was a drop from day 2,
1546 Da; then, on day 6 the MW was significantly reduced, 724 Da and it continued going
down until day 10 when it reached 119 Da (p-value < 0.05), a value that remained similar until

the end of the analysis on day 30 (p-value > 0.05).

Considering the impact of the hydrolysis for G1 on the charge at pH5 the measured potential
was equal to 44.33 + 1.24 mV and 40.77 + 1.43 mV at pH7.4 as represented by the figure
3.35b. Although the charge of G1 was considerably positive at both media, a difference in
both profiles was observed. For instance, at pH5, the potential was still strongly positive after
6 days, showing a value of 33.96 + 1.0 mV, whereas it started reducing from day 7 firstly,
reaching 10.73 + 0.95 mV on day 10, then, 2.93 + 0.66 mV on day 20 (p-value < 0.05). No
further decrease was notice until day 30 evidencing the strong stability of this polymer
without becoming negative as it occurred for most of the PBAEs heretofore analysed (p-value

> 0.05).

G1 charge hydrolysis
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Figure 3.35b: Impact of G1 hydrolysis on charge at pH5 and pH7.4. Mean + SD (N=1, n=2).

On the other hand, the strong positivity of G1 at pH7.4 moderately declined on day 1, 28.06
1 0.94 mV, and dropped to 3.08 £ 1.24 mV on day 3. The potential was then inverted on day
5,-1.46 £ 0.86 mV and the negativity kept increasing reaching -18.73 + 0.64 mV on day 30. In

this case it was observed that at pH7.4 the polymer slowly hydrolysed compared to the
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profiles at same pH of the other PBAEs. Indeed, the potential of G1 was reversed into negative
within 5 days rather 2 days, whereas the value of MW considerably dropped after 10 days
instead of only 24 hours (p-value < 0.05).

G2
Continuing the analysis of group G, the hydrolysis was pursued also for the polymer G2.
Firstly, the molecular weight MW was detected by GPC providing a value of 2300 Da at pH5
and 2260 Da at pH7.4 (figure 3.36a). Under acid conditions, the polymer was quite stable; in
particular, no significant drop of MW was observed in the first 2 days, showing a value of 2182
Da on day 1 and 2015 Da on day 2 (p-value > 0.05). There was a reduction of more than 1000
Da reported from day 3 to day 7 when the MW was correspondent to 854 Da (p-value > 0.05).
Moreover, it continued decreasing ending to 207 Da on day 12 and with a range between
210-190 Da detected from day 15 to day 30 (p-value > 0.05). On the contrary, under
physiological conditions, the initial MW detected on day 0 plummeted to 372 Da on day 2 and
from that day it steadily kept going down reaching 170 Da on day 8 (p-value < 0.05) and

showing a range of value between 160-120 Da from day 9 to day 30 (p-value > 0.05).
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Figure 3.36a: MW and hydrolysis of G2 at pH5 and pH7. Mean £ SD (N=1, n=2).

To support the results regarding the hydrolysis by degradation of molecular weight MW, the
variation of the polymer charge was observed. As represented by the figure 3.36b, the
measured charge on day 0 was evaluated for both media: at pH7.4, 22.17 + 0.51 mV and at

pH5 27.57 £ 0.55 mV. In the first case, the potential easily was turned into negative in only 1
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day, showing a strong negative charge correspondent to -23.97 + 1.53 mV (p-value < 0.05).
The attitude of the G2 at pH7.4 was quite similar to the profiles of the other PBAEs dissolved
in this medium and the negativity slowly rose from day 2 reaching a value of -33.93 £+ 0.25 mV

on day 30 (p-value < 0.05).

G2 charge hydrolysis
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Figure 3.36b: Impact of G2 hydrolysis on charge at pH5 and pH7.4. Mean £ SD (N=1, n=2).

However, the positivity of the polymer at pH5 was mainly reduced on day 1, 16.83 £+ 0.61 mV.
From day 2 starting from 9.35 + 0.89 mV, it steadily decreased and after 7 days the charge
was weakly positive, 6.3 + 1.63 mV (p-value < 0.05). The polymer G2 showed a significant
stability when dissolved at pH5 proved by its potential which was still positive after the whole
period of the analysis (p-value < 0.05). Hence, the potential of this PBAE as already noticed
for G1 was not inverted into negative providing a charge nearly to 0, 2.93 + 1.12 mV after 30

days (p-value < 0.05).

G3
To conclude the list of the 18 PBAEs synthesised along this project, the determination of the
molecular weight MW followed hydrolysis studies were pursued for G3, the last polymer
belonging to the group G. Also, in this case, the experiments were realized adopting the same
protocol described in advance and the results are reported below in both figures 3.37a and

3.37b.
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G3 MW hydrolysis
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Figure 3.37a: MW and hydrolysis of G3 at pH5 and pH7. Mean £ SD (N=1, n=2).

As reported above, the molecular weight MW was 2534 Da at pH5 and 2475 Da at pH7.4 on
day 0. At pH5, the hydrolysis of the polymer occurred within 8 days, with an initial low
decrease of the value of the MW in the first 2 days of analysis, 2482 Da on day 1 and 2465 Da
on days 2. However, on day 5 it was detected a reduction of the MW 1100 Da from the value
of day 0, 1488 Da, which firstly dropped to 931 Da on day 6, then to 504 Da on day 7 (p-value
< 0.05). No further difference was observed from day 8 to day 30 where the MW showed a
range between 230-130 Da (p-value > 0.05). On the contrary, the polymer once dissolved at
pH7.4 presented a lower stability compared to the profile provided at pH5. For instance, from
2475 Da on day 0, the value of MW plummeted to 292 Da on day 1, as proof of the rapid
hydrolysis of G3 at this medium (p-value < 0.05). From day 2 to day 30 the MW was in the
average between 290-160 Da (p-value > 0.05). To better explain the hydrolysis via GPC, the
degradation of the polymer was studied also considering the charge of G3 and its modulation

in a period of 30 days.
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G3 charge hydrolysis
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Figure 3.37b: Impact of G3 hydrolysis on charge at pH5 and pH7.4. Mean £ SD (N=1, n=2).

Firstly, at pH5, the charge was measured on day 0, detecting a strong positivity provided by
the polymer, 31.0 + 0.8 mV; then with measurements carried out every 24 hours it was
observed that the charge after 2 days was correspondent to 23.1 + 0.16 mV dropping to 17.7
+0.51 mV on day 5 and to 8.08 + 0.76 on day 7. The positivity was consistently reduced on
day 10, when the charge was nearly to 0, 0.15 + 0.78 mV and the potential of the polymer
was definitely turned into negative from day 12, -2.6 + 1.21 mV. The negativity continued
increasing ending to -9.12 + 1.12 mV on day 30 (p-value < 0.05). On the other hand, at
physiological environment, the charge of G3 was equal to 29.3 + 0.7 mV and in this case the
positivity of the polymer was drastically decreased after the first 24 hours of analysis, 6.68 +
2.46 mV (p-value < 0.05). The potential was then changed into negative from day 2, -3.9 +
0.46 mV, reaching -16.78 + 0.32 on day 15 (p-value < 0.05), a value that was measured also
until day 30 (p-value > 0.05).

Comparing the profiles of the PBAEs belonging to the group G, it was observed that G2 and
G3 similarly hydrolysed with a difference between the two media: the degradation occurred
within few days at pH7 and in at least 10 days at pH5 (p-value > 0.05). On the contrary, G1
provided a slow hydrolysis for both media showing in particular a moderate degradation
along 9 days at pH7.4 (p-value < 0.05). Furthermore, similarities were detected among
polymers of groups F and G, especially for F1, F2, G1 and G2 (p-value > 0.05). To support this
evidence, the hydrolysis carried out considering the charge of the polymers highlighted the

gradual hydrolysis at pH5 and the quick degradation at pH7.4 except for G1 (p-value < 0.05).
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Overall, considering the all 18 PBAE, the group B, F and G were more stable and among the 3
amines, amine 1 and 2 provided a more gradual hydrolysis when employed as starting

material for the PBAEs synthesis.
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Discussion

Poly (B-amino) esters (PBAE) are a promising group of polymers originally developed in the
1970, then accurately investigated in the 2000 by Langer and Lynn who mainly focused their
research on gene delivery. These molecules are the results of conjugation between
diacrylates and primary or secondary amines via one-pot reaction. In fact, with Michael
addition there is no formation of side products that would require further purification steps
to be eradicated. The presence of tertiary amines on the backbone of PBAEs enhances their
buffer capacity for endolysosomal escape as well as they showed low toxicity and higher
biocompatibility if compared to other polycations such as poly-L-lysine (PLL) and poly-
(ethylenimine) (PEI) (Lynn and Langer, 2000). Moreover, these polymers are biodegradable
and pH-responsive as studied by Lee et al. that synthesised a library of PBAEs from secondary
amines and diacrylates esters observing that the pH sensitivity could be regulated by changing
the alkyl group of the diacrylates (Hwang et al., 2007). Besides their application as gene
vectors, PBAEs were recently used in biomedical areas as scaffolds for tissue engineering
(Safranski et al., 2014) and as delivery systems of active compounds (Keeney et al., 2013).

In this project, a library composed by 18 PBAEs was synthesised by mixing primary and
bis(secondary) amines to diacrylates and characterised by *HNMR and *CNMR, molecular
weights and surface charge by respectively Gel Permeation Chromatography (GPC) and zeta
potential. The reagents were chosen to guarantee chemical diversity including modulation of
both hydrophobicity and hydrophilicity (Anderson, Lynn and Langer, 2003). Polymerisation
of macromers occurred by a step-growth mechanism leading to linear homopolymer,
possessing only one repeated unit, including tertiary amines and ester bonds, and having the
molecular weight ranging between 1400-3000 g'mol? and strong positive charge in both
media sodium acetate pH5 and phosphate buffer pH7.4. The reaction was carried out
adopting dichloromethane (CH,Cl,) as organic anhydrous solvent, to moderate the hydrolytic
degradation during the synthesis (Cordeiro et al., 2019), and to obtain PBAEs with higher
molecular weight than those gained by using tetrahydrofuran (THF) (Lynn and Langer, 2000).
Furthermore, depending on the stoichiometric excess of starting materials, PBAEs can be
amino or acrylate ended but, for this thesis, the ratio was amine/diacrylate 1.1:1 based on
the study pursued by Akinc et al. where, among different polymers synthesised by changing
the stoichiometric ratios of amines/acrylates, only those amino-terminated provided a more

efficient transfection activity (Akinc et al., 2003).
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Polymeric characterisation

The synthesis of the 18 PBAEs was verified by NMR spectroscopy dissolving each polymer in
deuterated chloroform (CDCls) before pursuing the analysis. The success of the reaction was
represented by the absence of diacrylate protons on the *H NMR of all the crude products.
Hence, no peak appeared in the area between 5.8 ppm and 6.4 ppm as reported by Hwang et
al. (Hwang et al., 2007). A1 and A2 were synthesised as first polymers for this project and
their NMR identification was compared to the study pursued by Langer and Lynn. In fact, their
PBAEs profiles perfectly matched with those belonging to A1 and A2 and their work was
considered a good example for the development of the other PBAEs of our library. In
particular, to facilitate the interpretation of the *H NMR, the spectrum could be split into 5
parts: the first one corresponds to the protons of CH,O value for all the PBAEs shifted between
4-4.2 ppm; the second part belongs to the protons of CH2NH2R ranging between 3.76-2.8
ppm, then the following peak was representative of the protons of CH; bounded to the
carbonyl of the ester bond, with a shifted value between 2.90-2.56 ppm. The protons
belonging to the piperazine CH, were part of a multiplet peak with a chemical shift between
2.5-2.15 ppm and finally the hydrophobic group represented by the alkyl chains on the
diacrylate presented was shifted from 2.0 to 1.30 ppm. For A2 the peak area 1.8-1.6 ppm was
representative of the protons of the methylene group for the piperidine, whereas the protons
of the hydrophobic chain in the amine shifted to 1.5 ppm. Overall the PBAEs possessing
piperazine or 4,4 trimethylenpiperidine as amines showed a similar spectrum that was
comparable to the polymers synthesised by Lynn and Langer (Lynn and Langer, 2000). For this
project Six PBAEs were synthesised by conjugating N,N-Bis[3-
(methylamino)propyllmethylamine as amine 3 to six different diacrylates. The 'H NMR was
similar to what previously described, except for the peaks belonging the protons of the amine.
The multiplet ranging from 2.60 to 2.30 ppm corresponded to the protons of the methylene
groups of the amine and the methyl groups bounded to each nitrogen showed a chemical
shift between 1.70-1.60 ppm. For all the 18 polymers, the hydrophilic or hydrophobic nature
has been theoretically evaluated by calculating LogP (partition coefficient). It was observed
that, considering a range of values between -5 and +5, a polymer was more hydrophilic with
a LogP that was negative or close to 0, instead it was hydrophobic when LogP was between 0
and +5 or over +5. For instance, looking at the molecular structures of the 18 compounds,

PBAEs including amine 1 and 3 and conjugated to diacrylates with short alkyl chain such as A,
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D and E showed a LogP close to 0 or negative. On the other hand, PBAEs such as A2 or F2 or
possessing F or G as diacrylates had a LogP ranging between 2 and 5 evidencing a more
hydrophobic attitude. This was considered a first approach to support and highlight any

difference among the polymers in molecular structures and hydrolysis.

PBAE hydrolysis studies

In this project the MW was determined by Gel Permeation Chromatography (GPC) for all the
gained final products. Every PBAE was dissolved in two different media, pH5 and pH7.4, to
respectively reproduce acidosis and healthy conditions (Kim et al., 2013) and the molecular
weight (MW) as well as the charge of PBAEs were measured on day 0. The screening of the
PBAEs showed that our library is mainly composed by small molecules with MW ranging
between 1400-3000 g'mol?, polydispersity index (PDI) around 1.0-1.5, according to Akinc et
al. (Akinc et al., 2003), and charge between +10/+15mV as also reported by Lynn and Langer
(Lynn and Langer, 2000). A study of polymeric degradation was carried out for all the 18 PBAEs
considering a variable parameter both molecular weight MW and charge over a period of 30
days. It was observed that the polymers degraded via hydrolysis due to the cleavage of the
ester bonds in the polymer networks once immersed in buffers. In particular the hydrolysis
mainly occurred under physiological conditions due to the formation of small molecules
known as diol products (Anderson et al., 2006). In contrast, the hydrolysis slowly occurred at
pH5.1, whereas the polymers rapidly degraded if dissolved in buffers with pH values lower
than 3.0 and higher than 12.0, anticipating the production of bis-(B-amino acid) secondary
products, as demonstrated by Lynn and Langer (Lynn and Langer, 2000). Anderson et al.
synthesised a library of 120 acrylate terminated PBAEs by mixing primary and bis(secondary)
amines to excess of diacrylates. After the synthesis, they studied the degradation of the
polymers which consistently occurred under physiological conditions via hydrolysis of the
ester bonds to smaller by-products. With this study they evaluated the behaviour of every
PBAE considering their variation in the mass loss within a period of 24 hours and after 57 days
being dissolved in phosphate buffer pH7.4. In fact, it was observed that those polymers
showed a wide range of degradation behaviour with a mass loss of 100% for some networks
and a no significant mass loss detected for other PBAEs. In particular, it was observed that
the PBAEs providing complete degradation after 24 hours were composed by hydrophilic

amines whereas when hydrophobic amines were adopted in the PBAEs synthesis, the mass
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loss was definitely lower (Anderson et al., 2006). In this thesis, all the PBAEs hydrolytically
degraded once dissolved in both media, pH5 and pH7.4. It was confirmed, as previously
described by Anderson et al, that the degradation mainly occurred under physiological
conditions and comparing the 3 amines, piperazine (1), 4,4 trimethylenpiperidine (2) and N,N-
Bis[3-(methylamino)propyl]methylamine (3), the PBAEs composed by amine 2 degraded
more gradually than those gained by mixing amine 3 or amine 1 to diacrylates. This confirmed
what noticed with the evaluation of the chemical parameter Log P, the partition-coefficient
between to immiscible phases denoting either hydrophilicity or hydrophobicity for the 3
amines with the aid of SwissADME (Daina, Michielin and Zoete, 2017). In fact, it was observed
that amine 2 is hydrophobic with a LogP of 2.42, whereas amines 1 and 3 had a better
hydrophilicity, with values of LogP respectively correspondent to -0.29 and 0.85 (Daina,
Michielin and Zoete, 2017). Furthermore, the chemical versatility provided by the numerous
combinations of amines and diacrylates greatly influenced the polymer-degradation. To
prove that, firstly, they monitored the hydrolysis of PBAEs by the adopting in the synthesis
the same diacrylate, named A, and different amines, named as 1, 6, 7 and 9; then, as contrary,
they chose one amine (7) that was mixed to several diacrylates and examined the degradation
profiles of the resulting polymers. It was observed that the hydrolysis varied from one or two
weeks if PBAEs were composed by more hydrophilic macromers, to three months or more, In
case of more hydrophobic starting materials such as diacrylates A and E respectively
containing ethylene glycol units or a long aliphatic chain (Anderson et al., 2006), (Anderson,
Lynn and Langer, 2003). Considering as example what previously described, also for the 18
PBAEs reported in this chapter the hydrolysis was studied detecting the molecular weight
(MW) on day 0 and its modulation after 30 days. Additionally, in our case, the degradation
was evaluated comparing the polymer-behaviour under physiological and acidic conditions
with the aim of applying our library of PBAEs as networks to facilitate the drug delivery for
prophylaxis to treat bone infectious diseases. In the figure 3.38a, the hydrolysis of the all
PBAEs at pH5 was represented by three bar graphs where the polymers were split out in three
groups of six polycations gained by mixing the six diacrylates to the three different amines.
Overall, among the 3 amines, the amine 2 allowed a better control of the polymer degradation

if compared to the profiles of the other two amines, 1 and 3, due to its hydrophobicity.
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PBAE hydrolysis (amine 1 and 6 diacrylates) at pH5
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Figure 3.38a: Degradation at pH5 of PBAEs synthesised by mixing amine 1, 2 or 3 to the diacrylates
A,B,D,E ForG.

As contrary, the hydrophilicity of the piperazine (1) and the N,N-Bis[3-
(methylamino)propyl]lmethylamine (3) similarly provided a rapid degradation if added to the
diacrylates A, E and D. However, also the choice of the diacrylates influenced the degradation
of the polymer. For example, the comparison between B2 and A2 revealed that a longer alkyl
chain in the backbone enhanced the stability of the polycations in aqueous phase (Lenarcik
and Kierzkowska, 2010), (Hwang et al., 2007). In fact, it was observed that PBAEs composed

by diacrylate B, showed better affinity to dissolve in both buffers, pH5 and pH7.4; instead,
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those having A, 1,4 butanediol diacrylate, required longer dissolution time when dissolved in
PBS (Lynn and Langer, 2000). Thus, this could explain both, the higher pH sensitivity and the
gradual hydrolysis, typical of the PBAEs possessing B, 1,6 hexanediol diacrylate, as starting
material. However, although their poor solubility in buffers, especially in PBS, for the PBAEs
having F (bisphenol A ethoxylate diacrylate) and G (tri-cyclodecane dimethanol diacrylate) as

diacrylates, the hydrolysis moderately occurred, independently of the amine adopted in the

synthesis.

PBAE hydrolysis (amine 1 and 6 diacrylates) at pH7.4
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Figure 3.38b: Degradation at pH7.4 of PBAEs synthesised by mixing amine 1, 2 or 3 to the diacrylates
A,B,D,E ForG
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As widely discussed, all the PBAEs rapidly degraded under physiological conditions and as it
is shown by the figure 3.38b the degradation of the networks mainly occurred within 24 hours
or few days, except for G1. In fact, for this polymer the degradation required longer time,
almost 10 days, probably due to the hydrophobicity of the diacrylate G and a non-complete
dissolution in phosphate buffer which showed, as result, presence of solid particles in the
solution along the next days of the analysis. However, the rapid degradation of the PBAEs
could be due to the hydrolysis by water and by the secondary amines which act as nucleophilic
catalysts. In particular, a higher pH value, as in this case, allows to the free-protonation
amines to quickly degrade the polymer. Hence, the hydrolysis by its own amines seems to
better explain the degradation occurring within 1 or few days at pH7.4 as studied by Lim et
al. This group of researchers synthesised a poly (trans-4-hydroxy-L-proline ester) (PHP)
proving that the degradation of the polymer with pendant carboxylic groups occurred slower
than the one of a polyester with amines as pendant group. This was explained by the strong
nucleophilicity of the amines which can cause a rapid degradation of the polymer. (L et al.,

1999).

PBAE MW (Da C potential at pH5 | £ potential at pH7.4
Al 1395-1502 +14.3 + 0.95 mV +14.6 £ 0.51 mV
A2 1860-1876 +20.35 £ 0.94 mV +20.57 £1.26 mV
A3 1580-1640 +9.8 + 0.94 mV +9.57 £ 0.51 mV
B1 1883-2148 +19.53 £ 0.55 mV +17.97 £2.01 mV
B2 2558-2579 +19.07 £ 1.7 mV +19.17 £ 0.51 mV
B3 2260-2317 +15.1+ 0.85 mV +14.53 £ 0.12 mV
D1 1420-1440 +16.21+1.67 mV +15.46 £ 0.76 mV
D2 1820-1905 +19.23+1.15 mV +18.27+£1.21 mV
D3 1513-1517 +22.99 + 0.85 mV +22.53 £ 0.51 mV
El 1770-1778 +20.37 £1.92 mV +20.46 +2.34 mV
E2 2072-2376 +12.13 £0.25 mV +12.17 £ 0.41 mV
E3 1882-1913 +14.66 + 0.85 mV +12.8 + 0.51 mV
F1 2584-2801 +29.57£2.01 mV +29.9+1.97 mV
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F2 2749-2800 +20.7 £3.12 mV +21.2£0.4 mV

F3 3043-3080 +28.7 £0.85 mV +24.53 £0.53 mV
Gl 1990-2034 +36.16 £ 0.46 mV +38.06 £1.43 mV
G2 2260-2300 +27.57 £0.55 mV +22.17 £0.5 mV
G3 2474-2535 +31.1£0.8 mV +29.3 £0.46 mV

Table 3.2: Summary of molecular weight (MW), determined via GPC and  potential for the 18 PBAEs

To support the degradation studies performed for the PBAEs presented in this thesis,
measurements of C potential at both media, pH5 and pH7.4 were carried out and summarized
in the table above. All the 18 polymers possessed a positive charge ranging between +10 and
+36 mV, and a C potential of minimum +10 mV was necessary for PBAEs nanoparticles
transfection (Kim, Sunshine and Green, 2014). Moreover, it was found that there was no
significant incidence on the polymer positivity by modulating its molecular mass (Sunshine,
Peng and Green, 2012). However, in our case it was observed that the variation in the
potential was mainly caused by the amine adopted in the synthesis and its attitude to be
easily protonated by changes of the pH (Perni and Prokopovich, 2017b). Furthermore, in
some cases such as, for B1, B3, D1, D2, E3, F3, G2 and G3, it was detected a lower positive
charge at pH7.4, possibly due to a reduced number of protonated nitrogen and showing as
result a lower C potential (Perni and Prokopovich, 2017b), (Kim, Sunshine and Green, 2014).
Nevertheless, the degradation of PBAEs examined by considering { potential reinforced the
hydrolysis studied analysing the molecular weight (MW) and highlighted either differences
and analogies among the synthesised polymers. For example, with a strong positive charge
and a moderate hydrolysis, the groups B, F and G could be promising candidates for the early
stage of delivering drugs through the cytoplasm via electrostatic interactions for bone tissue
regeneration. This will be better discussed in the next chapter, where it is described the
application of the 18 PBAEs exploiting their positive charge to prolong the activity of an
antimicrobial or an antibiotic to provide prophylaxis to treat infections caused by bone

diseases.
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Conclusions

Poly(B-amino) esters refer to a class of polymers synthesised via step-growing mechanism by
mixing acrylates and primary or secondary amines to form tertiary amines and esters which
provided attractive properties to these molecules such as pH-responsiveness and
biodegradability. Furthermore, it is known that PBAEs are cationic polymers and that the ester
bonds of their backbone hydrolytically degrade which is one the major merit of these
networks. In fact, the hydrolysis of PBAEs was found to be interesting due to two main
reasons: firstly, the degradation leads to no toxic by-products, then, while these molecules
hydrolyse, there is an increase in the transfection efficiency. Hence, PBAEs have several
applications, especially for the drug delivery of genes, antimicrobials and anticancer drugs. In
this project, 18 degradable linear macromers were synthesised via Michael addition by
conjugating 3 amines, piperazine (1), 4,4 trimethylenpiperidine (2) or N,N-Bis[3-
(methylamino)propyl]lmethylamine (3) to 6 different diacrylates monomers, 1,4 butanediol
diacrylate (A), 1-6 hexanediol diacrylate (B), neo-pentyl glycol diacrylate (D), 1-3 butanediol
diacrylate (E), bisphenol A ethoxylate diacrylate (F) and tri-cyclodecane dimethanol diacrylate
(G). To form the 18 amino-terminated PBAEs, the reaction was carried out in dichloromethane
(CH2Cl) as molar ratio amine-diacrylates 1.1:1.0 and the combination of those monomers
was chosen to provide chemical diversity and for the commercially availability of the reagents.
The success of the synthesis lead to a 99% of yield and it was verified by characterisation of
the crude products by NMR spectroscopy, HNMR and 3CNMR, Gel Permeation
Chromatography (GPC) and T potential measurements. The NMR results proved the
disappearance of diacrylate protons during the synthesis that were generally visible in the
area between 5.8-6.4 ppm, plus the prevalence of methylene protons bonded to the amines.
The GPC allowed the evaluation of molecular weight MW ranging between 1300-3100 Da and
with polydispersity of 1.0-1.5. We assumed that those polymers were degraded via hydrolysis
by cleavage of the ester bonds in the networks when immersed in PBS. Thus, we investigated
the degradation of the PBAEs by dissolving them into two different media, sodium acetate
buffer pH5 and phosphate buffer pH7.4, to respectively reproduce, endosomal acidosis and
physiological conditions. The hydrolysis was determined by monitoring the variation of the
molecular weight MW, detected via GPC, over a period of 30 days and our polymers showed
a wide range of degradation behaviour. Overall, the hydrolysis at pH 7.4 mainly occurred

within 24 hours except for G1, for which it lasted 10 days. As contrary, the reduced availability
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of free-protonated nitrogen at pH5 controlled the degradation of the polymers occurring
within 10-15 days for PBAEs belonging to groups A, E, D, over 15 days for those of group B
and surprisingly over 20 days for the groups F and G. Simultaneously, those results were
supported by a parallel study of the charge modulation for the all 18 PBAEs. In the average, it
was observed that the charge initially ranging between +10 and +36 mV, was slowly inverted
into negative at pH5 whereas rapidly reversed at pH7.4 as well as verified for the degradation
by molecular weight MW. We attributed that to the chemical versatility of the monomers: for
instance, PBAEs formed by diacrylate with longer alkyl chain presented a lower degradation.
Thus, this was the case for B1, B2 and B3, having 2 more methylene groups in the backbone
of the diacrylate, which gradually hydrolysed at pH5 if compared to the PBAEs of A, D and E.
Additionally, a reduced degradation also occurred when a hydrophobic amine was
incorporated into the polymers such as the piperidine (amine 2): hence, we observed a better
stability for G2, F2 and B2 and a controlled hydrolysis at pH5 if compared to the degradation
behaviour of the other PBAEs. These results led to a better understanding of the role played
by the various combinations of amines and diacrylates, in the degradation behaviour of PBAEs
which could be controlled and addressed to specific applications. We expect that the
differences observed in the hydrolysis of these polymers could find application in tuning
encapsulated drug release kinetics to a target profile. For this reason, all the 18 PBAEs
described in this chapter were employed for the realisation of controlled release systems to

provide prophylaxis as treatment of infections caused by bone diseases.
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Chapter 4: Chlorhexidine and PBAE loaded on silica nanoparticles via Layer by
layer (LbL) coating

Introduction

The formation of biofilms occurring by colonisation of bacterial species on different surfaces,
could represent a serious drawback for implanted materials such as: bone cements for dental
and orthopaedical applications, catheters and sutures (Barcelé et al., 2016), (Tambunlertchai,
Srisang and Nasongkla, 2017), (Harnet et al., 2009), (Perni and Prokopovich, 2020a). Among
the strategies adopted to prevent this problem, a good option could be the surface
modification by coating with antimicrobial agents via self-assembly technique. Chlorhexidine
is a broad-spectrum compound acting against Gram positive and Gram negative, which is
widely used to treat dental (Maugeri and Scientifico, 2016), and orthopaedic infections
(George, Klika and Higuera, 2017), (MaclLean et al., 2019). The structure of the antimicrobial
agent includes guanidium groups which, due to their ability to bind bacteria cell membranes,
lead to the cell function disruption (Lim and Kam, 2008), (Milstone, Passaretti and Perl, 2008).
However, the lack of drug long-term effect can cause repetitive infections and failure of the
implant (Smith et al., 2018b), (Luo et al., 2016), (Harnet et al., 2009). Thus, an alternative
strategy to provide prophylaxis to treat early and delayed onset infections is required. For
instance, the development of drug delivery systems which are able to enhance the release of
chlorhexidine could be helpful in reducing the incidence of infections (Perni and Prokopovich,
2020a). The self-assembly technique applied is the layer by layer (LbL) coating, where
opposite charged compounds are alternatively loaded on the substrate via electrostatic
interactions (Gentile et al., 2015). Therefore, the LbL is considered a successful method to
design carriers with high drug content, improving the its solubility and kinetics of release
(Jenjob, Phakkeeree and Crespy, 2020), (Schneider and Decher, 2008), (Wood et al., 2005),
(Luo et al., 2016), (Gong et al., 2007).

The aim of this chapter is to report the encapsulation of the small molecule chlorhexidine
diacetate salt hydrate, via LbL method, onto spherical silica particles, to achieve sustained
drug release. To build up multilayers alternatively non-hydrolysable polymer alginate,
negatively charged, and hydrolysable poly (B-amino) esters (PBAEs), positively charged, were

also embedded onto the nanocarrier surface via electrostatic interactions. More specifically,
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18 pH-responsive drug delivery systems were fabricated using 18 different PBAEs whose
synthesis and characterisation were described in chapter 3. The drug release rate was
dependent on the polymer degradation, which was relying on the structure of the various
monomers chosen for the PBAEs synthesis. However, the release of the cargo was also
influenced by other factors such as: drug diffusion through the multilayers, the size of the
nanocarrier and the pH environment. To prove that the antimicrobial agent release was
higher and controlled when PBAEs were embedded onto the drug delivery systems, a bilayer
coating was developed, as control system, including only the polymer alginate and the
chlorhexidine. In this case, the release was rapid but lasting 25 days, whereas it was longer
and controlled, occurring between 2-3 months, when a PBAE was employed in the

nanoparticle formulations.

Therefore, in this chapter it was demonstrated that particles possessing PBAEs could be highly
efficient carrier coatings. This strategy could represent a promising approach to overcome
the disadvantages of the current drug delivery systems such as drug load capability, stability

and drug release efficiency.

Materials and methods

Chemicals
All the reagents required for this project are described in the section 2.1 of chapter 2. The
buffer solutions were prepared as follows: 100 mL of sodium acetate pH5 were composed by
70% sodium acetate trihydrate (0.1M) and 30% acetic acid (0.1M) instead for 100 mL of the
same solution at pH4 the ratio was 82% of acetic acid and 18% sodium acetate trihydrate.
Phosphate buffer solution was gained by dissolving 1 tablet of PBS in 100 mL of deionised

water.

Nanoparticles preparation

For each delivery system, 500 mg of silica nanoparticles (AFSi-NPs) were synthesised and
amino-functionalised with the Stéber method, which was accurately described in the section

2.2 of chapter 2. The one-pot synthesis occurred via hydrolysis of tetraethyl orthosilicate

153



(TEOS) in reverse micro-emulsion followed by amino-functionalisation with 3(amino propyl)

triethoxysilane (APTS).

Synthesis of Poly (B amino) esters (PBAEs)

Each polymer was gained by Michael addition of a secondary amine to a diacrylate in a ratio
1.1:1, dissolved in DCM in a glass tube and kept stirring for 48 hours in oil bath. Every crude
product was recovered by 3 washing steps with diethyl ether followed by centrifugation to
remove the excess of starting materials. The list of PBAEs and their monomers are reported

in the section 2.3 of the chapter 2.
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Scheme 3.2: General PBAE reaction

Layer by layer self-assembly

The fabrication of thin multilayers nanocoating systems was determined by alternative
deposition of opposite charged polyelectrolytes and the drug on the surface of AFSi-NPs via

electrostatic interactions (figure 4.1).

Chlorhexidine

.

PBAE

Silica nanoparticles
amino-functionalised

Formation of multilayered Layer by layer assembly of
spherical structure polyelectrolytes and CHX on AFS-NPs

Figure 4.1: Layer by layer deposition
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Firstly, only alginate and chlorhexidine were coated producing a drug delivery system of 10
bilayers (table 4.1). The self-assembly was performed in acidic conditions dissolving each
polyelectrolyte and the drug in sodium acetate pH5 to reproduce infectious environment. The
concentrations used for the LbL were as follows: 2mg/mL of alginate and 10mg/mL of

chlorhexidine diacetate.

Bilayer matrix: Alg-CHX

Quadruple layer no. Abbreviation Layers on the surface of AFSi-NPs
1 B1 AFSi-NPs-alginate-chlorhexidine
2 B2 AFSi-NPs-B1-alginate-chlorhexidine
3 B3 AFSi-NPs-B2-alginate-chlorhexidine
4 B4 AFSi-NPs-B3-alginate-chlorhexidine
5 B5 AFSi-NPs-B4-alginate-chlorhexidine
6 B6 AFSi-NPs-B5-alginate-chlorhexidine
7 B7 AFSi-NPs-B6-alginate-chlorhexidine
8 B8 AFSi-NPs-B7-alginate-chlorhexidine
9 B9 AFSi-NPs-B8-alginate-chlorhexidine
10 B10 AFSi-NPs-B9-alginate-chlorhexidine

Table 4.1: LbL matrix of deposited alginate and CHX layers on AFSi-NPs

Then, 18 nanocoatings were developed including alginate/chlorhexidine/alginate/PBAE up to
ten quadruple layers, embedding a different polymer in each system. In this case, 2mg/mL of
PBAE were coated onto AFS-NPs, whereas the concentrations for alginate and antimicrobial
agent were the same applied for the bilayer delivery system. A general example of matrix
including ten quadruple layers is reproduced by the table 4.2, but the detailed description of

all systems designed in this project are reported in the section 2.4.1.1 of the chapter 2.
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Quadruple layers matrix: Alg-CHX-Alg-PBAE

Quadruple layer no. Abbreviation Layers on the surface of AFSi-NPs

1 Q1 AFSi-NPs-alginate-chlorhexidine-alginate-PBAE

2 Q2 AFSi-NPs-Q1-alginate-chlorhexidine-alginate-PBAE
3 Q3 AFSi-NPs-Q2-alginate-chlorhexidine-alginate-PBAE
4 Q4 AFSi-NPs-Q3-alginate-chlorhexidine-alginate-PBAE
5 Q5 AFSi-NPs-Q4-alginate-chlorhexidine-alginate-PBAE
6 Q6 AFSi-NPs-Q5-alginate-chlorhexidine-alginate-PBAE
7 Q7 AFSi-NPs-Q6-alginate-chlorhexidine-alginate-PBAE
8 Q8 AFSi-NPs-Q7-alginate-chlorhexidine-alginate-PBAE
9 Q9 AFSi-NPs-Q8-alginate-chlorhexidine-alginate-PBAE
10 Q10 AFSi-NPs-Q9-alginate-chlorhexidine-alginate-PBAE

Table 4.2: LbL matrix of deposited CHX and PBAE layers on AFSi-NPs

Nanoparticles surface characterisation

Size measurements: TEM and DLS

The size of the nanoparticles was evaluated before and after the multilayer deposition, via
transmission electron microscopy (TEM) on a JEOL JEM-2100 operating at 200 kV. However,
the determination of size by dynamic light scattering (DLS) was carried out only for the amino-
functionalised nanoparticles due to a partial dissolution of the nanocarrier in the buffer
solution after the LbL self-assembly. The parameters required for the measurements are

accurately described in the section 2.5.1 of the chapter 2.

Zeta potential measurements

For all the 18 nano-delivery systems and the bilayer nanoconstruct, the zeta potential was
measured to detect the modulation of the charge of each polyelectrolyte and the drug once
embedded onto the surface of the nanocarrier. The measurements occurred for all the 40
layers, composing the ten quadruple layers, by dissolving the particulate in 1 mL of sodium
acetate pH5. Therefore, the electrophoretic mobility for the non-coated and coated

nanoparticles was measured via dynamic light scattering (DLS) on Malvern ZetaSizer. The
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conditions adopted for the measurements are listed in the section 2.5.2 of chapter 2. All data

were expressed as mean * standard deviation (SD) for at least 3 measurements.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis was carried out for the nanoparticles of bilayer and quadruple
layers coatings by using Perkin-Elmer TGA 4000 instrument with the aim of measuring the
weight loss as function of time once more layered were coated onto the nanocarrier surface.
For all the matrices, the layers 1, 3, 5, 7 and 10 were object of analysis. Further information
about the parameters of the experiment are reported in the section 2.5.3 of chapter 2. All
data were expressed as mean =+ standard deviation (SD) for at least 2 measurements per

sample.

Chlorhexidine release quantification

The chlorhexidine release was evaluated treating the nanoparticles (10mg) after layer by layer
deposition with ImL sodium acetate buffer pH5 and 1mL PBS in separate eppendorfs to
respectively reproduce infectious and physiological environments. Only the last quadruple
Q10 or bilayer B10 were object of the analysis due to a higher drug loading. The samples were
kept in the incubator at 37°C and every 24 h for each one the medium was withdrawn and
replaced with 1mL of fresh buffer. The quantification was determined by measuring the
absorbance of the release media via High Performance Liquid Chromatography (HPLC) and
the optimised method is described in section 2.5.4 of chapter 2. All data were expressed as

mean + standard deviation (SD) of 3 replicates per sample.
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Results

Nanoparticles surface characterization

Size measurements

The hydrodynamic size of silica nanoparticles amino-functionalized via dynamic light
scattering (DLS) was determined through Malvern ZetaSizer by dispersing 1mg of the sample

in 1mL of sodium acetate buffer pH5.

The size (nm) distribution measured via DLS and expressed as function of number of particles
(percentage) correspondent to 55 + 7.21 nm with 0.3 as polydispersity index and TEM images
reported in the figure 4.1 confirmed the spherical monodisperse shape of the nanocarrier (Al

Thaher et al., 2018a), (Min, Braatz and Hammond, 2014).

SiNH2 Size distribution

SiNH2-1 =——S5iNH2-2 SiNHZ-3

Numbers Percentage

0 20 40 60 80 100 120 140 160

Size (nm)

Figure 4.2: Size measurements for silica amino-functionalized nanoparticles. Mean + SD (N=1, n=3).

{ potential measurements

Bilayer: Alg-CHX

First of all, the development of a nano delivery system composed by only sodium alginate and
chlorhexidine was formed. The polyelectrolyte and the drug were alternatively coated via LbL
as bilayer onto the surface of the nanocarriers for 10 times to form a system including overall

20 layers.
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Figure 4.3: { potential for the coating system SI-NH,NPs-Alg-CHX. Mean + SD (N=1, n=3).

The potential detected for the nanoparticles alone was positive corresponding to 17.1 + 3.12
mV and it was reversed once the sodium alginate was layered onto their surface, -13.7 + 1.15
mV. The charge was inverted again with the coating of the drug showing a positive value of
13.4 £+ 0.55 mV as reported in the figure 4.3 below (1-3 layers).

Overall it was observed that the positivity of the CHX was inverted by the strong negativity of
the sodium alginate. For instance, the initial positive charge was half decreased on B2, 8.18 +
0.20 mV, and it was stable on B3, B4 and B5 showing a potential nearby 0, 0.55 £ 0.84 mV.
Then, on B6, the charge plummeted to -12.04 + 2.46 mV and the negativity kept increasing
until B10, -19.33 + 1.53 mV. At first glance, the typical zig-zag pathway proved the success of
the multilayer formation by alternatively coating negative and positive polyelectrolytes.
However, the potential of the chlorhexidine was positive until B5 and it was switched from
B6 by the strong negativity of the alginate. Therefore, the employment in the matrices of the
PBAEs was carried in this project with the aim of improving the drug loading efficiency and

managing the strong negativity of the alginate.

Al

Zeta potential measurements were conducted for the amino-functionalized silica

nanoparticles followed by each layer deposition characterisation for the all 18 delivery
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systems developed along this project. The LbL technique has been used to build up to ten
guadruple layers (Q1-Q10) for a total of 40 layers and the systems possessing as PBAEs Al,

A2 and A3 were our first object of analysis.

Regarding the nanosystem CHX-A1, as it is shown in the figure 4.4, for the first quadruple
layers a zig-zag pathway provides alternatively a positive and negative charge typical of the
layer by layer technique. Then the profile shifted into the negative area due to the weak
positive charge of Al.

The first quadruple layer (1-5 layers) included: silica nanoparticles amino-functionalized,
sodium alginate, chlorhexidine, sodium alginate, Al. The value of the silica nanoparticles
amino-functionalized was equal to 26.96 +0.92 mV. Once the sodium alginate has been
layered the charge of the system dropped to a negative value of -26.63 + 1.19 mV; after the
addition of the chlorhexidine the value of the construct became positive, 27 #1.1 mV. Then,
the subsequent layer with alginate again exhibited a negative charge, -25.4 + 0.56 mV, which
became positive with the layer of the polycation Al that has weak positive potential equal to

8.8+1.4mV.
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Figure 4.4: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-A1. Mean + SD (N=1, n=3).
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The potential of CHX was reduced to 17.1 £ 0.3 mV on Q2 and became negative from Q3, -
6.23 £ 0.8 mV, showing a strong negativity once all the 40 layers were embedded onto the
system, -19.07 + 0.6 mV. Differently, the weak positive charge of A1 was easily turned into
negative already on Q2, -7.16 0.74 mV, and also in this case it was greatly influenced by the
negativity of the sodium alginate. Thus, the potential of the polymer on Q10 was

correspondent to -25.2 £ 1.3 mV.

A2
Zeta potential measurements were detected also for the second sequence which included
the same drug, chlorhexidine, but a different polycation. In this case, A2 polymer was

employed instead of Al.

Compared to Al, the measurements of all the components of this sequence were as
following. The silica nanoparticles amino-functionalized showed a potential that was similar
to the previous sequence, due to the amino groups added with the Stober method (26.7 +1.06
mV); layering the sodium solution reversed negatively the potential of the Si-NH2NPs showing
avalue equal to-21.1 + 3.4 mV. The chlorhexidine in both the sequences provided in the first
quadruple layer (layers 1-5 in the figure 4.5) a strong positive charge, 27 + 0.99 mV, that was
decreased by the addition of the sodium alginate which reduced again the potential to -36.5
+4.05 mV. Finally, the coating of the polycation A2, increased the potential, as described for

A1l before, showing a value of 10.2 + 0.36 mV.
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Figure 4.5: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-A2. Mean % SD (N=1, n=3).

It was evident that, the charge of both the polycations Al and A2 is less strong than the
potential provided by the sodium alginate which influenced all the components of the layer
by layer due to its strong negativity. For this nanoconstruct it was observed an initial gradual
reduction of the positivity detected for the encapsulated drug starting from Q2, 19.8 + 0.2
mV, to Q4, 13.5 £ 0.64 mV. Then, the potential dropped becoming negative on Q5, -7.99 +
3.23 mV, presenting a growing negativity ended to -16.96 + 2.74 mV on Q10. As contrary,
firstly, the positivity of A2 slowly decreased to 7.71 £ 0.62 mV on Q3; then, on Q4 the detected
charge was slightly negative, -1.41 + 0.36 mV, followed by an increasing negativity from Q5, -

7.52 £ 1.19 mV, and reaching a value of -15.4 + 1.41 mV on Q10.

A3
A3 was the last polymer of the group A that was adopted for the encapsulation of
chlorhexidine on the amino-functionalised silica nanoparticles. Comparing thelpotential
measurements of this construct to those provided by CHX-A1 and CHX-A2 it was observed a

higher stability of A3 that contributed to maintain the positivity of the drug until the 5t

quadruple layer (figure 4.6).
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Starting from 21.63 + 0.5 mV after amino-functionalisation of the nanoparticles, the potential
was inverted into negative, -19.7 £ 2.66 mV with the coating of sodium alginate, then
becoming positive again after addition of CHX to the system, 33.43 + 1.19. Afterwards, the
charge was again reversed by the alginate, -26.97 + 0.75 mV and to complete the first

qguadruple layer it went back to positive by the polymer A3, 23.33 + 3.2 mV.
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Figure 4.6: { potential for the coating system SI-NH;NPs-Alg-CHX-Alg-A3. Mean £ SD (N=1, n=3).

Overall, the zig-zag pathway initially presented a wide range of alternative negative and
positive charge for the first 5 quadruple layers (Q1-Q5), then it became stable and negative
from Q6 to Q10. For instance, considering only CHX and A3, it was observed that the positivity
of the antimicrobial agent gradually decreased reaching 5.34 + 0.51 mV with the 4™ quadruple
layer (Q4) and 0.23 = 3.44 mV after Q5 was completed. From Q6 to Q10 its negativity
moderately increased ending to -17.45 + 1.4 mV after 9 quadruple layers were coated on silica
nanoparticles. The PBAE A3 provided a good stability to the system and its positivity which
was over 20mV on Q1, dropped to 4.04 £ 1.48 mV on Q5. Its negativity considerably increased

from Q6, -8.15 + 0.6 mV, to Q10 showing a potential of -14.07 £ 1.75 mV.
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Bl

B1, B2, and B3, were also applied for the coating of the CHX cargo on silica nanoparticles.
Initially, for the nanoconstruct CHX-B1, the charge detected for the nanocarriers alone was
highly positive, 35.7 £ 1.2 mV, then it turned into negative after the employment of sodium
alginate, -27.13 £ 2.45 mV. For Q1, the CHX provided a potential of 33.06 £ 1.65 mV, which
was inverted with the addition of sodium alginate, -27.13 + 0.81 mV, and became again

positive by adding B1, 31.6 + 1.66 mV (figure 4.7).
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Figure 4.7: T potential for the coating system SI-NH;NPs-Alg-CHX-Alg-B1. Mean + SD (N=1, n=3).

The positivity of the CHX gradually reduced on Q2, 26.57 + 1.24 mV, and Q3 17.7 £ 0.3 mV,
where it plummeted into negative from Q4, -8.77 = 0.5 mV, showing a strong negativity on
Q10, -18.99 + 1.59 mV. On the other hand, the initial strong positivity of B1 on Q1 was half-
reduced once the second quadruple layer was completed with a potential equal to 15.0+ 1.46
mV. In this case the charge of B1 was already reversed on Q3, -8.77 £ 0.5 mV, and the
negativity kept increasing reaching -19.1 + 1.93 mV once all the ten quadruple layers were

coated on the silica carriers.
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B2

A zig-zag profiles was also developed for the drug delivery system which involved CHX and B2
as PBAE as reported in the figure 4.8. Comparing this profile to the one of the nanoconstruct
CHX-B1, it was observed a better distribution of an alternative positive and negative charge
from Q1 up to Q9 possibly due to an improved stability of the system provided by the

adoption of B2 as PBAE.

For Q1, the potential was initially positive due to the positivity of the added amino groups on
the silica nanoparticles, 37.47 + 0.42 mV and becoming negative once sodium alginate was
added on the surface of the nanocarriers, -27.63 + 0.32 mV. The charge provided by the
encapsulated cargo was positive, as observed before, 33.06 + 0.81 mV; it dropped into
negative with the addition for the second time of the sodium alginate, -27.13 + 1.66 mV, and

finally it increased with the coating of B2 onto the system, 29.77 + 0.55 mV.
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Figure 4.8: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-B2. Mean + SD (N=1, n=3).

In this case, the charge of both CHX and B2 remained positive until Q9 showing a slight
decrease of the positivity once each new quadruple layer was employed on the surface of the
nanoparticles. For instance, for the CHX the potential was half reduced on Q3, 14.17 £ 0.6

mV, it was around 2.0 mV from Q5 to Q8 and it was reversed only on Q10 reaching -7.51
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1.35 mV. As contrary, the initial strong positivity charge of B2, plummeted to 4.01 £ 0.07 mV
on Q3, remaining nearby 2.0-0.5 mV from Q4 to Q9 and becoming negative on Q10 showing

a potential equalto -7.0 + 0.86 mV.

B3

To complete the polymers belonging to the group B, also B3 was chosen as polycation for the

encapsulation of the chlorhexidine.
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Figure 4.9: T potential for the coating system SI-NH;NPs-Alg-CHX-Alg-B3. Mean + SD (N=1, n=3).

Starting from the positive charge of the amino-functionalised silica nanoparticles, 21.63 + 0.5
mV, the potential was reversed with the sodium alginate, -27.17 £ 1.28 mV, then it was
positive with the CHX encapsulation, 24.6 £ 1.04 mV. The sodium alginate inverted the
positivity, -26.83 £ 0.72 mV, which rose again with B3, 12.8 + 0.95 mV. As evidenced in the
figure 4.9, the potential of the CHX significantly changed from Q2, 17.6 + 0.57 mV, to Q3, -
2.66 £ 0.92 mV. The negativity slightly increased ending up to -9.96 + 1.46 mV on Q10.
Furthermore, the potential of B2 was modified between Q2 and Q3, showing a positive charge
in the first case, 9.34 £ 0.79, which was turned into negative on Q3, -4.95 + 0.3 mV and ranging

between -3.35 + 0.61 to -7.09 + 2.38 mV until Q10.
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Overall, between A and B polymers, the profiles provided by the PBAEs of the group B,
enhanced the stability of the nanoconstructs in which the polymers were employed, probably
due to a more hydrophobic diacrylate adopted as starting material for their synthesis. In
particular, among B1, B2 and B3, it was observed that B2 allowed a better zig-zag pathway
maintaining its positivity for at least eight quadruple layers. However, although the high
positive charge of B1 detected on Q1, the potential of the polymer easily changed with a

considerable increase of its negativity after the all 40 layers were embedded onto the system.

D1
Zeta potential measurements were pursued also for the nanoconstructs CHX-D1, CHX-D2, and
CHX-D3. At first, the potential of the surface of silica nanoparticles previously amino-
functionalized was measured, displaying a positive value equal to 33.3 £1.04 mV. Then, in the

first quadruple layer (1-5 layers of the figure 4.10), once the sodium alginate was coated onto

the nanocarrier surface, the potential dropped to -26.5 + 2.61 mV.
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Figure 4.10: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-D1. Mean + SD (N=1, n=3).

After layering the antimicrobial agent, the potential rose up to 27.5 £ 2.02 mV and it

decreased again to -30.2 £1.46 after the addition of the sodium alginate for the second time.
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The polymer D1 was layered in order to complete the first quadruple layer, providing a

positive charge, 13.5 £3.3 mV, after being coated.

The drug was stable, considering its positivity, for the next two quadruple layers, Q2, showing
a charge equal to 22.9 + 0.52 mV, and Q3, 5.9 + 2.75 mV, whereas from Q4, the potential
plummeted into negative, -5.93 + 3.22 mV. As previously evaluated, the negativity
consistently kept increasing reaching -24.4 + 0.81 mV on Q10. In the case of the polymer D1,
a similar behaviour was observed. For instance, the positive charge was detected for Q2, and

it dropped to -4.19 + 2.61 on Q3 rising up to -24.2 + 1.84 mV once Q10 was completed.

D2

The measurements were carried out also for the system involving the polycation D2 instead
of D1. For the first quadruple layer, as it is shown in 1-5 layers in the figure 4.11, the sodium
alginate reversed negatively the potential of the surface of the silica nanoparticles, from 32.7

+0.40 mV to -25.9 +1.65 m.
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Figure 4.11: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-D2. Mean + SD (N=1, n=3).
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The addition of the chlorhexidine inversed the potential into a positive corresponding to 27.3
1+1.53 mV, then the alginate turned again the charge into negative, -28.5 +1.97 mV, followed
by the PBAE D2 which reverted the potential to 4.82 £0.81 mV.

The zig-zag pathway was representative of the build-up system including CHX and the
polycation D2. Considering the potential for the encapsulated drug, it was significantly
reduced from Q2, with a value of -9.6 + 1.9 mV, followed by a constant increase of its
negativity which reached -30.0 £ 1.27 mV on Q10. On the other hand, it was observed that
the charge of the polymer was lower than the one provided by D1. Indeed, it was easily
reversed from Q2, -6.34 + 1.42 mV, greatly influencing the positivity of the chlorhexidine as
described above. The negativity of the polymer was double risen on Q3, -13.4 + 1.70 mV,
becoming stronger once each quadruple layer was added to the system and ending to -29.1

+1.97 mVon Q10.

D3

The delivery system possessing D3 as positive network was also object of { potential analysis.
The first 5 layers were representative of Q1 as followed: the initial positive charge, 21.63 *
0.5 mV, of the amino-functionalised carriers changed once the sodium alginate was added for
the first time, -23.37 £ 1.28 mV; then it went back to positive after the employment of the
antimicrobial agent, 24.6 £ 1.04 mV. Furthermore, there was a decrease of the positivity with
the addition of sodium alginate for the second time, -26.83 + 0.72 mV, that rose again by
embedding D3 onto the system, 11.33 £ 0.95 mV.

In this case, it was observed a better stability of the system where the positivity of D3 was
reduced nearly to 0, without reaching negative values once the all 40 layers were embedded
on the nanoparticles surface. In fact, the potential of the PBAE dropped to 7.0 £ 0.79 mV, on
Q2 remaining slightly positive until Q10 where the charge was equal to 0.15 + 0.61 mV.
However, the initial strong positivity of the CHX was mainly reduced on Q2, 3.53 £ 0.57 mV,
similarly to the value detected on the following quadruple layers, Q3, Q4 and Q5, whereas it
plummeted becoming negative from Q6, -2.81 + 0.52 mV, to Q10, -4.26 + 1.46 mV (figure
4.12).
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Figure 4.12: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-D3. Mean % SD (N=1, n=3).

Considering the zig-zag pathways provided by the measurements of the systems involving the
3 PBAEs of the group D, it was clear that D3>D1>D2. Hence, D3 enhanced the stability of its
nanoconstruct whereas D2 was definitely influenced by the strong negativity of the sodium
alginate. As results of that, the profile CHX-D3 provided an improved distribution between
positive and negative charge among all the components employed onto the system, but the
profile CHX-D2 showed a consistent drop of the positivity of both drug and polymer once each

new quadruple layer was added on the surface of the nanoparticles.

E1
The PBAEs of the group E were also chosen as polycation to be coated onto drug delivery
system for the encapsulation of the chlorhexidine. Analysing CHX-E1, starting from 23.7 £0.65
mV correspondent to the potential of the silica amino-functionalized nanoparticles, the
charge dropped to -31.4 £ 1.13 mV once a layer of sodium alginate was coated onto the
system. As previously described, the potential value became positive, 11.06 £1.19, due to the
chlorhexidine and it was reversed into negative, -32.7 £0.38, once the alginate was embedded

for the second time. Finally, the addition of the polycation E1 reduced the negativity of the

alginate with a potential of 9.78 £1.28 mV, as reported in 1-5 layers in the figure 4.13.

170



Zeta potential CHX-E1
Si-Nsl-(I)ZNPs

20

CHX g,
10

0

20 ”” i '
Alg ¥ Ajg Alg Al Alg Al
Alg Alg || Alg A8 Alg Alg
|gA Alg g Alg
-50

0 5 10 15 20 25 30 35 40
Layers Number

Zeta potential (mV)
5

-40

Figure 4.13: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-E1. Mean + SD (N=1, n=3).

Overall, the positivity of both chlorhexidine and E1 was reduced once a new quadruple layer
was layered on the silica nanoparticles surface. In particular, the charge of the drug was easily
turned into negative already from Q2, -1.63 £ 2.58 mV, and the negativity kept increasing,
reaching -9.06 = 0.57 mV on Q10. In the case of polymer, instead, it remained positive on Q2,
3.73£1.97 mV,and Q3, 1.8 £ 2.36 mV, whereas it dropped to -5.97 £ 3.12 mV on Q5 showing

a constant rise of its negativity ended up to -9.06 = 0.57 mV on Q10.

E2
The results related to the nanotechnology system including E2 produced a pathway
comparable to the one of E1 (figure 4.14). As reported for the zeta profile of E1, the potential
of the silica nanoparticles was positive, 23.7 £ 0.65 mV, due to the amino groups added with
the Stober method. Then, in the first quadruple layer (1-5 layers), the sodium alginate
inverted the potential that became negative, -30.3 £2.79 mV, then positive after layering
chlorhexidine, 25.03 £0.96 mV. Moreover, it changed in negative again due to the alginate
that was added for the second time showing a value equal to -31.8 + 1-15 mV. To complete

the first quadruple layer, in this sequence the PBAE E2 was coated instead of E1, reducing the

negativity of the sodium alginate to 11.7 £ 0.5 mV.
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Figure 4.14: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-E2. Mean + SD (N=1, n=3).

Considering the charge stability of the antimicrobial agent, it was observed a reduction of the
its positivity from Q2, 5.84 £ 0.88 mV, to Q3, -2.7 + 3.96 mV. Furthermore, there was a sharp
increase of the negativity from Q6, -6.28 £ 0.98 mV, to Q10, -14.5 £ 1.52 mV. As contrary, the
polymer was positive on Q2, 8.15 £ 0.46 mV, similarly to what detected for the chlorhexidine,
but it was inverted on Q3, -2.16 = 2.33 mV and it became strongly negative on Q10 showing

a potential of -21.67 £0.23 mV.

E3
The PBAE E3 was also applied for the improvement of the chlorhexidine delivery from the
silica nanocarriers and its profile was compared to those gained by CHX-E1 and CHX-E2. The
initial positivity was due to the silica nanoparticles, 21.63 £ 0.5 mV and it changed with the
sodium alginate layer, -27.17 £ 1.44 mV. However, as previously reported, the chlorhexidine
embedding contributed to reverse into positive the potential, 24.6 = 1.0 mV, firstly, inverted

again with the sodium alginate added for the second time, -26.83 + 1.25 mV, then returning

positive due to the polymer E3, 12.8 + 0.61 mV, as shown in the layers 1-5 of the figure 4.15.

The positive charge of the chlorhexidine was reduced to 17.6 £ 0.57 mV on Q2 and shifted to

-2.66 £ 0.5 mV on Q3. Once a new quadruple layer was embedded onto the carrier surface, a
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growing negativity was detected showing a charge equal to -9.96 £ 0.85 on Q10. On the other
hand, the reduction of the positivity for E3 was similar to what identified for the cargo:
indeed, after a gradual decrease on Q2, 9.34 £ 0.61 mV, the potential of the polymer was
greatly influenced by the strong negativity if the sodium alginate, reaching -13.35 £ 4.54 mV
on Q10.
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Figure 4.15: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-E3. Mean £ SD (N=1, n=3).

Overall, it was observed that the PBAEs of the group E possessed a weak positivity that was
easily turned into negative once more sodium alginate was layered onto the system. Thus,
the zig-zag profiles of the 3 polycations are representative of the poor stability provided by
the polymers to the drug delivery systems. Hence, no significant differences were noticed
among CHX-E1, CHX-E2, and CHX-E3: the positivity of each polymer was mainly reduced
within the first 2 or 3 quadruple layers coated on the nanoparticles surface and the reason
could be related to the short aliphatic and hydrophilic chain typical of 1, 3 butanediol

diacrylate (E) adopted for the synthesis of E1, E2 and E3.

F1

The polymers of the group F were applied for the development of CHX-F1, CHX-F2 and CHX-

F3 by LbL as heretofore described for the other PBAEs. In the first nanocoating system
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polyelectrolytes and the chlorhexidine were layered as followed onto the surface of amino-
functionalized silica nanoparticles: sodium alginate, chlorhexidine, sodium alginate, F1.
Starting from a strong positive charge, 17.37 + 0.5 mV, the potential was inverted into
negative and corresponding to -29.9 + 2.19 mV. Subsequently, the chlorhexidine provided a
positive charge equal to 29.37 + 0.85 mV; then the potential was inverted firstly by the layer
of the sodium alginate, -28.83 + 2.75, then by the addition of the polycation F1, 19.27 + 0.72
mV (1-5 layers in the figure 4.16).
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Figure 4.16: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-F1. Mean + SD (N=1, n=3).

In the second quadruple layer both chlorhexidine and F1 remained positive respectively
showing, 8.41 £ 1.51 mV and 7.1 £ 2.26 mV. Furthermore, the potential of the encapsulated
drug was reverted from Q4, -8.9 = 2.21 mV and it kept increasing ending to -14.57 £ 3.89 mV
on Q10. As contrary, although the polymer presented an initial strong positive charge, its
potential was quickly turned into negative, starting from -9.53 £0.29 mVto-17.43+2.77 mV

once the all 40 layers were coated onto the system.

F2

The nanotechnology system presented in the figure 4.17 involves as followed: silica

nanoparticles amino-functionalized, sodium alginate, chlorhexidine, sodium alginate and the
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polycation F2. To sum up, in the first quadruple layer (1-5 layers), the initial positive charge
equal to 17.07 £ 3.12 mV, was inverted by the sodium alginate to -27.6 £ 0.62 mV, becoming
positive again once the chlorhexidine was added onto the system, 25.87 + 0.87 mV.
Moreover, as described before, the layer of the sodium alginate reversed negatively the
charge to -26.6 + 0.55 mV, as well as the polycation F2 converted in positive the potential,

19.13 +1.42 mV.
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Figure 4.17: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-F2. Mean + SD (N=1, n=3).

The zig-zag pathway shows the improved stability provided by adopting the polymer F2 to
this nanoconstruct. For instance, it was observed that the positivity of the encapsulated drug
dropped to 11.53 £ 1.77 mV on Q2 and remained stable until Q5; then it was still positive on
Q6 and Q7 decreasing to 4.87 £0.55 mV. In this case, the potential was reversed only starting
from Q8, -1.45 £ 0.84 mV and becoming strongly negative on Q10, -17.63 = 1.95 mV. In
addition, a similar behaviour was observed for F2: the polymer was quite stable due to its
strong positivity in sodium acetate buffer pH5. In fact, it slowly degraded showing a potential
nearly to 0 on Q7, and it turned into negative on Q8, -6.89 £ 1.02 mV, increasing to -12.23 +

2.67 mV after all the 40 layers were coated on the nanocarriers.
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F3
To complete the polymers belonging to the group F, also F3 was chosen as polycation and
employed on the nanoconstruct CHX-F3. The layers 1-5 of the figure 4.18 are representative
of the first quadruple layer: a positive charge was initially detected for the nanocarriers after
their amino-functionalisation, 17.3 £ 0.5 mV, firstly reversed by the layer of the sodium
alginate, -24.83 £ 0.23 mV, then going back to positive with the addition of the drug, 28.0 *
1.11 mV. Additionally, the charge was again turned into negative with a new layer of sodium

alginate, -24.63 + 1.06 mV and finally becoming positive after the coating of the polymer F3,
25.97 £0.76 mV.
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Figure 4.18: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-F3. Mean + SD (N=1, n=3).

Overall, the positivity of the chlorhexidine was preserved for the first 4 quadruple layers,
showing a gradual decrease between Q2 and Q3 and dropping to 10.75 £ 0.57 mV on Q4.
However, the potential changed from Q5, -5.78 £ 0.79 mV, presenting a considerable increase
of the negativity once a new quadruple layer was completed and reaching -11.56 = 0.98 mV
on the final quadruple layer. As contrary, although the strong negativity of the sodium
alginate influenced the stability of the system from Q5, it was observed that the positivity of
F3 was reduced, ending to 0, but without any change into negative charge. For example, the

initial strong positive charge was stable also on Q2, 26.13 £1.33 mV,and Q3,17.7+1.21 mV;
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then it dramatically dropped to 1.34 = 0.75 mV on Q4, remaining nearby 0 until Q10, -1.24 +
1.13 mV. Regarding to the comparison among the profiles of the PBAEs of the group F, CHX-
F2 provided a pathway where the potential is well-distributed between the negative and the
positive range, proving that F2 is able to decrease the negativity of the sodium alginate better
than the what detected for F3 and F1. The difference in the gained results could find an
explanation in the structures of these PBAEs: F2 composed by more hydrophobic starting
materials gradually degraded at pH5 and better managing the negativity of the sodium
alginate, whereas F1 and F3 showed a lack of this ability probably due to a faster hydrolysis

caused by their higher hydrophilicity.

G1
The last 3 nanoconstructs that were developed for this project included as PBAEs G1, G2 and
G3. In the case of CHX-G1, the nano-delivery system was composed by as followed: silica
nanoparticles amino-functionalized, sodium alginate, the antimicrobial agent chlorhexidine,

sodium alginate and the polycation G1.
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Figure 4.19: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-G1. Mean + SD (N=1, n=3).

The results, reported in the figure 4.19, highlighted the change of the potential after the layer
of each component of the sequence. Considering the first quadruple layer (1-5 layers), from

a positive charge equal to 17.3 £ 0.5 mV the potential was inverted into a negative value after
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the addition of the sodium alginate, -27.8 £ 1.44 mV. The layer of the chlorhexidine converted
the potential in positive equal to 28.4 £ 0.75 mV, but it changed again once for the second
time the alginate has been coated onto the system, -30.0 + 0.95 mV. Finally, the first
qguadruple layer was completed by the addition of the polycation G1, which positively
influenced the potential, 25.13 + 1.65 mV.

Overall, the first 3 quadruple layers are well compensating, then the pathway shifted in the
negative area. For instance, the chlorhexidine showed its positivity until Q4 which remained
stable around 10.89 + 1.35 mV; then the charge changed from Q5, -5.92 + 1.49 mV, with a
consistent increase of the negativity ending to — 16.97 + 1.89 mV on Q10. On the other hand,
the initial strong positivity of the polymer considerable dropped to 4.43 + 1.69 mV on Q3 and
it was reversed into negative starting from Q4, -4.4 + 1.18 mV. Furthermore, it was observed
a significant rise of the negativity once each quadruple layer was embedded onto the system

showing a charge equal to -17.97 + 0.31 mV on Q10.

G2
The zig-zag profile, represented by the figure 4.20, shows the zeta measurements that were

carried out for the nanotechnology system CHX-G2.
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Figure 4.20: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-G2. Mean + SD (N=1, n=3).
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The sodium alginate dropped the positive potential of the surface of the silica amino-
functionalized nanoparticles, 17.3 £ 0.5 mV, to -27.9 £+ 1.69 mV whereas the chlorhexidine
once added on the system reversed the potential into a positive 24.6 + 2.35 mV. The charge
was converted again by the sodium alginate showing a value equal to -32.63 £ 2.01 mV and it

was turned into positive after the polycation G2 was layered, 16.1 + 2.02 mV (1-5 layers).

Although G2 showed a strong positivity, the potential of both, drug and polymer, were easily
converted. For example, the positive charge representative of the CHX plummeted to 7.97 +
1.21 on Q2 and it changed into negative starting from Q3, -3.88 + 2.86 with a consequential
increase of negativity ending to -18.98 + 1.25 mV on Q10. Additionally, the behaviour of the
PBAE G2 and its positive charge was inverted as quick as the potential of the drug. For
instance, the initial positive charge of G2 was, as first, slightly reduced on Q2, 14.53 + 1.79
mV. Then, a considerable decline of its positivity was detected on Q3, showing a potential of
-4.03 £2.7 mV, with a constant increase of the negativity until the final quadruple Q10, where

the measured charge was equal to -16.62 £ 1.57 mV.

G3
In the first quadruple layer of the nanoconstruct CHX-G3 (1-5 layers in the figure 4.21), the
charge was initially positive, 17.3 £ 3.12 mV, due to the amino-functionalisation of the silica
nanoparticles. Firstly, it was reversed once the sodium alginate was layered for the first time
onto the system, -27.0 £ 2.68 mV; then the potential became positive with the coating of the
encapsulated drug, 25.3 £ 1.48 mV. Additionally, a new layer of sodium alginate changed into
negative the charge, -24.8 + 1.39 mV, which turned back to positive once the polycation G3

was embedded onto the surface of the nanocarriers, 23.4 + 2.88 mV.

In this case, it was observed a better stability of the delivery system provided by the PBAE G3.
In particular, the positivity of the CHX remained stable until Q5, showing a gradual decrease
from Q2,16.8 £0.89 mV, to Q5, 7.99 + 2.93 mV. The potential shifted into negative values on
Q6, showing a charge of -8.76 £ 1.88 mV, with a slight rise of the negativity once a new
qguadruple layer was completed and reaching -9.88 = 1.25 mV on Q10. As contrary, the initial

positivity of G3 was already half-reduced on Q2, 12.4 + 0.4 mV, with a potential nearby 0 on
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Q5, 1.71 £ 0.56 mV. Furthermore, similarly to what detected for the CHX, the charge of the
polymer was turned into negative starting from Q6, -4.14 + 0.36 mV, with no significant

variation of the potential until Q10, -4.07 £ 1.57 mV.
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Figure 4.21: { potential for the coating system SI-NH,NPs-Alg-CHX-Alg-G3. Mean = SD (N=1, n=3).

To sum up, the PBAEs belonging to the group G showed differences in managing the negativity
of the sodium alginate. More specifically, it was noticed that G3 improved the stability of its
system allowing an alternative of positivity and negativity for half of the 40 layers embedded
onto the surface of the nanoparticles. On the other hand, there was no considerable
improvement provided by the coating of G1 and G2 on their systems. In fact, in both cases,
although the 2 polymers possessed a strong positive charge after being coated in the first
quadruple layer, they quickly degraded. In particular, the positivity of the drug and G1 was
kept stable until Q4, whereas only up to Q3 for CHX-G2.

Comparing the zeta potential zig-zag pathways heretofore described for the CHX-PBAEs to
the hydrolysis profiles of the PBAEs at pH5 reported in the figure 3.38a of the chapter 3,
consistency in the results was observed for G1, F1, B1, A2, B2, F2, A3, D3, F3, and G3 (p-value
< 0.05). For instance, polymers such as B1, F1, and G1, including piperazine (amine 1) as

amine, showed a positive charge for at least 3 quadruple layers, whereas those such as A3,
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D3, F3 and G3, possessing in their molecular structures the amine N-N bis [3-(methylamino)
propyl] methylamine (amine 3), maintained their positivity up to Q5 or Q6. Then, the
polycations such as for example A2, B2 and F2, possessing the amine 4,4 trimethyldipiperidine
(amine 2) in their backbone, slowly hydrolysed at pH5, better controlling the strong negativity

of the sodium alginate and providing a positive charge for at least 5-7 quadruple layers.

Thermogravimetric analysis (TGA)

All the nanocoating systems containing all the 18 PBAEs employed for the encapsulation of
the antimicrobial agent, chlorhexidine, were analysed by thermogravimetric analysis (TGA) in
order to define the weight loss distribution among the layers of polyelectrolytes coated onto
the nanoparticles surface. For each drug delivery system, the quadruple layers considered as

object of analysis were as followed: Q1, Q3, Q5, Q7 and Q10.

Bilayer: Alg-CHX

First of all, the TGA was pursued for the nanoconstruct including only alternatively sodium
alginate and chlorhexidine. Furthermore, as described for { potential measurements, these
results were compared to those of the coating involving CHX-PBAEs with the aim of evaluating

any possible improvement of stability for both drug and nano-delivery systems.
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Figure 4.22a: Weight loss vs temperature for Si-NH,NPs-Alg-CHX. Mean + SD (N=1, n=2).
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Figure 4.22h: Weight loss % for each B layer in the matrix Si-NH; NPs-Alg-CHX. Mean £ SD (N=1, n=2).

In the case of the bilayer nanocoating the layers considered as reference were: the
nanocarriers amino-functionalised, B1, B3, B5, B7 and B10 (figure 4.22a). The figure 4.22b
shows the distribution of the weight loss percentage among all the bilayers. Starting from the
nanocarriers alone, 14.80% =+ 0.39, the weight loss slightly increased with no significant
differences between B1, 18.20% + 0.11 and B3, 19.84% + 0.11. In addition, it rose only of 3%
after B5 was completed and of less than 10% once all the 20 layers were coated onto the
system with a value of. Thus, as result of that, there was no stable distribution among the

layers of polyelectrolyte and encapsulated cargo.

Al
The drug delivery systems composed by CHX and PBAEs belonging to the group A were the
first object of thermogravimetric analysis. For the CHX-A1, the quadruple layers considered
as reference for the evaluation of the weight loss percentage were: Q1, Q3 Q5, Q7 and Q10

(figure 4.23a).
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Figure 4.23a: Weight loss vs temperature for Si-NH,;NPs-Alg-CHX-Alg-Al. Mean £ SD (N=1, n=2).

First of all, the samples including the nanoparticles amino-functionalized before starting the
LbL were analysed showing a weight loss of 14.79% + 0.39. Then, for the first 4 layers of Q1
the mass loss was correspondent to 20.22% + 1.08, followed by a value of 26.55% * 0.49 for
Q3. As it is shown in the figure reported below, the weight loss percentage is increasing once
a new quadruple layer is coated onto the surface of the nanocarrier providing values equal to
34.52% + 0.89 for Q5, 43.80% * 0.69 for Q7 and 47.63 % * 1.49 for the last quadruple layer
Q10 (figure 4.23b).
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Figure 4.23b: Weight loss % among the QL for the matrix including CHX-A1. Mean £ SD (N=1, n=2).
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A2
The results gained for the nanoconstruct CHX-A2 are represented by figure 4.24a and 4.24b
which both show the distribution of the weight loss along the 40 layers plus the increasing

organic content percentage starting from Q1 to Q10.
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Figure 4.24a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-A2

In A2 layered nanoparticles, starting from a value of 14.79% * 0.39 correspondent to the silica
nanoparticles amino-functionalized, the weight loss percentage reported for the first
quadruple layer was correspondent to 22.54% + 0.18. As expected, the addition of others
quadruples layers increased the amount of the weight loss. However, the values in the bar
chart below showed that for the sequence with A2 as polycation, the weight loss moderately

rose (p-value < 0.05) if compared to the Al layered nanoparticles.
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Figure 4.24b: Weight loss % among the QL for the matrix including CHX-A2. Mean * SD (N=1, n=2).

In particular, for Q3 there was an increase of 4.91% reaching a value of 27.45% + 0.20 and for
Q5 it was equal to 27.45% + 0.60. For Q7 it was detected a decrease of 6.14% (37.66% * 0.20
for A2 construct) compared to CHX-A1 in which the value was 43.80% + 0.69. The last
quadruple layer Q10 showed for A2 a weight loss percentage of 39.63% + 1.12 against 47.63
+ 1.49 of A1 with a reduction of 8% in the weight loss reported for the system possessing the

PBAEs A2 (p-value < 0.05).

A3

The analysis of the CHX-A3 were representative of the delivery system having as polycation

the last PBAE of the group A (figures 4.25a and 4.25b).
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Figure 4.25a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-A3
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Starting from the weight loss provided by the nanocarriers alone, 14.80% * 0.39, there was a
significant growth in the organic content up to Q10. For instance, an increment of over 10%
was detected for Q1, 25.45% + 0.49, and for Q3, 35.55 £ 0.56. Moreover, the value kept rising
for Q5, 47.59 + 0.23, for Q7, 57.70 £ 0.07, reaching an organic content percentage equal to
67.31+0.01 on Q10.
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Figure 4.25b: Weight loss % among the QL for the matrix including CHX-A3. Mean + SD (N=1, n=2).

Firstly, comparing the systems CHX-PBAE of the group A to the 10 bilayers Alg-CHX, it was
observed a significant higher weight loss in coating systems composed by quadruple layers
rather than bilayers (p-value < 0.05). Then, differences were also detected among the 3

delivery systems CHX-A1, CHX-A2 and CHX-A3.

To sum up, A3 provided a better distribution of the all 40 layers embedded onto the
nanoparticles surface proved by the constant increase of around 10% for the weight loss once
each new quadruple layer was coated. Therefore, CHX-A3 showed the highest value for Q10,
67.31% + 0.01, when compared to Q10 of CHX-A1, 47.63% + 0.39, and CHX-A2,39.63% +1.12

(p-value < 0.05).
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Bl

The TGA was performed also for the nanoconstructs where the PBAEs possessing 1,6
hexanediol diacrylate (B) were employed as polycations for the encapsulation of the
antimicrobial agent on the silica nanoparticles (figure 4.26a). As already described before, the
initial weight loss was provided by the nanocarriers after being amino-functionalised and it
was equal to 14.80% % 0.39. A slight increase was detected once the 4 layers composing the

first quadruple layer were coated onto the system, 19.66 + 0.11 (figure 4.26b), which was

quite similar to what gained by Q1 for the coating CHX-A1.
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Figure 4.26a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-B1
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Figure 4.26b: Weight loss % among the QL for the matrix including CHX-B1. Mean £ SD (N=1, n=2).
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The weight loss percentage for Q3 was 24.39% * 0.09 whereas it was equal to 28.07% + 1.05
for Q5, and it was significantly reduced if compared to CHX-A1 which instead reached over
30% with Q5 (p-value < 0.05). Additionally, although the weight loss kept rising once a new
guadruple layer was coated onto the system, the values detected for Q7 and Q10 for CHX-B1,
respectively 32.43% % 1.05 and 39.27% + 0.7, were lower than those measured for CHX-A1:
43.80% * 0.69 for Q7 and 47.63% * 1.49 for the final quadruple layer (p-value < 0.05).

B2
The variation of the mass due to changes over both time and temperature through
thermogravimetric analysis was determined also for the nanoconstruct CHX-B2 and the

results are illustrated in both figures 4.27a and 4.27b.
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Figure 4.27a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-B2
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Figure 4.27b: Weight loss % among the QL for the matrix including CHX-B2. Mean £ SD (N=1, n=2).
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Initially the weight loss was correspondent to 14.80 + 0.39 as already detected for the
nanoconstructs previously described; then it was observed a gradual increase of 4% after the
coating of the first quadruple layer, 18.89 + 0.03, a lower value considering the one measured
for Q1 of CHX-A2. The weight loss % kept increasing for Q3 showing a percentage equal to
26.74 £ 1.05, quite similar for Q3 of the A2 layered nanoparticles as well as for Q5 where the
rise was only of the 5%, 31.15 + 2.91. Examining the mass loss provided by Q7 and Q10 for
both CHX-A2 and CHX-B2, it was noticed that if for the first system there was a difference of
only 2% between Q7 and Q10, for CHX-B2 the variation was definitely higher. For instance,
the weight loss percentage was equal to 48.60 £ 0.10 for Q7 and 60.20 *+ 0.38 for Q10,
probably due to a better desorption and distribution of the drug and the polyelectrolytes

among all the 10 quadruple layers (p-value < 0.05).

B3
To conclude the PBAEs of the group B employed for the development of the nano-delivery
systems possessing the antimicrobial agent as cargo, the TGA was carried out also for the

construct CHX-B3 (figures 4.28a and 4.28b).
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Figure 4.28a: Weight loss vs temperature for the construct Si-NH;NPs-Alg-CHX-Alg-B3
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Figure 4.28b: Weight loss % among the QL for the matrix including CHX-B3. Mean + SD (N=1, n=2).

Starting from the organic content percentage of the amino-functionalised nanoparticles only,
14.80 £ 0.39, there was an increase of almost 7% for Q1 showing a value equal to 21.68 *
0.10, definitely lower than what detected for Q1 of CHX-A3, 25.45 + 0.49. Furthermore, the
weight loss increased of the 8% for Q3, 29.95 + 0.30, reporting a percentage slightly different
if compared to the measurements of Q1 and Q3 of the nanoconstruct CHX-A3. The mass loss
kept rising once new quadruple layers were embedded onto the system. For instance, the
values for Q5,41.87 £ 0.40,Q7,56.73 + 0.37 and Q10, 66.19 + 0.06, were consistently higher
than those reported by the same quadruple layers for CHX-A3 (p-value < 0.05).

Overall, differences in the weight loss percentage were observed between nano-delivery
systems composed by PBAEs of the groups A and B: the higher values provided by CHX-B1,
CHX-B2 and CHX-B3 indicated a better encapsulation of the drug and an improved desorption
among the layers. Additionally, diversities were detected among the systems of the PBAEs
synthesised by amines and 1,6 hexanediol diacrylate (B): the larger organic matter detected

was for CHX-B3, followed by respectively CHX-B2 and CHX-B1 (p-value < 0.05).

D1
The thermogravimetric analysis was pursued also for the nanotechnology systems involving
the polymers of the group D: CHX-D1, CHX-D2 and CHX-D3 and the chart of the figure 4.29a
shows the correlation between the weight loss percentage and the temperature starting from

the nanoparticles amino-functionalized up to Q10 for CHX-D1.
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Figure 4.29a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-D1

As it is reported in the bar graph of the figure 4.29b, the weight loss increased when more
qguadruple layers were embedded onto the surface of the nanoparticles. Indeed, starting from
a percentage of 14.79 + 0.39 after the amino-functionalization of the silica nanoparticles,
there was a slight increase for Q1, 18.12% + 0.62 and 25.81 % + 0.85 for Q3, showing similar
values to those of CHX-A1 and CHX-B1. The weight loss % rose up to 34.68% + 0.94 for the Q5
and 36.41% * 0.08 for Q7. Finally, the value registered Q10 was equal to 41.94% + 0.37. In
this case, for the final quadruple layer, it was observed that the weight loss percentage was
higher than the one provided by CHX-B1, 39.27% + 0.7 but moderately lower than Q10 for
CHX-A1 which corresponded to 47.63% * 1.49 (p-value < 0.05).
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Figure 4.29b: Weight loss % among the QL for the matrix including CHX-D1. Mean % SD (N=1, n=2).
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D2

The results of the nano-delivery system where the polycation D2 was involved for the

chlorhexidine encapsulation are reported in both figures 4.30a and 4.30b.
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Figure 4.30a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-D2

As reported for the previous TGA experiments, the weight loss percentage for the silica
amino-functionalized nanoparticles was equal to 14.79 + 0.39 and it increased up to 20.91%
+ 0.05 in the first quadruple layer (figure 4.30b). This value is slightly higher compared to the
percentage of Q1 for the nanoconstruct CHX-B2 but smaller than Q1 detected for CHX-A2 (p-
value > 0.05). Moreover, the weight loss % of Q3 for the sequence CHX-D2 was 24.42% + 0.18,

slightly lower than the values of Q3 for both CHX-A2, 27.46% + 0.20, and CHX-B2, 26.74 £ 1.05
(p-value > 0.05).
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Figure 4.30b: Weight loss % among the QL for the matrix including CHX-D2. Mean * SD (N=1, n=2).

The weight loss percentage reported for the other quadruple layers Q5, Q7 and Q10, was
equal to 27.49% + 0.04, 28.92% + 0.85 and 32.58% + 0.78, and it was significantly lower
considering the measurements of the same quadruple layers for CHX-A2 and CHX-B2 (p-value

< 0.05).

D3
To conclude the list of polymers of the group D, the analysis was carried out for the
nanoconstruct CHX-D3 considering the modulation of the sample loss over temperature and

time changes (figure 4.31a).
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Figure 4.31b: Weight loss % among the QL for the matrix including CHX-D3. Mean £ SD (N=1, n=2).

Initially the weight loss was equal to 14.80% + 0.39, then it was doubled after the first 4 layers
were coated onto the nanoparticles surface to form Q1, 21.64% + 1.40, providing a similar
B3 (p-value > 0.05) and a smaller amount than the one of Q1 for CHX-A3
which correspondent to 25.45% =+ 0.49 (p-value > 0.05) (figure 4.31b). Furthermore, for this
system, the percentage of weight loss of Q3 for CHX-D3 was the lowest detected, 28.61% +
those of both CHX-A3 and CHX-B3, as well as for Q5, 37.50% =+ 3.54, and
71 (p-value < 0.05). As contrary, it was observed that the weight loss %

measured for Q10 in this system was the greatest gained among the PBAEs possessing amine
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3 as starting material and heretofore described. In fact, the value was equal to 68.66% * 1.65;
instead the percentage for CHX-A3 was 67.31% + 0.01 whereas for CHX-B3 correspondent to
66.19% + 0.06 (p-value < 0.05).

In conclusion, the results produced by the TGA measurements for the PBAEs belonging to the
group D evidenced that the weight loss percentage was dependent on the rise of the
temperature along the experiment and the number of layers coated onto the carrier surface
via LbL technique. In particular, the highest rate of weight loss gained was observed for CHX-

D3, followed by CHX-D1 and CHX-D2.

E1l

Thermogravimetric analysis was performed for the sequences CHX-E1, CHX-E2 and CHX-E3.
The results regarding the first nanoconstruct are reported in the figures 4.32a and 4.32b,
where it is possible to see the distribution of the weight loss among the quadruple layers.
First of all, as described before, the first measurement was representative of the silica
nanoparticles amino-functionalized which were heated up to 800°C showing a percentage of

weight loss equal to 14.79% + 0.39. Then, it increased after the addition of new quadruple

layers onto the system.
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Figure 4.32a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-E1
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Figure 4.32b: Weight loss % among the QL for the matrix including CHX-E1. Mean * SD (N=1, n=2).

The value detected for Q1, 22.06% * 0.10, was the biggest value obtained among all the
nanoconstructs previously described and possessing amine 1 as starting material (p-value <
0.05). The weight loss continued rising up to 29.36% + 0.01 similarly to what observed for
CHX-A1, CHX-B1 and CHX-D1 (p-value > 0.05). The rate of weight loss % related to Q5, Q7 and
Q10 were respectively, 35.38% + 0.47, 41.10% + 0.15, and 44.05% + 3.04, showing a profile
similar to those of CHX-A1 and CHX-D1 (p-value > 0.05) but with a highest amount of organic
content for Q10 if compared to the one of CHX-B1, 39.27% + 0.7 (p-value < 0.05).

E2
The figures 4.33a and 4.33b illustrate the effect of high temperature and time on the weight
loss of the sample CHX-E2 and the increase of the weight loss percentage in the layers Q1,
Q3, Q5, Q7 and Q10. In the E2 layered nanoparticles, from a weight loss of 14.79 % + 0.39 as

starting point for the nanocarriers alone, it was registered a growth in the values up to Q10.
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Figure 4.33b: Weight loss % among the QL for the matrix including CHX-E2. Mean + SD (N=1, n=2).

The percentage for Q1, in this case 21.75% * 0.36, was slightly inferior than the one reported
for Q1 of CHX-A2, 22.54% + 0.18 (p-value > 0.05), but bigger than the value of the same
quadruple layer provided by CHX-B2, 18.89% + 0.03, and CHX-D2, 20.91% * 0.05 (p-value <
he weight loss % of Q3 for the nanoconstruct CHX-E2 was the greatest
among all the systems having amine 2 as amine and corresponded to 30.94% + 0.02 (p-value
< 0.05). From Q5 to Q10 of CHX-E2, the weight loss percentage was higher than in CHX-A2
and CHX-D2 (p-value < 0.05) but lower than what detected for system CHX-B2 (p-value > 0.05).

Thus, the weight loss percentage for Q5, Q7 and Q10 of CHX-E2 was as followed: 39.33% +
0.23,45.74% + 0.03,

46.36% * 0.22.
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E3

To conclude the PBAEs of the group E which were adopted for the development of drug

release nano delivery systems, the figures 4.34a and 4.34b report the results regarding the

nanoconstruct CHX-E3.
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Figure 4.34a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-E3
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Figure 4.34b: Weight loss % among the QL for the matrix including CHX-E3. Mean £ SD (N=1, n=2).

In the E3 layered nanoparticles, the weight loss percentage for Q1 was correspondent to
20.94% + 0.59 which was definitely the lowest value considering the nanoconstructs

previously described (p-value < 0.05). Differently, the rate of weight loss % provided by Q3
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was equal to 30.26% * 1.61 that in this case was higher than CHX-D3, 28.61% % 0.5, and CHX-
B3, 29.95% + 0.30, but reduced examining Q3 for CHX-A3, 35.55% + 0.56 (p-value < 0.05). The
weight loss of the sample CHX-E3 continued rising from Q5 to Q10 showing values of 42.11%
+ 0.01 for Q5, 54.78% + 0.72 for Q7 and 69.19% =+ 0.25 for Q10. These results showed
similarities to the weight loss percentage detected for Q5 and Q7 of the nanoconstructs until
now analysed (p-value > 0.05), whereas the value reported for Q10 of CHX-E3 was the biggest
among the systems possessing amine 3 as starting material (p-value < 0.05).

To sum up, among the nanoconstructs including the PBAEs of the group E, it was observed
that the weight loss percentage was better distributed in CHX-E3, CHX-E2 and CHX-E1 with a
similar weight loss detected for CHX-E1 and CHX-E2 (p-value > 0.05) and a value for Q10 of

CHX-E3 which was the highest among the 3 systems (p-value < 0.05).

F1

Additionally, the TGA was performed for the nanotechnology systems in which firstly the
chlorhexidine was embedded with the hydrolysable polymer F1, then with polycation F2 and
finally with F3. In fact, the figures 4.35a and 4.35b are representative of the results provided

by each nanoconstruct.
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Figure 4.35a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-F1
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Figure 4.35b: Weight loss % among the QL for the matrix including CHX-F1. Mean + SD (N=1, n=2).

For the sequence having CHX-F1, the silica nanoparticles amino-functionalized presented a
weight loss equal to 14.79% + 0.39, followed by an increase up to 25.90% + 0.03 for Q1 and
this value was the greatest gained for Q1 among the all systems previously described.
Moreover, similarly to what detected for the previous nano-delivery networks, also for this
nanoconstruct the weight loss was rising after a new quadruple layer was coated onto the
carrier surface showing values such as: 40.02% + 0.2 for Q3, 50.11% + 0.26 for Q5, 55.60% +
0.52 for Q7 and finally 67.53% + 0.014 for Q10. In this case, it was noticed a higher weight
loss percentage if compared to the sequences previously analysed and having piperazine as

chosen amine for the synthesis of the PBAEs (p-value < 0.05).

F2

The experiment of TGA was pursued also for the sequence including CHX-F2 and the results

are illustrated by the figures 4.36a and 4.36b below.
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Figure 4.36a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-F2

Inthe F2 layered nanoparticles, starting from an organic content of 14.79% + 0.39, the weight
loss percentage rose to 21.77% + 0.25 for the first quadruple layer. This value was definitely
similar to the one for Q1 of CHX-E2 (p-value > 0.05) but higher than the percentage of Q1 for
CHX-A2, CHX-B2 and CHX-D2 (p-value < 0.05). Additionally, the weight loss % representative
of Q3 for the system CHX-F2 and equal to 33.67% + 0.15, was the greatest value if compared
to the percentage provided by Q3 for all the nanoconstructs possessing amine 2 as starting
material (p-value < 0.05). Then, similarly to what described for Q1 and Q3, it was observed
that also for Q5, Q7 and Q10 in the sequence CHX-F2 the rate of organic matter showed
highest values among CHX-A2, CHX-B2, CHX-D2 and CHX-E2 (p-value < 0.05). Therefore, the
gained values for the organic matter were as followed: 43.44 % + 0.63 for Q5, 54.29% + 0.21
for Q7 and 65.85% * 0.52 for Q10.
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Figure 4.36b: Weight loss % among the QL for the matrix including CHX-F2. Mean + SD (N=1, n=2).

For the group F (F1 and F2) the weight loss % is definitely higher compared to the other LbL
systems. In particular, the TGA profile for F2 is supported by a zig-zag pathway of zeta

potential where F2 seems to be a stronger and more stable polycation than F1.

F3
To complete the polycations of the group F, the TGA was carried out also for the nano-delivery
system including F3 as positive network and employed for the encapsulation of the
antimicrobial agent on the amino-functionalised silica nanoparticles surface. The change of
the weight loss percentage was increasing from the nanoparticles analysed alone to the last

quadruple layer Q10 and it is reported by the figures 4.37a and 4.37b.
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Figure 4.37a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-F3

Starting from the weight loss percentage provided by the nanoparticles alone, 14.80% + 0.39,
there was an increase from Q1 to Q10. For instance, the percentage slightly rose up to 18.65%
+ 0.44 for Q1, reporting the lowest detected value among all the nanoconstructs until now
analysed and having amine 3 as starting material. As contrary, for Q3 the organic content was
equal to 29.79% + 0.44, a similar rate to what measured for Q3 of CHX-B3, CHX-D3 and CHX-
E3 (p-value > 0.05), but definitely lower than Q3 of CHX-A3, 35.5% + 0.56 (p-value < 0.05). As
observed for the previous systems, also in this case the weight loss percentage continued
increasing for Q5, Q7 and Q10 showing values correspondent to 37.50% + 3.54,57.41% £ 0.71

and 68.66% + 1.65 and comparable to those of CHX-A3, CHX-B3, CHX-D3 and CHX-E3 (p-value
> 0.05).
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Figure 4.37b: Weight loss % among the QL for the matrix including CHX-F3. Mean + SD (N=1, n=2).

Differently to what noticed for the previous nano-delivery systems, examining the results of
the constructs including PBAEs of the group F, the highest organic content percentage was
provided by CHX-F1, 67.53% + 0.01, followed by CHX-F2, 65.85% + 0.11, and CHX-F3, 53.67%
+ 1.52. These values illustrated the difference in the distribution of both polymer and drug
among the layers highlighting a better stability for the coatings CHX-F1 and CHX-F2 than for
CHX-F3 (p-value < 0.05).

G1
To conclude, the TGA was performed also for the sequences possessing respectively G1, G2
and G3. The results regarding the construct CHX-G1 are illustrated in the line graph of the
figure 4.38a. Additionally, for this nanotechnology system the thermogravimetric analysis was
carried out for five quadruple layers, such as Q1, Q3, Q5, Q7 and Q10, and considered a
control for the all 10 quadruple layers. As it was observed in the previous coatings, also in this

case the weight loss increased once more quadruple layers were embedded onto the surface

of the silica nanoparticles.
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Figure 4.38a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-G1

The weight loss % is displayed in the column graph of the figure 4.38b. Firstly, as reported for
the other nanoconstructs, the initial weight loss percentage represented by silica
nanoparticles amino-functionalised was equal to 14.79% + 0.39; then it increased to 21.72%
+ 0.61 for Q1, which was similar to CHX-A1, CHX-B1, CHX-D1 and CHX-E1 but lower than CHX-
F1, 25.90% + 0.1 (p-value > 0.05). Finally, the weight loss % was 39.23% + 0.22,41.02% + 0.30,
49.57% + 0.13 and 53.94% * 0.09 correspondent respectively to Q3, Q5, Q7 and Q10. It was
observed beside CHX-F1 which provided the highest amount, that CHX-G1 showed a rate of
weight loss which was greater if compared to CHX-A1, CHX-B1, CHX-D1 and CHX-E1 (p-value
<0.05).
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Figure 4.38b: Weight loss % among the QL for the matrix including CHX-G1. Mean % SD (N=1, n=2).

205



The TGA was pursued also for the coating CHX-G2 and the results are reported in the figures

4.39a and 4.39b below.
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Figure 4.39a: Weight loss vs temperature for the construct Si-NH,NPs-Alg-CHX-Alg-G2

In the G2 layered nanoparticles, the weight loss % was higher if compared to the sequences
having polycations belonging to the groups A, B, D and E, except for the group F for which it

was detected the biggest weight loss percentage (p-value < 0.05).
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Figure 4.39b: Weight loss % among the QL for the matrix including CHX-G2. Mean % SD (N=1, n=2).
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As it was already described before, the weight loss for the silica nanoparticles before starting
the LbL was correspondent to 14.79% =+ 0.39. It rose up to 26.15% in the first quadruple layer
as well as it increased again once two more quadruple layers were added onto the system,
showing a value for Q3 of 31.47% =+ 0.05. Furthermore, it was noticed that the number of
qguadruple layers and the weight loss % were dependent on high temperature and its sample
time exposure. Thus, for the following quadruple layers Q5, Q7 and Q10 the weight loss

percentage reported were respectively 38.67% + 0.1, 45.12% + 0.7 and 53.03% + 0.42.

Overall, it was clear that the weight loss % registered for the constructs having the polycations
G1 and G2 was higher than what reported for the LbL systems possessing the groups A, B, D
and E, but it was lower when compared to the organic decomposition of CHX-F1 and CHX-F2

and quite similar to what detected for CHX-F3 (p-value < 0.05).

G3
The PBAE G3 was the last polymer of the group G and the final polycation among the 18 PBAEs
synthesised in this project, to be employed in the coating CHX-G3 with the aim of improving
the encapsulation and the release of the antimicrobial agent chlorhexidine. Following the
same conditions described before, also in this case the TGA was performed to investigate the

change of sample weight loss percentage depending on the increase of temperature, from

0°C to 800°C, over the time of the analysis (figure 4.40a).
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Figure 4.40a: Weight loss vs temperature for the construct Si-NH;NPs-Alg-CHX-Alg-G3
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Initially the weight loss percentage was correspondent only to the amino functionalised silica
nanoparticles before starting the LbL process, 14.80% =+ 0.39 (figure 4.40b); then, there was
a constant increase detected from Q1 to Q10. For instance, after the coating of the first 4
layers onto the carrier surface, the weight loss % rose up to 19.30 + 0.14, showing a higher
percentage than the one measured for Q1 of CHX-F3 but lower than Q1 of CHX-A3, CHX-B3,
CHX-D3 and CHX-E3 (p-value < 0.05). As contrary, the value reported for Q3 of CHX-G3 was
equal to 28.92 + 0.06, which was similar to Q3 of CHX-D3, 28.61 £ 0.5, and slightly reduced if
compared to the other nanoconstructs (p-value > 0.05). Additionally, the weight loss % of
CHX-G3 kept increasing also for Q5, Q7 and Q10 with percentage respectively of 38.36 £ 0.08,
48.13 £0.04 and 55.63 £ 0.52. The profile of CHX-G3 showed results which were comparable
to those of CHX-F3 (p-value > 0.05), but different and decreased considering CHX-A3, CHX-B3,
CHX-D3 and CHX-E3 (p-value < 0.05).
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Figure 4.40b: Weight loss % among the QL for the matrix including CHX-G3. Mean £ SD (N=1, n=2).

Examining the systems possessing the polymers of the group G no difference was observed
among their TGA profiles (p-value > 0.05). In fact, the weight loss percentage similarly
increased in the 3 nanoconstructs, showing that the highest rate was provided by CHX-G3,

55.63 £ 0.52, followed by CHX-G1, 53.94 + 0.09, and CHX-G2, 53.03 + 0.42.
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Overall, the thermogravimetric analysis highlighted the success of the encapsulation of the
antimicrobial agent in the all 18 CHX-PBAEs nanoconstructs, proved by the weight loss
percentage of the last quadruple layer Q10 which was over 40% (Yan et al.,, 2017).
Additionally, comparing the zeta potential profiles of CHX-B1, CHX-F1, CHX-G1, CHX-A2, CHX-
B2, CHX-F2, CHX-A3, CHX-D3, CHX-F3, CHX-F3 discussed before, to the TGA results of the same
matrices, significantly different were the systems including the PBAEs A3, B2, D3, F1, F2 and
F3 (p-value < 0.05). In particular, for the systems including these polymers, the weight loss
representative of Q10 was the highest detected among all the nanoconstructs ranging
between 60-69%, with a high drug loading and better distribution of drug and PBAEs among

all the multilayers.

Chlorhexidine release determination

Once the antimicrobial agent was entrapped into the 18 nanocoating systems, the
nanoparticles of the last quadruple layer, Q10, were left drying overnight under fume hood.
Chlorhexidine release studies were started by suspending 10 mg of Q10 for each system in
two different media: in sodium acetate buffer at pH5 reflecting the joint infection
environment and in PBS at pH7.4 representing the physiological environment. The samples
were kept in the incubator at 37°C and every 24 hours 1 mL was withdrawn and replace with
fresh buffer. The drug release was quantified by HPLC and for both media profiles were built

up considering the cumulative release as function of time (days).

Bilayer: Alg-CHX

Following the parameters mentioned before, the first analysis carried out was related to the
system composed by 10 bilayers where alternatively sodium alginate and chlorhexidine were
coated via electrostatic interactions onto the amino-functionalised silica nanoparticles

surface. The release profile is illustrated by the figure 4.41 below.
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-e-B10 Alg-CHX pH5 o~ B10 Alg-CHX pH7.4
3500

3000
2500
2000
1500
1000

500

Cumulative Release (ng/mL)

0 10 20
Time (days)

Figure 4.41: CHX release profile at pH5 and at pH7.4 for B10 of the construct Alg-CHX.

For each curve: Mean + SD (N=1, n=3).

It was observed that the drug release from the construct alginate-chlorhexidine occurred
within 25 days and differences in both media were detected (p-value < 0.05). For instance,
the profiles showed a drug release pH dependent: the final cumulative release was
correspondent to 1295.83 ug/mL at pHS5 whereas it was 1868.21 ug/mL at pH7.4.
Additionally, at pH5, the drug was faster released in the first 3 days, reaching an average of
50 pg/mL of daily drug released; on the other hand, at pH7.4, the amount daily released was
definitely doubled if compared to pH5 reaching the plateau on day 20 (p-value < 0.05). Thus,
under acid conditions the drug was less released due to the stronger electrostatic interactions
among the layers, which were more flexible in the physiological environment providing an
increased drug release. The profiles of the bilayer Alg-CHX will be considered the control for
following drug release pathways provided by the systems where PBAEs were embedded as

polycations.

Al
The first system that was object of drug release determination was CHX-A1 and its study was
carried out for overall 70 days for both media pH5 and pH7.4. The results reported in the
figure 4.42 showed two different profiles highlighting that the drug release was dependent
on the pH grade in which the nanoparticles were suspended (p-value < 0.05). For instance, at

pH5 the initial daily release was equal to 67.79 ug/mL after the first 24 hours; it was half
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reduced on day 2, 31.33 ug/mL showing an average of daily release between 24-27 pg/mL
from day 3 to day 15. The curve kept rising although there was a reduction of the daily release,
10-20 pg/mL, starting from day 16 to day 46, before reaching the plateau which lasted until

day 70 with a cumulative release correspondent to 1125.96 ug/mL.
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Figure 4.42: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-A1.

For each curve: Mean + SD (N=1, n=3).

However, the detected release for pH7.4 was equal to 2916.89 ug/mL after 70 days. In this
case the antimicrobial agent was higher released than at pH5 showing similarities to what
measured for B10 of the delivery system composed by alginate and chlorhexidine. The initial
daily release for CHX-A1, under physiological conditions, was 105.10 ug/mL on day 1 and
92.62 pug/mL on day 2 with an average between 60-76 pug/mL from day 3 to 20. The amount
started decreasing from day 21 to 40, 40-56 ug/mL, and ending to 10-20 pg/mL until day 54,

with a plateau developed from day 55 to 70, with a range of daily release between 9-2 pug/mL.

A2

The drug release was determined also for the system including chlorhexidine and the

polycation A2 and the profiles are represented by the figure 4.43 below.
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Figure 4.43: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-A2.

For each curve: Mean + SD (N=1, n=3).

Comparing the results gained for CHX-A2 to those of CHX-A1 it was noticed that in this case
the cargo was significantly slowly released reaching an amount of 656.84 pg/mL at pH5 and
1920.60 pg/mL at pH7.4 over a period of 45 days (p-value < 0.05). Under acid conditions,
62.84 pg/mL of chlorhexidine were released from the construct after the first 24 hours,
whereas from day 2 to day 6 the amount was between 48.8-32.9 ug/mL. Then, the daily
release dropped with an average of 10.74-21.06 pug/mL from day 7 to day 30 and reaching the
plateau within 15 more days with a release correspondent to 5.04-2.38 ug/mL from day 31
up to day 45. On the other hand, the rate of drug release detected for the first 2 days at pH7.4
was significantly higher if compared to pH5 (p-value < 0.05), with 116.86-115.60 pg/mL
released per day. For the first 15 days the daily rate was equal to 50.56-78.22 pg/mL, it
plummeted to 22.73 pg/mL until day 39, ending to the plateau with an amount between
16.32-3.40 pg/mL form day 40 to day 45. Examining both profiles belonging to this
nanoconstruct, it was observed that, although the release lasted longer if compared to B10
of Alg-CHX, the rate of daily release was significantly lower for both media that the those

provided by the bilayers nanoconstruct (p-value < 0.05).

A3

To conclude the nano-delivery systems constituent by PBAEs synthesised with the diacrylate

A, the drug release evaluation was carried out also for the coating CHX-A3. From the results
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illustrated in the figure 4.44 it is evident that similarly to what previously described, the drug
was faster released at pH.7.4 than at pH5, but for this network the release less lasted reaching

the plateau after 30 days.
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Figure 4.44: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-A3.

For each curve: Mean + SD (N=1, n=3).

On day 1 65.95 ug/mL of the antimicrobial agent were released at pH5, following by 35.33
ug/mL on day 2 and 24.69 pug/mL on day 3. From day 4 the rate of daily release was reduced
showing a range between 18.85-10.61 ug/mL until day 24, ending to the plateau with a
cumulative release of 5.98-2.38 ug/mL measured from day 25 and ending to day 30. As
contrary, under physiological environment, the drug was moderately daily released along the
first week showing a value of 52.47-40.92 ng/mL, which decreased on day 8, 30.28 ug/mL,
remaining constant until day 13. Furthermore, on day 14 and 15 there was a change of daily
amount released which was equal to 18.16-13.16 pg/mL, hitting the plateau from day 16 to

day 30 showing an average between 9.99-3.76 ug/mL per day.

Considering the nanoconstructs having as polycations the PBAEs of the group A and B10
composed by alginate and chlorhexidine, CHX-A1, CHX-A2 and CHX-A3 provided profiles at
both media that were lasting longer but showing a better control of the drug release.
However, among the 3 delivery systems, the higher rate of cumulative release was detected

for CHX-A1, followed by CHX-A2 and CHX-A3, with a significant initial release of the first 15
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days (p-value < 0.05) which was similar for both CHX-A1 and CHX-A2 (p-value > 0.05) but
different and lower for CHX-A3 (p-value < 0.05).

Bl

The drug release study was performed also for the coatings CHX-B1, CHX-B2 and CHX-B3
possessing the diacrylate B in the backbone of their polycations B1, B2 and B3. For the delivery
system CHX-B1, after 70 days the estimated cumulative release was equal to 1116.37 ug/mL
at pH5 and 2187.41 ug/mL at pH7.4 (figure 4.45).
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Figure 4.45: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-B1.

For each curve: Mean + SD (N=1, n=3).

Under acid conditions, the daily cargo release that was detected from the first day to day 14
was between 43.17-31.19 ug/mL, which considerably decreased showing an average of
27.14-13.05 starting from day 15 up to day 39. The final part of the curve correspondent to
the plateau was comprehensive of the days 41-70 where the daily amount of antimicrobial
agent released was definitely minimised with a range between 8.25-2.42 ug/mL. As contrary,
the drug was higher released at pH7.4 with a daily rate equal to 91.29-74.92 ng/mL detected
for the first 2 weeks after the nanoparticles were treated with the phosphate buffer and
incubated at 37°C. Additionally, on day 15 the measured amount was 42.41 pug/mL whereas
a reduction was observed from day 16 to day 46 which was between 36.99-20.18 pg/mL per

day. However, the daily release kept going down reporting values of 19.79-14.23 pg/mL until
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day 50 and reaching the plateau from day 51 to day 70 with a minimal rate of drug released

ranging between 7.82-1.48 pg/mL.

B2

The figure 4.46 is representative of the profiles at both media provided by the nanoconstruct
CHX-B2. In this case, the drug was released along 70 days with a final cumulative amount of
1648.61 pug/mL at pH5 and 2592.64 ug/mL at pH7.4. At pH5 the initial released detected on
day 1 was equal to 76.51 pg/mL followed by a range between 49.43-41.07 ug/mL released
from day 2 to day 14. The measured daily value slowly decreased with a range of 38.40-23.08
ug/mL until day 40, which was half reduced from day 41 to day 49, 15.26-13.75 ug/mL and
finally dropping to 7.60-1.45 pg/mL until day 58. On day 59 the daily drug release was minimal
and correspondent to 1.43 pg/mL, determining the beginning of the plateau which lasted
until day 70.
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Figure 4.46: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-B2.

For each curve: Mean £ SD (N=1, n=3).

At pH7.4 the daily drug release varied from 121.14 pg/mL to 86.63 pg/mL until day 17 and
consistently dropped from day 18 with a range between 62.62-60.92 ug/mL detected until
day 21. On day 22 the rate of drug released was 54.10 pug/mL but dropped to 49.57-27.12
ug/mL from day 23 to day 35. Furthermore, the value correspondent to day 36 was 19.81

ug/mL denoting a reduction of the daily release which continued until day 39, 11.96 ug/mL.
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Finally, a further decrease was detected from day 40 to day 44, 6.85-2.10 ug/mL reaching the
plateau starting from day 45 to day 70 a small drug release amount ranging between 1.77

ug/mL to 1.43 ug/mL.

Comparing the release profile of this nano-delivery system to the one of B10 for Alg-CHX, it
was clear that in this case the release lasted longer: a period of 70 days against the 25 days
of the bilayers coating. However, it was observed that, although at pH5 the amount of drug
released was greater after 25 days for B10 than Q10 of CHX-A1, the latter construct on day

21 at pH7.4 overcame the cumulative release of Alg-CHX showing a value equal to 1925.08

ug/mL.

B3

The figure 4.47 reports the cumulative release profiles at both media for Q10 of CHX-B3. At
pH5, the detected daily release on day 1 was 89.18 ug/mL; the amount was half reduced on
day 2, 44.55 ug/mL, dropping to 38.18-22.15 ug/mL from day 3 to day 37. Additionally, the
rate of daily release was equal to 14.64 ug/mL on day 38 and it plummeted to a range
between 5.45 ng/mLto 3.15 ug/mLfrom day 39 to day 42. Starting from day 43 it was reached
a plateau which lasted up to day 60 and showing a low daily release with an average of 2.77-

2.39 ug/mL and a final cumulative release of 1085.97 ug/mL.
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Figure 4.47: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-B3.

For each curve: Mean + SD (N=1, n=3).

216



On the other hand, the cumulative CHX release at pH7.4 was equal to 2077.99 pg/mL over a
period of 60 days. For the first 10 days the daily drug release was ranging between 129.09-
82.71 ug/mL; on day 11 it was correspondent to 72.10 pug/mL, whereas it decreased from day
12 to day 23 showing a value ranging between 66.21-32.36 ug/mL. The rate was significantly
reduced until day 35 with an amount of 9.57ug/mL, ending to a plateau from day 41 to day
60 with a small daily release in the average between 3.74 ug/mL and 2.39 ug/mL. Among the
3 nanoconstructs it was noticed that the antimicrobial agent was highly released when B2

was employed as polycation, followed by B1 and B3 (p-value < 0.05).

The analysis of the results provided by this nanoconstruct allowed to evidence differences
between the two media and the cumulative release profile for B10 of Alg-CHX (p-value < 0.05).
In particular, it was observed that at pH5 for CHX-B3 the cumulative cargo release was
definitely lower than the one of B10 for Alg-CHX (p-value < 0.05), whereas the value detected
at pH7.4 after 25 days nearly closed to final cumulative release measured for the same

medium of B10 for the system composed by 10 bilayers (p-value > 0.05).

D1
The drug release evaluation was determined also for the nanoconstructs including, as positive
polyelectrolytes, PBAEs synthesised with the diacrylate D. For CHX-D1, the chlorhexidine was
released from the nanoparticles after LbL for a period of 70 days at both media and the final

cumulative release was 1612.70 ug/mL at pH5 and at pH7.4, 3086.59 ug/mL (figure 4.48).
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Figure 4.48: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-D1.

For each curve: Mean + SD (N=1, n=3).

Examining both profiles, it was evident that as previously described under acid conditions the
drug was slowly released due to stronger electrostatic interactions among the
polyelectrolytes composing the ten quadruple layers. Thus, starting from an initial daily
release detected on day 1 and correspondent to 83.07 ug/mL, it was observed that the
amount was half reduced on day 2, 41.07 ug/mL, whereas it was ranging between 39.8-20.8
ug/mL from day 3 to day 45. Besides, there was a fall of the drug daily release starting from
day 46 with a value equal to 17.10 ug/mL which decreased up to 11.28 on day 54. Finally,
from day 55 it was reached the plateau with a minimum concentration between 7.8 pg/mL
to 2.39 pug/mL ending on day 70. As contrary, the drug release at pH7.4 was definitely higher
than at pH5. In fact, the daily drug release was 157.33 ug/mL on day 1, dropping to 83.82-
54.41 pug/mL from day 2 to day 31. Additionally, also in this case, a reduction of the amount
of drug released was detected: starting from day 32 to day 51 the rate was between 47.73-
21.05 pg/mL and from day 52 to 56 the daily release was low, 17.9-10.97 pg/mL, ending to a
plateau where the value was ranging between 8.48 ug/mL to 2.39 pg/mL especially from day
57 to day 70.
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D2
The results regarding the delivery system CHX-D2 are illustrated in the figure 4.49. The
antimicrobial agent was released over 90 days followed by a long plateau where the amount
of daily release was very low. For instance, at pH5, the total cumulative release was slightly
higher than the one previously analysed for CHX-D1, 1683.89 ug/mL. This indicated that, after
an initial daily release of 63.93 pug/mL on day 1 and a range between 43.92-36.73 ug/mL, the
rate of drug released was mainly around 20 ug/mL per day from day 7 to day 47. Thus, the
chlorhexidine in this case was less released but for a longer period of time. Moreover, a weak
reduction of the daily released was detected from day 48 to day 60 ranging between 15.37-
10.02 ug/mL, followed by a long plateau started from day 61 and ending on day 110 with a

value of 9.61-2.39 pg/mL.
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Figure 4.49: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-D2.

For each curve: Mean + SD (N=1, n=3).

However, at pH7.4 it was observed that the antimicrobial agent was released for a period of
70 days providing a final cumulative release correspondent to 2470.32 ug/mL. Although the
detected value was lower than the amount of CHX-D1, it was clear that the release of the
drug was controlled and prolonged with reduced rate per day. For example, initially for the
first 6 days the daily amount released was 110.91-82.36 ug/mL which decreased to 67.43-
59.76 ug/mL from day 7 to day 25. The daily release was then reduced from day 26 to day 37

showing a range between 52.33-30.81 pug/mL, with a drastic drop detected until day 69 where
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in the average the value ended to 5.46 ug/mL. Finally, for this system the plateau was
detected for longer time: starting from day 70 it lasted until day 110 with a minimum of

release of 2.39 ug/mL.

D3
The drug release was determined also for the nanoconstruct having D3 as polycation. At pH5,
the daily release was equal to 119.72 ug/mL on day 1 with a decline of the value within the
first week, 87.09-71.13 ug/mL. Additionally, a further decrease was detected from day 8 to
day 19, with a range between 42.43 pg/mL to 29.79 ug/mL; this amount was half reduced up
to day 34, 15.40 ug/mL, ending to the plateau where, starting from day 39 to day 50, a small

rate between 8.89-3.20 ug/mL was measured per day (figure 4.50).
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Figure 4.50: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-D3.

For each curve: Mean £ SD (N=1, n=3).

Under acid conditions, the drug release occurred within 50 days and the cumulative release
was correspondent to 1419.86 ug/mL, whereas at physiological environment it was equal to
2676.21 pug/mL. Indeed, at pH7.4, an initial burst release was observed for the first week
ranging between 245.03-152.15 pg/mL, followed by a gradual decrease from day 8, 140.37
pg/mL to day 10, 109.03 pg/mL. As contrary, a drop was detected from day 11, 83.73 ug/mL,
a value that was more than half reduced until day 24, 35.02 pug/mL, reaching the plateau from

day 27, with a low daily release, 6.84-2.39 ug/mL, until day 50.
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Comparing the profiles provided by the drug delivery systems of the group D to the pathway
of the bilayer coating Alg-CHX, it was noticed a higher and prolonged release for the cargo-
PBAEs nanoparticles. On the other hand, the amount of daily release for CHX-D1, CHX-D2, and
CHX-D3 was lower than the rate reached by B10 of Alg-CHX on day 25 which corresponded to
its final cumulative release (p-value < 0.05). Finally, among the 3 PBAEs systems, it was
observed that the highest rate of cumulative release was provided by CHX-D1, followed by

CHX-D3 and CHX-D2 (p-value < 0.05).

El

The determination of the drug release was performed also for the coatings composed by the
CHX and polycations of the group E. Overall, for CHX-E1, the antimicrobial agent was released
from the surface of the nanocarrier over a period of 70 days showing a final cumulative

release of 1190.26 ug/mL at pH5 and 1775.34 ug/mL at pH7.4 (figure 4.51).
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Figure 4.51: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-E1.

For each curve: Mean £ SD (N=1, n=3).

Under acid conditions, the detected daily release was initially correspondent to 36.79 pg/mL
slowly decreasing from day 2, 32.7 ug/mL, to day 47, 25.08 pug/mL. Starting from day 48, a
consistent drop was observed with a value ranging between 15.82-10.8 pug/mL until day 60.
For the last 10 days the amount of drug released was minimum and the curve representative

of pH5 reached a plateau showing a range of 6.94-2.39 ug/mL. As contrary, at physiological
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environment, the daily drug release for the first few days was significantly higher than at pH5,
showing a rate of 59.86 pg/mL per day (p-value < 0.05). However, from day 2 to day 38, there
a further reduction of the value which was between 55.8 pug/mL and 30.49 ug/mL. The release
kept decreasing up to 14.9 ug/mL on day 47 presenting a long plateau from day 48 to day 70
with a daily release ranging between 8.95-2.39 ug/mlL.

E2

For CHX-E2, the drug release was detected for 70 days as well as CHX-E1 with a higher final
amount correspondent to 1350.70 ug/mL at pH5 and 1999.87 ug/mL at pH7.4 (figure 4.52).
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Figure 4.52: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-E2.

For each curve: Mean * SD (N=1, n=3).

At pH5, on day 1, the daily drug release was equal to 55.22 pg/mL, which was half reduced
on day 2, 33.0 ug/mL with a further slight decrease until day 8, 27.47 ug/mL. From day 9 to
day 28, the amount released was between 24.6-16.53 ug/mL dropping to 11.50 pug/mL on day
60. For the following 10 days similarly to what observed at pH5, a tiny drug release was
detected, ranging between 6.2-2.39 pg/mL up to day 70. On the other hand, the daily drug
release was 86.30 ug/mL on day 1 at pH7.4, showing a significant decrease from day 2, 70.22
ug/mL, to day 28, 44.02 pug/mL (p-value < 0.05). Starting from day 29 there was a decline of
the rate registered per day between 41.35-21.26 ug/mL up to the day 41. Finally, also in this

case it was noticed a long plateau as described before for CHX-E1; in particular, for CHX-E2
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from day 42 up to day 70 the amount of drug released per day was quite small, ranging

between 12.29-2.39 ug/mL (p-value > 0.05).

E3
The nano delivery system CHX-E3 was the last one having a PBAE synthesised with the
diacrylate E and the cumulative release after 50 days was 1417.90 pug/mL at pH5 and 2417.17
ug/mL at pH7.4 (figure 4.53). Differently to CHX-E1 and CHX-E2, the employment of E3
allowed a faster drug release lasting less days if compared to the previous two nanoconstructs
(p-value < 0.05). In fact, the initial rate released on day 1 was correspondent to 205.73 ug/mL
at pH5, whereas for CHX-E1 and CHX-E2 it was usually around 55-60 ug/mL (p-value < 0.05).
Moreover, for this system there was a considerable fall in the amount of daily release in the
first 7 days ended to 86.79 pug/mL, which was half reduced from day 8, 40.94 ug/mL to day
22, 20.97 pg/mL (p-value < 0.05). From day 23 to day 33 the release was lower than the
beginning showing a range of 20.86-16.27 pug/mL and reaching the plateau that ended on day
50 with a tiny release of 2.39 pug/mL (p-value > 0.05). As expected, also the drug was higher
released at pH7.4 showing a long plateau of over 20 days similarly to what observed for CHX-
E1 and CHX-E2 (p-value > 0.05). In this case, the daily release on day 1 was slightly bigger that
at pH5, 266.23 ug/mL, followed by a drastic drop of the amount from day 2, 180.94 pg/mL,
to day 8, 109.65 ug/mL (p-value < 0.05). Additionally, the release slightly decreased from day
7, 93.49 ug/mL, to day 13, 81.08 pg/mL dropping to 40.39 ug/mL on day 27. Finally, the last
part of curve shows a long plateau typically detected at pH7.4, with a daily drug release, from

day 29 to day 50, ranging between 22.45-2.39 pg/mL.
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Figure 4.53: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-E3.

For each curve: Mean + SD (N=1, n=3).

Overall, CHX-E3 provided for both media the highest and shortest drug release, followed by
respectively CHX-E2 and CHX-E1. Comparing these profiles to B10 of Alg-CHX, similarities
were observed between CHX-E1 and CHX-E2 and the bilayers nanoconstruct: the
antimicrobial agent was released showing in the average the same amount but controlled and
prolonged when the PBAEs were embedded on the systems (p-value > 0.05). Differently, at
pHS5 the release of CHX-E3 was slightly higher than B10 of Alg-CHX, whereas there was already

a consistently increase after 25 days at pH7.4 (p-value < 0.05).

F1
The drug release determination was carried out also for the nanoconstructs CHX-F1, CHX-F2
and CHX-F3. For the coating where F1 was chosen as polycation the antimicrobial agent was
released over a period of 70 days. For instance, the final cumulative release was 1657.91
pg/mL at pH5 and 2764.73 pg/mL at pH7.4 (figure 4.54). At pHS5, it was observed a constant
increase of the daily release in the first 10 days: more specifically, starting from day 1, 27.84
pg/mL, it rose up to 72.80 pug/mL on day 10. The amount was almost half reduced on day 11,
47.09 pg/mL and it kept decreasing until day 38 showing a rate of 21.15 pug/mL. Moreover,
the daily release continued slightly going down for the next 20 days ranging between 20.14-

10.78 ug/mL, followed by a plateau from day 61 to day 70 with a value of 9.09-2.38 ug/mL.

224



Release CHX-F1

—=-B10 Alg-CHX pH5 - B10 Alg-CHX pH7.4 -+-Q10 CHX-F1 pH5 -+-Q10 CHX-F1 pH7.4
3500

3000
2500
2000
1500
1000

500

Cumulative Release (ug/mL)

0
0 10 20 30 40 50 60 70

Time (days)

Figure 4.54: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-F1.

For each curve: Mean + SD (N=1, n=3).

However, a similar profile was observed at pH7.4: the drug was slowly released for the first
10 days, showing an initial daily release on day 1 equal to 39.88 ug/mL and ending to 223.74
ug/mL on day 10. From day 11 the rate of drug release changed dropping to 48.82 ug/mL and
it kept decreasing showing a value of 24.22 pug/mL on day 38. The amount was then ranging
between 18.82-10.32 ug/mL until day 49 and finally, also in this case, a long plateau was
detected from day 50 to day 70 with a minimum daily release correspondent to 5.10-2.39

ug/mL.

F2
For the nanocoating system CHX-F2 the drug release evaluation towards HPLC provided two
different profiles for each medium over a period of 70 days, with the total cumulative release
correspondent to 1318.69 ug/mL at pH5 and 3178.49 pg/mL at pH7.4 (figure 4.55). Under
acid conditions, the daily release along the first week was ranging between 55.22-34.05
ug/mL, followed by a decrease from day 8, 33.85 ug/mL, to day 35, 20.92 pug/mL. Then, the
amount kept going down showing a value between 20.08-18.79 ug/mL up to day 52 and from
day 53 to day 70 the rate of daily was minimum, 11.32-2.39 ug/mlL, as represented by the
long plateau belonging to the final part of the profile at pH5. As contrary, if the drug at pH5

was gradually released from the surface of silica amino-functionalised nanoparticles, a burst

release for the first week was observed at pH7.4 (p-value < 0.05). For instance, the initial daily
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release detected for day 1 and 2 and correspondent to respectively 61.21 ug/mL and 86.30
ug/mL, was followed by a considerable rise of the daily rate from day 3 to day 7 which was
between 421.36-276.21 ug/mL (p-value < 0.05). Then, the amount plummeted to 64.48
ug/mL on day 8 and it continued decreasing until day 28, 42.07 ug/mL. Furthermore, the daily
drug release was almost half reduced on day 29, 26.01 ug/mL, dropping to 10.32 pug/mL on
day 47. As already noticed for the previous nanoconstructs, a typical long plateau was
detected from day 48 to day 70, with a tiny amount of drug released ranging between 8.77-
2.39 pg/mL.
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Figure 4.55: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-F2.

For each curve: Mean + SD (N=1, n=3).

F3
The nano-delivery system CHX-F3 included the last polymer of the group F which was coated,
as F2 and F1, as polycation with the chlorhexidine on the nanocarrier surface with the aim of
improving the drug release. Therefore, in this case, the antimicrobial agent was released for

the longest period, 90 days, considering all the coatings previously analysed, with the final

cumulative release equal to 2131.43 pug/mL at pH5 and 3131.46 pug/mL at pH7.4 (figure 4.56).

The detected drug release for day 1 at pH5 was 67.70 pug/mL followed by a range between
47.50-30.26 pg/mL per day from day 2 to day 48. The rate of daily drug release dropped to
28.78 ug/mL on day 49 and it slowly continued decreasing up to day 70, 20.32 ug/mL; the
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amount decreased ranging between 19.24-10.66 up to day 79 followed by a plateau lasting
11 days with a small drug release equal to 6.52-2.39 pg/mL. On the other hand, at
physiological environment the drug mainly released along the first week showing a range
between 170.95-90.98 ug/mL per day. The amount was then significantly reduced starting
from day 8, 55.41 ug/mL, reaching 20.63 on day 58 (p-value < 0.05); then the rate slightly
changed from day 59 to day 70, showing a value of 17.34-15.48 ug/mL, followed by a long
plateau for further 20 days ending on day 90 and with a low daily release correspondent to

9.02-2.39 ug/mL.
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Figure 4.56: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-F3.

For each curve: Mean * SD (N=1, n=3).

Considering the 3 coatings, at pH7.4 the highest amount of drug release was reached by CHX-
F2 followed by CHX-F3 and CHX-F1 (p-value < 0.05), whereas at pH5 firstly by CHX-F3 then by
CHX-F1 and CHX-F2 (p-value < 0.05). However, although there was a difference among the
systems regarding the burst release detected at pH7.4 for both CHX-F1 and CHX-F2, the drug
release was improved and prolonged when PBAEs were entrapped onto the coatings. Thus,
comparing the release profiles of B10 for Alg-CHX to those of the chlorhexidine and the
polymers of the group F, it was observed that the antimicrobial agent was released for a
longer time but after 25 days the amount at both media was lower than what detected for

B10 of Alg-CHX (p-value < 0.05).
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G1
For the system CHX-G1, it was noticed that the drug was released for 60 days with the total
cumulative release equal to 504.24 ug/mL at pH5 and 636.85 ug/mL at pH7.4 (figure 4.57).
Differently from what described before, in this case, it was observed that the chlorhexidine
was less released possibly due to the structure of G1 that showed hydrophobic groups in its
backbone. Therefore, the slow hydrolysis of the polymer when dissolved in both media
caused a gradual and tiny daily drug release. For instance, under acid conditions, for the first
7 days the drug release per day was between 4.17-5.68 ug/mL, followed by a gradual increase
occurring firstly, from day 8, 8.17 ug/mL, to day 11, 10.20 pug/mL and then from day 12 to day
42 with a range of 11.06-18.47 ug/mL released per day. Finally, for the next 18 days the rate
was minimum composing a long plateau with a range of 8.57-2.39 ug/mL ending on day 60.
As contrary, the drug was moderately released for the first 2 days at pH7.4, showing values
such as, 10.12 ug/mL on day 1 and 14.85 ug/mL on day 2 with a considerable growth in the
daily release starting from day 3, 24.68 ug/mL up to day 12, 33.09 ug/mL. In addition, there
was a slight decline in the daily drug release from day 13, 23.01 ug/mL, to day 24, 12.40
ug/mL, followed by a reduction up to 10.21 on day 39 and a long plateau with a range

between 6.78-2.39 ug/mL up to day 60.
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Figure 4.57: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-G1. For each
curve: Mean + SD (N=1, n=3).
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G2

For CHX-G2 the cumulative release after a total of 60 days was equal to 435.62 ug/mL at pH5
and 564.18 ug/mL at pH7.4 (figure 4.58).

Release CHX-G2
—+-B10 Alg-CHX pH5 -=- B10 Alg-CHX pH7.4 —+-Q10 CHX-G2 pH5 -+-Q10 CHX-G2 pH7.4
3500

3000
2500
2000
1500
1000

500

Cumulative Release (ug/mL)

30 40 50 60
Time (days)

Figure 4.58: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-G2.

For each curve: Mean + SD (N=1, n=3).

Under acid conditions, the daily drug release increased firstly, from day 1 to day 12, showing
a range between 7.71-10.62 ug/mL, then, from 13 to 41 with a value of 10.63-17.88 pg/mL.
The amount plummeted to 9.06 ug/mL on day 42, and it slowly decreased up to 5.19 ug/mL
on day 54. Finally, the last part of the curve was characterised by a plateau which was
detected from day 55 to day 60 showing a tiny rate of daily release equal to 4.72-2.39 pg/mL.
At physiological conditions, the drug was gradually released showing a rate of 7.90 pug/mL on
day 1 and 12.64 pug/mL on day 2, with a moderate increase from day 3 to day 12, with a range
of 23.86-33.97 ug/mL. Firstly, starting from day 13 the amount plummeted to 19.33 ug/mL
reaching 10.28 ug/mL on day 16; then, the reduction kept slowly occurring from day 17 to
day 37 with a value between 9.28 pug/mL and 7.12 ug/mL. As previously noticed for the other
nanocoating systems, also for CHX-G2 a long plateau was detected, and, in this case, it lasted

from day 38 to day 60 with a minimum daily drug release equal to 6.76-2.39 ug/mL.
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G3

The drug release determination was carried out also for the nano- delivery system CHX-G3.
The antimicrobial agent in this case was released over 50 days showing overall a cumulative

release equal to 815.30 ug/mL at pH5 and 1555.11 ug/mL at pH7.4 (figure 4.59).
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Figure 4.59: CHX release profile at pH5 and at pH7.4 for Q10 of the construct CHX-G3.

For each curve: Mean + SD (N=1, n=3).

At pH5, the detected drug release for the first 2 days was correspondent to respectively, 39.37
ug/mL and 32.25 ug/mL, followed by a reduction occurring from day 3, 27.63 ug/mL, to day
15, 22.81 ug/mL. Additionally, the daily drug release kept decreasing showing a range
between 19.64-13.92 ug/mL up to day 38, with a long plateau from day 39 today 60, where
the amount of release was 8.90-2.39 pg/mL per day. On the other hand, the chlorhexidine
was mainly released in the first 19 days: in particular the higher rate of daily release was
measured for the first 3 days ranging between 82.03-71.47 pug/mL, whereas it gradually went
down to 69.01 ug/mL on day 4 and up to 42.96 ug/mL until day 19. Moreover, for the next 15
days there was a further reduction with the daily amount of 10.07 ug/mL on day 34, followed
by a long plateau, typically observed at pH7.4, which was lasting up to day 50 and ranging
between 8.90-2.39 pg/mL.

Overall, it was observed that the antimicrobial agent was less released from the

nanoconstructs CHX-G1, CHX-G2, probably due to the hydrophobic groups characterising the
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backbones of both polymers G1 and G2 (p-value > 0.05). As contrary, the profiles of CHX-G3
showed a higher rate of drug release caused by a faster hydrolysis of G3 (p-value < 0.05)
previously confirmed by the quick variation of its charge and molecular weight (MW). On the
other hand, comparing the profiles provided by CHX-G1, CHX-G2 and CHX-G3 to those of B10
for Alg-CHX, it was observed that the drug was entrapped into the systems with the PBAEs of
the group G without being completely released as previously noticed for the other
nanocoatings. Therefore, as results, the chlorhexidine was too low released when PBAEs
were embedded onto the systems whereas the release was higher and faster if the drug was

coated only with sodium alginate onto the silica amino-functionalised nanoparticles surface.

Comparing the release of the antimicrobial agent from the CHX-PBAEs nano-delivery systems
to the results obtained from TGA and zeta potential profiles, it was observed consistency for
the matrices including the PBAEs B2, D3, F1, F2 and F3. For instance, the cargo was highly
release from the nanoconstructs possessing the PBAEs of the group F, proving a drug release
lasting between 70-90 days and ranging between 1300-2100 pg/mL at pH5 (p-value < 0.05).
Moreover, the drug was released from CHX-B2 system for a period of 70 days and equal to
1648.61 pug/mL, whereas for 50 days with a cumulative release of 1419.86 ug/mL at pH5 from
CHX-D3 (p-value < 0.05). The release profiles of these matrices were supported by the TGA,
zeta potential and the PBAE hydrolysis.

231



Discussion

Silica amino-functionalization

Amorphous SiO; nanoparticles possess low toxicity and their surface could be modified to
adjust properties such as zeta potential or surface reactivity. Surface functionalization is a
technigue which allows the improvement of proprieties of surface nanoparticles by adding
alkoxysilanes or amino groups (Kneuer et al., 2000), (Rao et al., 2005). This adjustment could
make the SiO; vectors suitable for targeting applications in biochemistry, catalysis and drug
delivery (Nacken et al., 2003), (Yang et al., 2013), (Greasley et al., 2016). The Stoéber method
is commonly used to form monodispersed silica spheres with the aim of amino-functionalizing
the nanocarriers (Zhang et al., 2013), (Han et al., 2017). This method is based on hydrolysis
by tetraethyl orthosilicate (TEOS) in a water-in-oil emulsion plus the addition of amino groups
to the silica surfaces by using APTES (3 amino-propyl) triethoxysilane (Stober, 1968), (Masalov
et al., 2011), (Wen Li et al., 2020). The water-stable carriers formed with this approach are
spherical colloids showing a narrow size distribution and a final size ranging between 10nm
to 200 nm (Choi and Chen, 2003), (Wang et al., 2010). Under acidic conditions, SiO2
nanoparticles provided a negative charged which was turned into positive by the amino-
functionalisation with a potential of +20mV (Nacken et al., 2003), (Delcea, Méhwald and
Skirtach, 2011). For instance, in this project, the amino-functionalised SiO, nanoparticles were
synthesised to exploit their ability to electrostatically bind anionic and cationic
polyelectrolytes such as the polymer alginate and PBAEs employed to enhance the

encapsulation and the release properties of the antimicrobial agent chlorhexidine.

Size measurements

The hydrodynamic size was evaluated by NanoSizer light scattering and as reported in the
figure 4.2 the average value corresponds to 54 + 7.21 nm. This measurement is representative
of the silica nanoparticles amino-functionalized and the size is consistent if it is compared
with the current preparations of silica nanoparticles amino-functionalized available in the
literature. For example, Kardys et al., observed that the Stdber process can provide
nanoparticles having a size between 35-335 nm. The adjustment of some parameters of this
method, such as the amount of ammonium hydroxide, used as catalyst for hydrolysis, the
ethanol, added as reaction medium, and the emulsion timing, can influence the size of the

particles (Kardys, Bharali and Mousa, 2013).
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Zeta potential

Zeta potential is a simple and easy technique applied for the characterisation of the surface
of charged colloids (Honary and Zahir, 2013) and it reflects both the distribution stability state
of the nanomaterial and the adsorption of polyelectrolytes and drug on its surface (Sun et al.,
2016). Moreover, it allows the analysis of the binding type between the drug and
nanoparticles, that is an important characteristic for the rate desorption of the drug in the
nanoparticles and for the drug loading efficiency (Honary and Zahir, 2013), (Honary et al.,
2009). Therefore, for this project, zeta potential was measured as result of electrostatic
interactions among alginate, drug and PBAEs on the surface of the nanocarrier. For all the
developed nanocoatings, the charge was determined once a new layer was embedded onto
the colloid surface via layer by layer self-assembly adopting sodium acetate buffer pH5 as
dispersion medium. The resulting charge of the particles measured by zeta potential is
dependent on the balance between protonated and unprotonated groups embedded on the
surface, that is influenced by factors as for example the pH of the solution. For instance, the
amino groups are protonated at low pH values providing the formation of species -NHs",
becoming neutral when the pH increases. As contrary, this was opposite for carboxylic groups
of the alginate, where deprotonation or the protonation of the hydroxyl groups occurs

respectively at alkaline and acid environment (W. Feng et al., 2014).

The coating systems described in this thesis, showed that the silica nanoparticles after amino-
functionalization had a value equal to +26.96 + 0.92 mV, due to protonation of amino groups
at pH5, that replaced the negative charge typical of the -SiO4* groups. After the addition to
the system of sodium alginate, as described in the LbL protocol, the potential was inverted
again, -19.46 + 1.55 mV, as result of the electrostatic interaction between the carboxylic
group of the polyelectrolyte and the amino groups present on the surface. The deposition of
chlorhexidine decreased the availability of carboxyl groups on the surface, reducing
afterwards, the number of negative charged groups. Hence, the positivity of the potential
increased, +27.0 £ 1.0 mV, due to the presence of different amino groups present in the

backbone of the antimicrobial agent, as observed by Fullriede et al., 2016, (Lu et al., 2017).

However, the charge changed becoming again negative, -29.4 + 0.6 mV, after the sodium

alginate was layered on the surface of the nanoparticles, due to the electrostatic binding
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between the amino groups and the carboxylic group of the polyelectrolyte. After that, in all
the matrices prepared in this project a different PBAE was loaded as 4" layer inverting the
charge into positive. The difference in the PBAE positivity, reported in the table below, was
mainly dependent on the amino groups of the backbone of the molecular structure of the

polymers and on the acid environment in which the LbL self-assembly was carried out.

LbL-assembly PBAE positive
coatings charge on Q1
CHX-A1 +8.8+1.4mV
CHX-A2 +10.2 £ 0.36 mV
CHX-A3 +23.33+3.2mV
CHX-B1 +31.6+1.66 mV
CHX-B2 +29.77 £ 0.55 mV
CHX-B3 +12.8 +0.95 mV
CHX-D1 +13.5+3.31mV
CHX-D2 +4.82 +0.81 mV
CHX-D3 +11.33 £ 0.95 mV
CHX-E1 +9.78 £ 1.28 mV
CHX-E2 +11.7+0.5 mV
CHX-E3 +12.8 +0.61 mV
CHX-F1 +19.27 £ 0.72 mV
CHX-F2 +19.13+1.42 mV
CHX-F3 +25.97+£0.76 mV
CHX-G1 +25.13+£1.65mV
CHX-G2 +16.05 £ 2.02 mV
CHX-G3 +23.4+2.88 mV

Table 4.3: Positivity of PBAEs for Q1 of CHX-PBAEs coatings

These values are only representative of the first quadruple layer, but the measurements were
performed for all the ten quadruple layers. For instance, as it is shown in the figures 4.4-4.21

in the results section, the produced zig-zag pathway was typical of the multilayers build up
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systems as previously studied by (Burke and Barrett, 2003) . The deposition of PBAE onto the
nanomaterial surface allowed to understand that the success of the self-assembly was
dependent on the polymeric degradation. Therefore, although the polycations of the groups
A, B, D, E, F, and G possessed in the average a weak positive charge, the presence of PBAEs
into the systems improved the stability of the nanoconstructs. As result of that, it was
observed a better ability in managing the strong negativity of the alginate, especially from the

profiles provided by CHX-A2, CHX-A3, CHX-B2, CHX-D3 and CHX-F2.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis is normally required for the quantification of the organic and
inorganic content of the substrates and it measures the weight loss modulation as function
of temperature and time (Ng et al., 2018b). For this project, the temperature was ranging
between 20°C and 800°C. As it isillustrated in the figures 4.23-4.40 in the results section, the
attitude of the curves for all the coating systems was irrelevant below 100°C showing a low
weight loss due to the predominant amount of water adsorbed by the samples as
demonstrated by (Donato, Lazzara and Milioto, 2010). Furthermore, when the temperature
rose, the weight loss percentage was dependent on the organic ratio coated onto the
nanomaterials. Therefore, once the temperature rate went up reaching high values up to
800°C, also the amount of organic content considerably increased as proved by (Redfern and

Coats, 1963).

For the silica amino-functionalized nanoparticles the weight loss is the result of the addition
of APTES to the surface of the colloids. For all the constructs, a growth of weight loss was
observed once one more quadruple layer was coated onto the surface nanoparticles, starting
from the first quadruple layer until the last one. In fact, the tenth quadruple layer provided a
considerable organic content, confirming the successful drug loading and the polyelectrolytes
deposition onto the silica amino-functionalized nanoparticles. Therefore, as reported in the
results section, the organic content percentage regarding only Q10 for all the matrices is

summarised in the table below.
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LbL-assembly Organic content %
coatings for B10/Q10
Alg-CHX 27.67% £ 0.04
CHX-A1l 47.63% + 1.49
CHX-A2 39.63% +1.12
CHX-A3 67.31% £ 0.01
CHX-B1 39.27% £ 0.07
CHX-B2 60.20% £ 0.38
CHX-B3 66.19% + 0.06
CHX-D1 41.94% + 0.37
CHX-D2 32.58% + 0.78
CHX-D3 68.66% t 1.65
CHX-E1 44.05% + 3.04
CHX-E2 46.36% + 0.22
CHX-E3 69.19% + 0.25
CHX-F1 67.53% + 0.14
CHX-F2 65.85% + 0.52
CHX-F3 53.67% £ 1.52
CHX-G1 53.94% + 0.09
CHX-G2 53.03% + 0.42
CHX-G3 55.63% £ 0.52

Table 4.4: Organic content % for CHX-PBAEs for B10 or Q10

Among all the constructs, the systems having the polycations A3, B2, B3, D3, E3, F1, F2, G1
and G2 appear considerably interesting due to their high organic content percentage. Studies
reported the encapsulation of the chlorhexidine in expanded-pore mesoporous silica
nanoparticles (pPMSN) to synthesize CHX-pMSN. The thermogravimetric analysis evidenced
the successful encapsulation of the CHX where the loading efficiency was equal to 44.62%
(Yan et al., 2017). For the coating developed in this project, the downward crest occurring

around 100°C, might refers to both decomposition of the organic matter and the desorption
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of the chlorhexidine. Thus, if the loading amount of drug is high, the encapsulation of the
antimicrobial agent could be considered successful and it could be referred especially for the

matrices possessing the hydrolysable PBAEs A3, B2, B3, D3, E3, F1, F2, G1 and G2.

Chlorhexidine release profiles

In this research project, the antimicrobial agent was firstly entrapped via LbL on a bilayer
system including CHX and alginate only up to 20 layers, then 18 CHX-PBAE nanocoatings were
developed with the aim of improving the stability and the release of the cargo. The evaluation
of the drug release was performed in two different media, pH7.4 and pH5 representing
respectively physiological environment and an acidosis condition typical of the joint infection
(Simmen et al., 1993; Kinnari et al., 2010; Ribeiro, Monteiro and Ferraz, 2012). Only Q10 or
B10 were object of analysis as layers with the highest amount of CHX released from the
nanoparticles surface. However, the pH value can influence the release profile for the
chlorhexidine, due to electrostatic interactions that can affect the stability of the construct
(Kinnari et al., 2010). For example, the interactions among the layers were weak at pH7.4 but

strong at pH5; therefore, in all profiles the drug release was higher at pH 7.4 than at pH5.

LbL-assembly | Cumulative release Cumulative *Final *Final
coatings n° Days (pH5) release n° Days cumulative cumulative
(pH7.4) release at pH5 release at
pH7.4
Alg-CHX 25 25 1295.83 ug/mL | 1868.21 ug/mL
CHX-A1 70 70 1125.96 pg/mL | 2916.89 ug/mL
CHX-A2 45 45 656.84 ug/mL | 1920.60 pg/mL
CHX-A3 30 30 501.74 pug/mL | 640.16 ug/mL
CHX-B1 70 70 1135.15 pg/mL | 2187.41 pg/mL
CHX-B2 70 70 1648.61 pug/mL | 2592.64 pg/mL
CHX-B3 60 60 1085.97 pg/mL | 2116.16 ug/mL
CHX-D1 70 70 1612.70 pg/mL | 3086.59 ug/mL
CHX-D2 110 110 1683.89 pg/mL | 2470.32 ug/mL
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CHX-D3 50 50 1419.86 pg/mL | 2676.21 pg/mL
CHX-E1 70 70 1190.26 pg/mL | 1775.34 pg/mL
CHX-E2 70 70 1350.70 pg/mL | 1999.87 pg/mL
CHX-E3 50 50 1417.90 pg/mL | 2443.42 pg/mL
CHX-F1 70 70 1657.91 pg/mL | 2764.73 pg/mL
CHX-F2 70 70 1318.69 pg/mL | 3178.49 pg/mL
CHX-F3 90 90 2131.43 pg/mL | 3131.46 ug/mL
CHX-G1 60 60 504.24 pg/mL | 636.85 ug/mL
CHX-G2 60 60 435.62 pg/mL | 564.18 ug/mL
CHX-G3 50 50 815.30 pg/mL | 1555.11 pg/mL

*Daily release: 25-35 pg/mL. CHX-MIC: 2-8 ug/mL against Escherichia coli, and 0.5-2 pug/mL against
Staphylococcus epidermidis (Luo et al., 2016).Table 4.5: CHX cumulative release at pH5 and pH7.4

This is proved by the table 4.3 above which summarises the quantification the chlorhexidine
released by the matrices prepared by LbL self-assembly. Overall, comparing nano-delivery
system built up as bilayers to those composed by quadruple layers, it was observed that the
presence of PBAEs as polycations into the systems allowed a better protection of the
antimicrobial agent and a controlled and longer drug release. Furthermore, the disruption of
the systems was mainly dependent on the polymeric degradation, which was influenced by
the structure of the monomers adopted as starting materials in the PBAE synthesis. According
to the literature, the profiles of the sequences involving A1, A2, A3, D1, D2, D3, E1, E2, and
E3 (figures 4.41-4.50) as polycations respect both the surface erosion model for which the
cumulative release of the drug unbound rises constantly over time until the plateau is reached
and all the deposited layers are eroded causing the diffusion of the drug through the
deposited polyelectrolytes layers (Smith et al., 2009). On the other hand, the release curves
provided by the polymers belonging to the groups F and G showed an initial burst release in
the first week followed by steady decreasing release until it was reached the plateau, where
the amount of drug released was too minimal to be detected. This is reported in the figures
4.51-4.59 in the results section. Despite the complexity beyond thin films degradation, the
drug release properties were correlated to the solubility of the cargo in buffers, to the
hydrolysis of PBAEs and to the weak electrostatic interactions generated by the LbL-assembly.

In particular, in the latter case, the Van der Waals forces provide a stable conformation of the
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polymers chains which positively influenced the construction of the thin layers (Matsusaki et
al., 2012) (Gentile et al., 2015). Therefore, we assume that the different structures of PBAEs,
including hydrophilic and hydrophobic monomers, could justify the modulation of both drug
load efficiency gained by thermogravimetric analysis and drug release. In addition, the film
degradation and the antimicrobial release was mainly observed in first 2 weeks corresponding
to the timing of the PBAE hydrolysis. More specifically, the hydrolysable polycations after
being completely degraded left the no hydrolysable polymer alginate as base layer, which was
stable in both acidic and physiological conditions as widely investigated by Wood et al. This
group of researchers evaluated the hydrolytic degradation of the LbL thin films including a
PBAE and polysaccharide therapeutics, whose disruption and rate of drug released were
initially characterised by a swelling period and then followed by linear system degradation.
This mechanism was justified by the alternative deposition of no-hydrolysable and
hydrolysable polyelectrolytes (Wood et al., 2005). Furthermore, Smith et al., investigated
three hydrolysable polycations coated in different systems including flurbiprofen. Poly (3)-
cargo provided a release over 10 days whereas poly (2)-cargo showed a release lasting 17
days. This study proved that the release kinetics are independent of the drug but can be
influenced by the choice the poly-hydrolysable polymers influencing the stability of the
coating (Smith et al., 2009). In our case, we assume that the formulation composed by
qguadruple layers rather than bilayers better protect the drug, enhancing its physiochemical
properties. Additionally, the employment of opposite charged no-hydrolysable and
hydrolysable polymers, such as alginate and PBAEs, play a crucial role in the construct
conformation. To confirm the data previously discussed, further investigation would be

required.
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Conclusions

In this chapter, 18 poly (B-amino) esters (PBAEs) were employed as polycations to develop 18
different chlorhexidine (CHX) nanotechnology delivery systems as early stage strategy to
provide prophylaxis for orthopaedic infections. The encapsulation of the antimicrobial agent
occurred via LbL self-assembly, with alternative deposition of alginate and PBAE onto silica
nanoparticles previously amino-functionalized by using the Stéber method. Each matrix was
composed by 10 thin quadruple layers and every single quadruple layer involved as follows:
sodium alginate, CHX, sodium alginate and PBAE whose synthesis was carried out in the
laboratory of Dr. Prokopovich from a wide range of amines and diacrylate monomers
commercially available. Conventionally 3 amines were conjugated by Michael addition to 6
diacrylates named as A, B, D, E, F and G to provide: A1, A2, A3, B1, B2, B3, D1, D2, D3, E1, E2,
E3 F1, F2, F3 G1, G2 and G3.

The 18 nanocoatings were compared to a unique thin bilayer system including only alginate
and CHX embedded via LbL onto the SiO2-NPs surface up to 10 bilayers. Firstly, the size of the
nanocarriers was measured by dynamic light scattering (DLS) and transmission electron
microscopy (TEM) priory and after the LbL deposition. Then, for all the systems, quadruple
and bi layers, the characterization of the surface of the nanoparticles was determined by zeta
potential measurements and thermogravimetric analysis (TGA). In the first case, the resulting
zig-zag pathway proved the success of each layer deposition via electrostatic interactions,
whereas TGA allowed to quantify the deposition of hydrolysable (PBAE), no hydrolysable
(alginate) polymers and chlorhexidine on the nanoparticles surface by material weight loss as

function of time.

CHX release determination was performed by dispersing only Q10 or B10 nanoparticles in two
different media, pH5 and pH7.4, representing respectively joint infection and healthy
environment. Comparing the 18 nano-delivery systems to the alginate-CHX bilayer, the longer
and controlled antimicrobial release provided by CHX-PBAEs coatings explained the
importance in protecting the encapsulated drug into the system by employing a combination
of hydrolysable and no-hydrolysable polymers. Thus, CHX was released over a period of 25
days from Alg-CHX thin film layer, whereas between 30-110 days from CHX-PBAEs.

Furthermore, the drug release was pH-responsive and dependent on polymeric degradation:
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in accordance to PBAEs hydrolysis, CHX slowly released at pH5 due to low electrostatic
interaction among the layers, instead at pH7.4 reduced ionic strength caused a rapid drug

release.

Therefore, due to the results provided, CHX-PBAE thin layers delivery systems could be a

promising candidate for the treatment of early and late onset orthopaedic infections.
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Chapter 5: Tobramycin and PBAE loaded on silica nanoparticles via Layer by
layer (LbL) coating

Introduction

Prosthetic joint infection (PJI) is an undesirable event of total joint arthroplasty (TJA), caused
by a broad spectrum of Gram positive and Gram negative bacteria, which could require
multiple revision surgeries to successfully eradicate the microorganisms from the infected
implant (Tande and Patel, 2014), (Scott and Higham, 2003). To overcome this problem, the
formulation of antibiotic loaded nanoparticles, incorporated in bone cement and used for
fixation of prosthesis, allowed the targeted and sustained release of the drug over the site of
infection enhancing the antibacterial properties (Lee et al., 2015), (Chuang, Smith and
Hammond, 2008). Aminoglycosides such as gentamycin, tobramycin and vancomycin are a
class of antibiotics which are widely used for the treatment of bacterial infections (Hendriks
et al., 2004), (Krause et al., 2016). These agents are concentration-dependent drugs which
means that bacteria killing rise by increasing levels of drugs (Hill et al., 2019). In particular,
tobramycin is a water-soluble antibiotic which mainly acts against Gram negative bacteria as
Pseudomonas aeruginosa (Gao et al., 2011). Despite this prompt ability, the current concern
regards the rate of drug release which is quite difficult to control (Swearingen et al., 2018),
(Smith et al., 2018b). The reason could be related to an initial burst release observed from
the systems containing tobramycin providing an initial excess of drug depletion and high local
antibiotic concentration which lead to increased toxicity in the host cells. Furthermore, the
initial burst release can cause long period of less effective tobramycin concentration which
could be below the minimal inhibiting concentration (MIC) simply promoting the antibiotic
resistance (Zhou et al., 2018), (Francolini et al., 2017). Therefore, to minimise the incidence
of these side effects, it is extremely urgent the development of trigged-release drug delivery
systems to exploit the antibiotic properties and improve its kinetics of release (Zhou et al.,

2014), (Zhu and Jun Loh, 2015) (Perni and Prokopovich, 2020a).

In this chapter, a facile approach to form pH-responsive layer by layer (LbL) multilayer film
systems was developed by coating the positive charged tobramycin onto silica amino-
functionalised nanoparticles chosen as nano-vectors. Firstly, the antibiotic was alternatively

loaded with only the non-hydrolysable polymer alginate to provide a bilayer system; then the
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18 PBAEs detailed described in chapter 3 were employed in the development of 18 different
nano-delivery systems where each system was composed by 10 quadruple layers and each
qguadruple layer included as follows: alginate-TOB-alginate-PBAE. The bilayer and quadruple
layer nano-coatings were characterised by zeta potential measurements and
thermogravimetric analysis (TGA) and the drug release was quantified by fluorescence
detection providing high load drug capacity and controlled drug release over a period of 4

weeks.

This strategy could represent a promising way to control the release of the aminoglycoside
tobramycin as early stage prophylaxis for future treatments of early and late onset joint

infections.

Materials and methods

Chemicals
All the reagents used for the nanoparticles and nano-delivery systems including the
tobramycin and reported in this chapter, are accurately described in the section 2.1 of chapter
2. Buffers pH5 and pH7.4 were prepped as follows: 700 mL of sodium acetate 0.1M (70%)
were added to 30mL of acetic acid 0.1M (30%) to produce sodium acetate buffer pH5,
whereas 1 tablet of phosphate buffer (PBS) was dissolved in 100 mL deionised water to gain

buffer pH7.4.

Nanoparticles preparation

For every nanocoating system, 500 mg of amino-functionalised silica nanoparticles (AFSi-NPs)
were employed as nano-vectors and synthesised following the Stober method (Stober, 1968),

whose protocol was specified in the section 2.2 of chapter 2.

Synthesis of poly (B-amino) esters (PBAE)

18 PBAEs were synthesised by Michael conjugation between a diacrylate and a secondary
amine in a ratio 1:1.1. The monomers were dissolved in 5mL of dichloromethane (DCM) and
kept under stirring in a glass tube in oil bath at 50°C. After 48 h, each polymer was recovered
by precipitation in 30 mL of diethyl ether followed by centrifugation for 5 minutes at 3500

rpm to remove the excess of starting materials (Lynn and Langer, 2000). The general scheme
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of PBAE reaction, the procedure and the table of monomers adopted for the synthesis are

listed in the section 2.3 of chapter 2.

Layer by layer (LbL) self-assembly

Layer by layer technique was applied for the development of multilayer systems composed
by quadruple layers or bilayers, where the antibiotic tobramycin was loaded onto the AFSi-
NPS surface up to 10 times. Firstly, a bilayer was prepared as represented by the table 5.1

below.

Bilayer matrix: Alg-TOB

Quadruple layer Abbreviation Layers on the surface of AFSi-NPs
no.
1 B1 AFSi-NPs-alginate-tobramycin
2 B2 AFSi-NPs-B1-alginate-tobramycin
3 B3 AFSi-NPs-B2-alginate-tobramycin
4 B4 AFSi-NPs-B3-alginate-tobramycin
5 B5 AFSi-NPs-B4-alginate-tobramycin
6 B6 AFSi-NPs-B5-alginate-tobramycin
7 B7 AFSi-NPs-B6-alginate-tobramycin
8 B8 AFSi-NPs-B7-alginate-tobramycin
9 B9 AFSi-NPs-B8-alginate-tobramycin
10 B10 AFSi-NPs-B9-alginate-tobramycin

Table 5.1: LbL matrix of deposited alginate and TOB layers on AFSi-NPs

The formation of the multilayer system occurred under acidic condition by using sodium
acetate pH5 to reproduce infectious environment (Ribeiro, Monteiro and Ferraz, 2012). Both
sodium alginate (2mg/mL) and tobramycin (10mg/mL) were prepared few hours before the
beginning of the self-assembly procedure. Then, 18 nano-delivery systems were developed
adopting the same conditions for the experiment. In particular, each matrix was composed
by 10 quadruple layers and each quadruple layer was including as follows: alginate-TOB-
alginate-PBAE (table 5.2). The polymer solution was also freshly prepared (2mg/mL) and the

LbL technique is detailed described in the section 2.4 of chapter 2.
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Matrix: Alg-TOB-Alg-PBAE

Quadruple layer no. Abbreviation Layers on the surface of AFSi-NPs

1 Q1 AFSi-NPs-alginate-tobramycin-alginate-PBAE

2 Q2 AFSi-NPs-Q1-alginate-tobramycin-alginate-PBAE
3 Q3 AFSi-NPs-Q2-alginate-tobramycin-alginate-PBAE
4 Q4 AFSi-NPs-Q3-alginate-tobramycin-alginate-PBAE
5 Q5 AFSi-NPs-Q4-alginate-tobramycin-alginate-PBAE
6 Qb6 AFSi-NPs-Q5-alginate-tobramycin-alginate-PBAE
7 Q7 AFSi-NPs-Q6-alginate-tobramycin-alginate-PBAE
8 Q8 AFSi-NPs-Q7-alginate-tobramycin-alginate-PBAE
9 Q9 AFSi-NPs-Q8-alginate-tobramycin-alginate-PBAE
10 Q10 AFSi-NPs-Q9-alginate-tobramycin-alginate-PBAE

Table 5.2: LbL matrix of deposited TOB and PBAE layers on AFSi-NPs

Nanoparticles surface characterisation

Zeta potential measurements

For each layer deposited onto the silica nanoparticles surface the zeta potential was
measured by dispersing 1 mg of the nanocarrier after a new layer deposition in 1 mL sodium
acetate pHS5. For all the layers composing either the 10 quadruple layers or bilayers, the
charge of the nanomaterial was measured as result of the electrophoretic mobility under
acidic conditions. The detection of the potential occurred via dynamic light scattering (DLS)
on Malvern ZetaSizer. The conditions adopted for the measurements are listed in the section
2.5.2 of chapter 2. All data were expressed as mean * standard deviation (SD) for at least 3

measurements.

Thermogravimetric analysis (TGA)

For the bilayers B1, B3, B5, B7 and B10 of the system Alg-TOB as well as for the quadruple
layers Q1, Q3, Q5, Q7 and Q10 of all the 18 TOB-PBAE matrices, the weight loss percentage
was evaluated as function of time by heating the nanoparticles up to 800°C (Ng et al., 2018b).
The TGA was carried out by using Perkin-Elmer TGA 4000 instrument and the detailed
procedure is reported in the section 2.5.3 of chapter 2. All data were expressed as mean *

standard deviation (SD) for at least 2 measurements per sample.
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Tobramycin release quantification

After the LbL deposition the drug release studies were performed at pH5 and at pH7.4
representing respectively infection and physiological environments (Ribeiro, Monteiro and
Ferraz, 2012). The object of analysis was the last quadruple or bilayers B10 or Q10. In
particular, 10 mg of each nano construct were suspended in 1 mL of each medium and kept
in the incubator at 37°C along all the release period and every 24h the surfactant was
withdrawn and replace with fresh buffers as described in the section 2.5.4 of chapter 2. The
release of tobramycin was evaluated by fluoroscopy with the aid of a fluoroscan (FLUOROstar
Optima, BMG labtech). The drug release quantification occurred by quantifying the
florescence of the conjugate formed by adding o-phthaldialdehyde (OPA) reagent to the
samples daily withdrawn from the incubator (Perni and Prokopovich, 2014). The test was
performed on triplicates per sample dissolved in both media and the description of the

applied protocol is detailed in the section 2.5.5 of chapter 2.
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Results

Nanoparticles surface characterisation

{ potential measurements

Bilayer: Alg-TOB

The zeta potential pathway was developed for the bilayer alginate-tobramycin which was
composed by overall 20 layers with alternative deposition of the no hydrolysable polymer and
the antibiotic onto the surface of the nano-vectors. Starting from the positivity provided by
the amino-functionalised nanoparticles, +17.07 + 3.12 mV, the potential was reversed by
deposition of the alginate, -12.57 + 2.18 mV, and it returned positive once the aminoglycoside
was embedded onto the system, +13.37 + 0.55 mV as illustrated by the figure 5.1 below

(layers 1-3).
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Figure 5.3: { potential for the coating system SI-NH;NPs-Alg-TOB. Mean + SD (N=1, n=3).

Overall it was observed that the negativity of the sodium alginate reduced the positivity of
the drug. For instance, the charge of tobramycin plummeted to 0.01 £ 1.51 mV on B2 showing
an increasing negativity from B3, -2.3 £ 0.18 mV, reaching -12.77 £ 2.35 mV on B10. The
positivity of the cargo was easily turned into negative: therefore, it is required the
development of nano delivery systems enable to enhance the stability of the drug. Thus, in

this section all the 18 systems including different PBAE forming with tobramycin and alginate
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qguadruple layers rather than bilayers will be described and compared to the pathway

reported above.

Al
PBAEs, belonging to the group A and possessing 1,4 butanediol diacrylate as diacrylate (A)
and piperazine (1), 4-4 trimethylendipiperidine (2) and N,N-Bis[3-
(methylamino)propyl]lmethylamine (3) as amines, were the polycations employed in the
nanoconstructs TOB-A1, TOB-A2 and TOB-A3. Each matrix was involving the sequence
alginate-TOB-alginate-PBAE to form one quadruple layer which was repeatedly coated onto

the silica nanoparticles (AFS-NPs) surface up to 10 times. Thus, in this case, the zeta potential

was measured for all the 40 layers.

Starting from a positive potential provided by the amino-functionalised nanoparticles, +17.07
+ 3.12 mV, the charge was easily turned into negative by coating the sodium alginate onto
the nanocarrier surface, -18.03 + 1.68 mV. Additionally, the deposition of the antibiotic
showed a considerable positivity equal to +41.7 + 4.31 mV, which dropped to -13.0 + 1.01 mV
by adding one more of alginate and returning slightly positive after A1 was embedded onto

the system, +2.48 + 2.41 mV as shown by the layers 1-5 reported in the figure 5.2 below.
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Figure 5.2: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-Al. Mean + SD (N=1, n=3).
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The strong positivity of the drug was reduced to +26.7 + 2.96 mV on Q2 due to the weak
positivity detected for the PBAE A1, which instead presented a charge close to 0, -0.5 + 0.26
mV. The potential of the cargo was then still slightly positive on Q3, +2.97 + 2.07 mV and it
became negative from Q4, -0.75 = 1.92 mV, reaching a negativity equal to -6.17 + 1.10 mV on
Q7. However, after being inverted, the charge of Al slightly changed from Q4, -4.03 + 0.84
mV, up to Q10, -4.37+ 0.42 mV.

A2

The figure 5.3 is representative of the zig-zag pathway gained by the measurements of zeta
potential for each layer deposited onto the nano vectors surface to form the delivery system
including tobramycin and the PBAE A2. First of all, the charge was positive for the
nanoparticles alone, +17.07 + 3.12 mV; then, the first quadruple layer was coated as follows:
sodium alginate which reversed the potential to -28.63 + 1.20 mV; the antibiotic providing a
positive charge of +16.9 + 1.55 mV; a second layer of alginate which inverted into negative

the potential, -29.6 + 3.6 mV, and finally the polycation A2 which changed again the potential
showing a positivity equal to +12.9 + 1.2 mV (1-5 layers).
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Figure 5.3: { potential for the coating system SI-NH;NPs-Alg-TOB-Alg-A2. Mean + SD (N=1, n=3).
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The PBAE A2 enhanced the stability of the tobramycin if compared to the profile of TOB-A1.
For instance, its positivity was half reduced to +7.23 £ 0.38 mV on Q2 and it remained nearly
0 from Q4 to Q9, reaching -4.2 + 1.85 mV only on Q10. As contrary, the polymer showed its
positivity until Q6. Indeed, for the first two quadruple layers there was no change of its charge
which dropped to +4.1 £ 1.13 mV on Q3 and +0.13 + 0.29 mV on Q6. From Q7 the potential
became slightly negative, -1.9 + 2.51 mV, with no substantial difference in the negativity

detected up to Q10, which was correspondent to -3.7 + 0.47 mV.

A3
A3 was the last polymer, belonging to the group A, employed as polycation into a system
including tobramycin. As previously described, the positivity showed by the surface of the
nanocarrier before the layer by layer deposition was inverted by adding one layer of sodium
alginate, -16.33 + 1.39 mV and it went back to positive once the antibiotic was embedded into
the system, +25.6 + 0.87 mV. The addition of one more layer of sodium alginate changed the

potential into negative, -27.73 + 0.81 mV which then was reversed again by the deposition of

A3, +15.53+0.71 mV.

In this case, the positivity of the drug remained stable until Q4 ending to -6.12 + 0.55 mV on
Q7. For example, on Q2 the potential of tobramycin plummeted to +6.1 + 1.01 mV, whereas
it slowly decreased on Q3 and Q4 where it was equal to +2.06 + 1.65 mV. However, after
being close to 0 on Q5 and Q6, the charge suddenly was turned from Q7 remaining negative
up to Q10. The behaviour observed for A3 was similar to what described for the tobramycin.
In particular, the positivity showed by the polymer on Q1 was mainly reduced on Q2, +8.84 +
0.27 mV, and Q3, +4.31 + 1.83 mV, whereas it slowly decreased on Q4, +3.47 £ 1.16 mV.
However, the potential of the polycation was nearby 0 on Q5, followed by an increasing

negativity detected from Q6, -3.14 + 1.24 mV, ending to -5.12 + 1.18 mV on Q10 (figure 5.4).
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Figure 5.4: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-A3. Mean % SD (N=1, n=3).

Overall, comparing the profiles gained by TOB-A1, TOB-A2 and TOB-A3 to the one of the
bilayers nanoconstruct Alg-TOB, it was observed that although the polymers of the group A
possessed a weak positive charge, the PBAEs improved the stability of the drug, which in the
case of the bilayer showed an increasing negativity already from the third bilayer. On the
other hand, among the nano delivery systems formed by quadruple layers, A2 better
managed the positivity of the cargo exhibiting its positive charge until Q6. Therefore, the
PBAEs which better protected the antibiotic entrapped onto the nanocoatings were, as

follows, A2>A3>A1.

B1
B1 was employed as first PBAE of the group B which included B1, B2 and B3. From the positive
charge detected for the amino functionalisation of the silica nanoparticles, there was a
consistent drop of the positivity due to the alginate coated onto the system, which showed a
potential of -30.73 £ 1.24 mV. Furthermore, the addition of tobramycin reversed the charge
into positive, +14.87 + 0.85 mV, which returned negative once the sodium alginate was
embedded for the second time, -29.7 £ 0.52 mV. To complete the first quadruple layer, B1

was layered as polycation, proving a further change of the potential which was slightly

positive, +4.41 + 0.68 mV (figure 5.5).
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Figure 5.5: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-B1. Mean + SD (N=1, n=3).

As illustrated in the figure above, the initial positive charge of the drug was easily turned into
negative, dropping to +4.11 + 0.92 mV on Q2. Then, after being close to 0 on Q3, 0.38 + 1.02
mV, the potential was inverted into negative from Q4, -4.84 + 0.18 mV, reaching -9.8 + 0.16
mV on Q10. As contrary, the polymer B1 was already a weak polycation from the first
qguadruple layer. Indeed, it quickly lost its positivity becoming negative on Q2, -2.61 £ 0.18

mV, followed by a slow increase of its negativity ending to -3.96 £ 0.12 mV on Q10.

B2
The zeta potential measurements were also performed for the matrix TOB-B2 as reported in
the figure 5.6 below. The first quadruple layer was characterised by alternative positive and
negative charge as results of alginate, antibiotic, alginate and B2 employed in this system.
Therefore, starting from +17.07 £ 3.12 mV for the AFS-NPs alone, the alginate turned into
negative the charge, -13.37 = 1.20 mV, which returned positive after layering the
aminoglycoside onto the nanocarrier surface, +20.7 + 1.01 mV. Additionally, the potential
plummeted into a negative value after the second deposition of the sodium alginate, -26.6 +

1.97 mV, positively reversing only by coating the PBAE B2, which showed a weak positive
charge, +4.83 £ 0.17 mV.
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Figure 5.6: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-B2. Mean + SD (N=1, n=3).

Overall, it was observed that although the polymer showed a weak positive charge, it
remained positive up to Q7, as well as the cargo which kept being positive until Q6. For
example, the potential of tobramycin dropped to +7.04 + 0.25 mV on Q2, but remaining
positive up to Q6, +6.21 + 1.51 mV. Then, the potential plummeted to -2.01 + 1.73 mV on Q7
reaching -3.27 £ 0.11 mV on Q10. On the other hand, the positivity of B2 decreased to +2.6
0.23 mV on Q3, staying stable until Q7 where the charge was equal to 0.15 + 1.17 mV,
followed by an increase of the negativity which ended up to -5.91 + 2.02 mV on Q10.

B3
To complete the polymers belonging to the group B, a zig-zag pathway was finally developed
by measuring the nanocoating TOB-B3 along the layer by layer deposition. The initial positive
charge detected as result of the amino functionalisation of the silica nanoparticles changed
into negative by layering the sodium alginate, -27.8 £ 0.38 mV, and went back to positive after
the deposition of the tobramycin, +14.87 + 0.85 mV. However, the alginate added for the
second time and representing the third layer embedded onto the surface of the vectors,

turned back to negative the charge showing a value of -28.03 + 2.10 mV, which changed again

once B3 was coated onto the system, +8.75 + 0.33 mV (figure 5.7).
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Figure 5.7: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-B3. Mean + SD (N=1, n=3).

In this case, the positivity of the drug was easily inverted on Q3 showing a potential of -1.72
+ 1.23 mV. Furthermore, the negativity steadily increased firstly reaching -3.30 £ 0.74 mV on
Q7, then, -10.27 + 0.96 mV on Q10. The charge of the polymer B3, instead, slightly changed,
showing values equal to +3.32 + 1.34 on Q4 and 0.72 + 0.92 mV on Q6. As contrary, the
potential was inversed staring from Q7, -1.20 £ 0.07 mV followed by a rise of the negativity

until Q10 where the charge was correspondent to -5.26 £ 1.57 mV.

Comparing the results of the 3 polymers of the group B, it was observed that although B3
provided the highest initial positive charge, B2 was the more stable among the 3 polycations,
showing a better management of the strong negativity of the sodium alginate. As contrary,
no substantial difference was observed between the profiles of TOB-B1 and TOB-B3, as well
as if these 2 matrices were compared to the bilayers system Alg-TOB. For instance, the
potential of the drug was easily reversed into negative already from the second quadruple
layer as observed for Alg-TOB. Thus, the employment on the systems of B1 and B3 was no

significantly effective as noticed instead for B2.
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D1

The zeta potential was pursued also to evaluate the layer by layer deposition of the
nanocoatings including the polymers of the group D: TOB-D1, TOB-D2 and TOB-D3. For the
first matrix, starting from +17.07 + 3.12 mV, which was the potential representative of the
amino-functionalised nanoparticles before the LbL, there was a reduction of the positivity by
employing in the system the alginate, -21.0 + 2.43 mV. Then, the potential was turned again
by adding the tobramycin, +5.27 + 2.37, to return negative after layering for the second time

the alginate, -26.3 + 0.87 mV. Finally, the first quadruple layer was completed by coating the
PBAE D1, which provided a positive charge equal to +11.8 + 3.72 mV (figure 5.8).
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Figure 5.8: { potential for the coating system SI-NH;NPs-Alg-TOB-Alg-D1. Mean + SD (N=1, n=3).

The positive charge of the drug was easily turned into negative from Q2, showing a potential
of -11.3 £ 0.81, followed by a steady increase of the negativity that ended up to -15.2 + 1.79
mV on Q10. In addition, a similar behaviour was observed for the polycation D1, which
although presented a positive charge over +10mV, it was incapable of managing the strong
negativity of the sodium alginate. For instance, also for D1, there was a drop of its positivity
starting from Q2, -9.73 £ 2.17 mV, plus a further rise of the negativity which reached -13.87 +
1.17 mV on Q10.
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D2
The nano delivery system possessing D2 as polycation provided a zig-zag pathway while every
polyelectrolyte was embedded onto the nanocarrier surface (figure 5.9). The first quadruple
layer was composed by as follows: alginate, tobramycin, alginate and D2 and similarly to what
heretofore described each component was alternatively layered. Therefore, the initial
positivity of the vectors surface was firstly reversed into negative by the alginate, -26.97 +
0.71 mV and then changing into positive after the layer of the cargo, +21.93 + 1.27 mV. In the
same way, the 3™ and 4™ layers represented by respectively alginate and D2 inverted the

potential, which was negative first, -30.93 + 4.15 mV and finally back to positive, +15.5 + 4.50
mV.
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Figure 5.9: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-D2. Mean + SD (N=1, n=3).

Overall, the polycation D2 was able to better control the negativity of the non-hydrolysable
polymer if compared to the profile of TOB-D1. In this case, the potential of the drug was
positive until Q3, where it dropped to +9.93 + 2.55 mV, but it became negative on Q5, -2.0 +
4.04 mV. In particular, for this nanoconstruct, no further increase of negativity was observed
for the charge of tobramycin, showing a potential correspondent to -2.07 £ 0.2 mV on Q10.
However, the strong positivity of the PBAE, that was detected on Q1, was half reduced on Q2,

+7.2£1.97 mV, plummeting to +1.0 + 1.56 mV on Q3. Additionally, the potential was turned
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into negative starting from Q4, -1.9 + 1.27 mV, and the negativity steadily rose ending to -3.6
0.3 mVon Q10.

D3
To complete the PBAEs of the group D, the zeta potential was performed also for the matrix
TOB-D3. Starting from +17.07 + 3.12 mV, which was the detected charge for the nanoparticles
alone, the potential changed to -30.3 £ 1.53 mV once the alginate was added onto the system
for the first time. Although the layer of tobramycin turned the charge of the surface of the
nanocarrier into positive, +14.87 + 0.85 mV, there was a further inversion of the potential
after depositing the alginate for the second time, which was equal to -31.77 £ 0.31 mV. Finally,

the coating of the PBAE D3 formed the first quadruple layer providing a positive charge of
+16.63 + 0.87 mV (figure 5.10).

The polycation D3 properly balanced the strong negativity of the alginate, showing a positive
potential up to Q5. In the same way, also the charge of the drug was positive until Q5 and
was turned into negative from Q6. For instance, the positivity of the aminoglycoside
consistently dropped on Q2, showing a charge correspondent to +2.03 + 0.91 mV, remaining
stable up to Q5, +1.20 + 0.54 mV. Then, there was a considerable increase of the negativity

from Q6, -1.44 £ 1.10 mV, reaching -10.4 £ 0.2 mV on Q10.
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Figure 5.10: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-D3. Mean + SD (N=1, n=3).
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On the other hand, the positive charge of D3 mainly changed between Q2 and Q4 showing a
potential respectively equal to +3.14 + 2.52 mV and the potential became negative from Q6,

-2.28 £ 1.66 mV, ending to -8.5 £ 0.57 mV on Q10.

Comparing the nano delivery systems of the group D to the bilayers matrix Alg-TOB, it was
observed that the presence of PBAEs onto the systems better protected the drug entrapped
among the layers coated onto the surface of the nanocarriers. Despite that, among the
polycations possessing D as diacrylate in their backbone, it was observed that D2 provided
the best stability to the system in which it was embedded, rather than D1 and D3. Thus,
depending on the hydrolysis of these polymers and monomers that were employed for their

synthesis, D2>D3>D1 could be the order to classify the PBAEs belonging to the group D.

E1l
Regarding TOB-E1, initially, the charge was +18.93 + 1.39 mV for the surface of the particles,
but it dropped to -21.43 + 0.6 mV by adding the sodium alginate. Then, it was reverted due
to the layer of tobramycin, +10.46 + 2.11 mV, but it returned negative after the coating of the
alginate for the second time, -26.47 + 3.27 mV. Finally, the 4™ layer was the PBAE E1 providing

a shift into positive charge which was equal to +13.36 + 0.23 mV (1-5 layers in the figure 5.11).
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Figure 5.11: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-E1. Mean + SD (N=1, n=3).
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The positive charge of the drug was easily reverted showing an initial decrease of the
positivity on Q2, +9.63 + 2.89 mV, which was drastically reduced on Q3, where the potential
was close to 0, -0.53 + 0.74 mV. From Q4, the charge of the cargo was negative, -7.63 + 1.88
mV, followed by a significant increase of the negativity heading to -11.4 £ 0.4 mV on Q10. As
contrary, the positivity of the polycation was quickly turned into negative from Q3, -6.2 £ 0.53
mV, showing a rapid rise of the negativity, once the polymer was embedded in a new

guadruple layer onto the particles surface, that led up to -13.6 + 0.29 mV on Q10.

E2

Zeta potential measurements were carried out also for the nanocoating TOB-E2 and the zig-
zag profile isillustrated in the figure 5.12 below. Starting from a strong positivity of the surface
resulting from the amino-functionalisation of the nanocarriers, +17.07 + 2.55 mV, the charge
dropped to -23.2 + 0.14 mV, due to the deposition of the no hydrolysable polymer alginate.
Additionally, there were further changes of the potential caused by the other components
characterising the first quadruple layer. Thus, as follows: the tobramycin layer provided a
positive charge, +27.33 + 1.11 mV, which was modified by one more layer of alginate, -25.4 +

0.26 mV, followed by an additional inversion representative of the coating of the polycation

E2, +9.03 £ 0.34 mV.

Zeta potential TOB-E2
40

30 TOB

SiNH2-NPs
20

10
0
-10
-20

Alg Alg Alg
-30 . A Aig Alg Alg Alg

Alg a1z Alg
Alg

Zeta potential (mV)

Alg
-40

-50
0 5 10 15 20 25 30 35 40

Layers number

Figure 5.12: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-E2. Mean + SD (N=1, n=3).

259



In this case, the charge of both drug and polymer was stable until Q6, showing a better ability
of E2, rather than of E1, to provide stability to the nanoconstruct. For instance, the positivity
of tobramycin was mainly reduced between Q3 and Q4, where the charge was respectively,
+4.5 + 0.37 mV and +2.63 + 0.45 mV. Furthermore, after being close to 0 on Q5, -0.77 + 0.12
mV, it became negative with a considerable increase of the negativity from Q6, -1.7 + 2.22
mV, to Q10, -11.3 + 0.98 mV. Additionally, the modulation of the charge for the polymer
similarly occurred to what previously described for the cargo. Therefore, the positivity of the
polymer remained stable for the first 3 quadruple layers whereas it plummeted to -2.14 +

0.80 on Q7, ending to -13.27 £ 0.12 mV on Q10.

E3
To conclude the PBAEs belonging to the group E, a zig-zag pathway was also developed for
the nano delivery system TOB-E3. The initial positivity of nanocarriers alone was reversed by
coating the sodium alginate, -18.77 + 1.02 mV, returning into positive once the tobramycin
was added onto the system, +14.87 + 0.85 mV. Then, the potential became negative again

due to the alginate that was layered for the second time onto the surface of the vectors, -18.2

+0.46 mV, plus it was finally reverted by coating the PBAE E3, +6.37 £ 0.74 mV (figure 5.13).
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Figure 5.13: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-E3. Mean * SD (N=1, n=3).
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The positive charge of the aminoglycoside was easily turned into negative on Q3, -3.15 £ 0.36
mV, but no further increase of the negativity was observed until Q10. This was probably
caused by the hydrolysis of the polycation which showed its positivity until Q6, where the
value was close to 0, 0.64 + 3.63 mV. However, from Q7 the potential of the polymer was
inverted, -0.86 + 0.84 mV, followed by a gradual rise of the negativity heading to -4.10 + 1.15
mV on Q10.

Comparing the zig-zag pathways of the polymers of the group D, it was observed a good ability
from the polymers of this group to control the negativity of the sodium alginate. This attitude
was especially observed for E2 and E3, that, although were weak polycations, protected the
drug coated in their own systems. Additionally, as previously described, the matrices TOB-E1,
TOB-E2, and TOB-E3 confirmed that the development of coatings composed by quadruple

layers instead of bilayers and including PBAEs, enhanced the stability of both drug and system.

F1
The polymers of the group F were employed as polycations for the development of 3 further
nano delivery systems: TOB-F1, TOB, F2 and TOB-F3. The profiles gained by zeta potential
measurements were representative of the success of the LbL deposition for PBAEs and
tobramycin onto the surface of the matrices. Regarding TOB-F1, the initial positive charge
resulting from the amino-functionalisation of the silica nanoparticles, dropped once the
alginate was layered onto the system, -32.07 £ 0.64 mV, and it returned positive by adding
the tobramycin, +14.1 + 0.17 mV. Additionally, the potential was negative again after
depositing on the surface of the nanocarriers the alginate for the second time, -28.57 + 0.23

mV, whereas it changed once again due to the coating of the PBAE F1, +13.3 + 1.11 mV (1-5

layers of figure 5.14).
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Figure 5.14: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-F1. Mean + SD (N=1, n=3).

The positivity of the drug moderately decreased among the quadruple layers, showing value
equal to +9.0 = 0.52 mV on Q2, which was half-reduced on Q4, +4.67 + 0.95 mV, and it
decreased to 0.43 £+ 0.42 mV on Q6. From Q7 a reversed charge was observed, -0.7 + 0.62 mV,
which led up to -4.52 + 0.93 mV on Q10. Moreover, the degradation of the polymer was quite
similar to the modulation of the charge measured for the drug. In particular, also in this case,
the hydrolysis slowly occurred, providing a potential of +10.53 £ 1.46 mV on Q2, with a
gradual decline of the positivity until Q5, +1.03 + 2.59 mV. From Q6 there was an inversion of

the polymeric charge, -1.86 £ 0.55 mV, which ended up to -2.53 £ 1.12 mV on Q10.

F2
The zeta potential was pursued also for the matrix where tobramycin and the PBAE F2 were
coated onto the nanoparticles surface. As heretofore described, the initial detected potential
was positive and equal to +17.07 £ 3.12 mV, followed by a drastic drop into negative value, -
26.4 £ 1.14 mV, due to the presence in the system of sodium alginate. Then, the charge was
alternatively modulated by the coating of tobramycin, alginate for the second time and the
PBAE F2 and respectively correspondentto +24.6 + 1.4 mV, -28.4 + 0.53 mV and +20.77 + 1.67
mV. The zig-zag pathway reported in the figure 5.15 represents the success of the layer by

layer deposition for the system TOB-F2.
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Figure 5.15: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-F2. Mean + SD (N=1, n=3).

The polymer F2 properly controlled the positivity of the drug which was detected until Q9.
Indeed, there was a slow decrease of the positivity showing a value of +21.47 + 1.89 mV on
Q2, which kept falling on Q4, +19.87 + 1.76 mV, on Q6 +12.53 + 1.21 mV and on Q9, +2.67 +
0.06 mV. In this case the charge was reverted into negative only on Q10 with a potential of -
2.63 £ 0.87 mV. On the other, the charge of the polymer was gradually reduced among the
layers until Q8, reporting values such as: +25.0 £ 1.39 mV on Q2, +15.87 £ 1.75 mV on Q4,
+9.13 £ 0.57 mV on Q6 and it changed becoming negative on Q9, -1.73 £ 3.07 mV, reaching -
3.17 £ 0.85 mV on Q10.

F3
To complete the PBAEs belonging to the group F, the polycation F3 was applied for the
development of the nano delivery system TOB-F3, and the zeta potential was measured for
all the layers embedded onto the nanoparticles surface. Starting from +17.07 £ 3.12 mV
before starting the LbL, the potential plummeted to -23.63 + 1.42 mV after the deposition of
the alginate, and it turned back into positive by coating the aminoglycoside to the system,
+25.6 + 0.87 mV. Besides, the charge became negative again due to an additional layer of

sodium alginate, and it returned positive by coating the PBAE F3 onto the surface of the

nanoparticles (figure 5.16).
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In this case, F3 was able to manage the positivity of the drug until Q6. Therefore, after a
considerable reduction occurring between Q1 and Q2, where the charge of tobramycin was
correspondent to +7.2 + 0.07 mV, the potential slowly decreased. For instance, the
degradation was gradual up to Q6, showing values equal to +3.85 + 0.71 mV on Q4, and close
to 0 on Q6, 0.61 + 0.16 mV. However, the potential was negative on Q7, -0.60 + 0.2 mV
heading to-3.27 £ 0.11 mV on Q10. As contrary the positivity of the polymer remained stable
up to Q5, +1.95 + 0.24, and the charge was inverted into negative on Q6, -1.20 + 0.07 mV,
with no further increase of the negativity observed until Q10, where the potential was

correspondent to -0.40 + 0.49 mV.
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Figure 5.16: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-F3. Mean + SD (N=1, n=3).

The controlled degradation the PBAEs of the group F greatly influenced the drug stability
within the nanoconstructs. In particular, among the polymers heretofore analysed, F2 and F3
contributed to maintain positive the charge of the tobramycin until Q8 or Q9, whereas F1
until Q5, showing an attitude which was comparable to the previous polycations. As contrary,
observing the zig-zag pathway of Alg-TOB, the charge of the drug was easily reversed into
negative already from the second bilayer B2, followed by an increasing negativity caused by
the presence of only alginate and drug into the matrix. Therefore, this confirmed that the

application of PBAE and the choice of building up systems composed by quadruple layers
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rather than bilayers, provided higher stability and a better management of drug and

polyelectrolytes included into the nanoconstructs.

G1
The PBAEs of the group G are the last polymers applied for the development of delivery
systems composed by quadruple layers were the tobramycin and PBAEs were entrapped onto
silica nanocarriers. Regarding TOB-G1, the first quadruple layer was involving as follows:
alginate, tobramycin, alginate and G1. Therefore, starting from the positive charge provided
by the amino functionalisation of the particles, +17.07 + 3.12 mV, the potential dropped to -
30.3+0.4 mV after the deposition of the alginate onto the surface of the vectors. Additionally,
the charge returned positive by coating the antibiotic, +10.67 + 0.72 mV, and it plummeted
to -21.07 + 0.90 mV, due to a new layer of sodium alginate. Finally, to complete the first

quadruple layer, the 4t layer was represented by the polycation G1, which provided a positive

charge equal to +21.60 + 0.90 mV (figure 5.17).
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Figure 5.17: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-G1. Mean + SD (N=1, n=3).

The positive charge of the drug was easily turned into negative after a reduction detected on
Q2, +6.48 £ 0.32 mV. From Q3, it became negative, -1.53 + 0.66 mV, showing an increasing
negativity on Q4, -5.99 £ 0.67 mV, which ended up to -8.05 £ 0.61 mV on Q10. As contrary G1
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remained positive until Q3, +4.49 + 1.53 mV, providing a reversed potential from Q4, -5.24 +
0.53 mV. However, the negative charge was quite stable up to Q6, -5.85 + 0.7 mV, rising to -
7.85+0.7 mVon Q10.

G2
The zeta potential measurements were carried out also for the nanoconstruct TOB-G2
producing a typical zig-zag pathway which proved the success of tobramycin and PBAE
deposition. As previously observed, the initial positive charge resulting from the
measurement of the nanoparticles alone, changed into negative by adding the sodium
alginate onto the system, -21.23 + 3.52 mV. Then, the potential became positive again by
layering the tobramycin, +33.07 + 0.38 mV, going back to negative with one further layer of
sodium alginate, -28.03 + 1.39 mV. Besides, the addition of the PBAE G2 contributed to form

the first quadruple plus inverting into positive the charge, +15.7 £ 1.15 mV (figure 5.18).
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Figure 5.18: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-G2. Mean + SD (N=1, n=3).

The charge of the drug remained positive until Q6, showing a decrease from the initial
potential detected on Q1. Indeed, there was a drastic degradation between Q1 and Q2, where
the potential was +8.62 + 0.16 mV, which slowly continued on Q4, +7.01 + 1.51 mV, and
ending to +1.57 £ 0.98 mV on Q6. Then, the charge dropped to -5.7 £ 0.68 mV, on Q7, with a
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slight increase of the negativity heading to -6.33 + 0.25 mV on Q10. However, the hydrolysis
of the polymer gradually occurred, showing a potential of +13.16 £ 0.67 mV on Q2, which was
half-reduced on Q3, +7.16 + 2.86 mV. As contrary, the positivity then dropped to +1.2 + 3.33
mV on Q5, and an inversion of the charge was observed from Q6, -4.80 + 0.65 mV, reaching -

6.02 £0.24 mV on Q10.

G3
To complete the PBAEs belonging to the group G, a zig-zag pathway was also developed for
the matrix TOB-G3. As heretofore described, all the quadruple layers were providing
alternative charge due to the different polyelectrolytes embedded onto the system. For
instance, also in this case, the positivity of the nanoparticles alone was reverted into negative
by the sodium alginate, -21.7 + 1.57 mV, with a return to a positive charge resulting from the
coating of the aminoglycoside, +14.87 + 0.85 mV. Furthermore, a negative potential was

detected after the deposition for the second time of the alginate, -26.37 + 0.99 mV, followed

by a further change of the charge by layering the polycation G3, +16.6 + 1.54 mV (figure 5.19).
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Figure 5.19: { potential for the coating system SI-NH,NPs-Alg-TOB-Alg-G3. Mean + SD (N=1, n=3).

Overall, the reduction of the positivity for the drug mainly occurred among the first 3

guadruple layer. In particular, the initial positive charge of Q1, was +6.48 + 0.32 mV on Q2
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and it dropped to 0.65 £ 0.18 mV on Q3. Then, the charge was stable to 0 until Q7, and it was
turned into negative on Q8, -1.14 + 3.54 mV, leading up to -5.7 £ 0.68 mV on Q10. On the
other hand, a gradual degradation of the polymer was observed, until Q4, +5.12 + 1.01 mV,
followed by a significant drop of its positivity on Q5, -0.28 £ 0.48 mV. Besides, from Q6 the
charge became negative, -1.07 £ 1.08 mV, showing an increase of the negativity reaching -

5.74 £+ 0.5 mV on Q10.

Comparing the profiles of the group G, it was observed that G2 and G3 were able to manage
the negativity of the sodium alginate, controlling the hydrolysis of the drug which in both
cases after 10 quadruple layers showed a weak negative charge. However, the polymer G1
similarly degraded to the previous PBAEs with a reversion of the charge after the deposition
of 3 quadruple layers. Despite that, considering the zig-zag profile of Alg-TOB, also in this case,
there was an improvement of the stability of the drug, which highlight the importance of
employing the PBAEs into the matrices plus the impact that the choice of the monomers could

have on the hydrolysis of both polymer and drug.

Considering the zeta potential profiles of all the nanosystems TOB-PBAEs and the hydrolysis
of the PBAEs detailed described in chapter 3, consistency was observed for the matrices
including A2, A3, B2, B3, D3, E3, F1, F2, F3, G2 and G3. For instance, among the
nanoconstructs involving polymers possessing piperazine (amine 1) as amine, a positive
potential up to Q5 was detected only for the nano-system TOB-F1. As contrary most of the
matrices possessing the amine 2, 4,4 trimethyldipiperidine, and 3, N-N bis [3-(methylamino)
propyl] methylamine, showed a positive charge of both PBAE and drug for at least 5 quadruple
layers. In particular, a positive potential until Q6 and Q7 was observed for the constructs TOB-
B2 and TOB-F2, highlighting the ability of the PBAEs B2 and F2 to contrast the strong negativity

of the sodium alginate.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed to evaluate the weight loss distribution
along the layers embedded onto the nanoparticles surface. Firstly, the experiment was

carried out for the nanoconstruct Alg-TOB, then for the 18 delivery systems possessing
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different PBAEs. The layers considered as object of analysis were as follows: B1, B3, B5, B7

and B10 for Alg-TOB, whereas Q1, Q3, Q5, Q7 and Q10 for TOB-PBAEs.

Bilayer: Alg-TOB

First of all, the TGA was pursued for the bilayer system Alg-TOB and the weight loss

percentage is represented by the figures 5.20a and 5.20b below.
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Figure 5.20a: Weight loss vs temperature for Si-NH;NPs-Alg-TOB. Mean + SD (N=1, n=2).
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Figure 5.20b: Weight loss % for each B layer in the matrix Si-NH; NPs-Alg-TOB. Mean + SD (N=1, n=2).

Initially, the weight loss percentage correspondent to the nanocarriers alone was equal to

14.80% + 0.39, showing an increase of 3.02% after the first quadruple layer was coated onto
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the matrix. In the average, it was observed that the weight loss rose up to 19.84% + 0.03 on
B3, 22.97% £+ 0.01 on B5, 26.83% + 0.01 on B7 and 38.60% * 0.22 on B10. These results were

compared to those of the nano delivery systems built up by quadruple layers with PBAE

coated as polycations.

Al
Regarding TOB-A1, the initial value of weight loss of 14.86% * 0.15, typically representative
of the silica amino functionalised nanoparticles, changed to 27.67% + 1.10 after the
deposition of the first quadruple layer. Additionally, similarly to what described for Alg-TOB,
it kept increasing once a new quadruple layer was embedded onto the system. Therefore, the
percentage on Q3 was higher of 8% if compared to Q1, 35.79% + 0.19, reaching 41.63% + 0.71

on Q5. Finally, a further increment was detected with values of weight loss percentage equal

t053.10% = 0.67 on Q7 and 60.57% + 0.62 on Q10 (figures 5.21a-5.21b).
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Figure 5.21a: Weight loss vs temperature for Si-NH,;NPs-Alg-TOB-Alg-Al. Mean + SD (N=1, n=2).
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Figure 5.21b: Weight loss % among the QL for the matrix including TOB-A1. Mean + SD (N=1, n=2).

A2

The weight loss percentage was determined also for the nanoconstruct TOB-A2 showing an

increase of the weight loss as previously observed (figure 5.22a).
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Figure 5.22a: Weight loss vs temperature for Si-NH,;NPs-Alg-TOB-Alg-A2. Mean + SD (N=1, n=2).

Starting from 14.86% =+ 0.15, the weight rose up to 19.32% + 0.06 on Q1, with an additional
growth of 9% detected on Q3 and equal to 28.05% + 0.37. However, in this case, the weight
loss % was higher than TOB-A1 (p-value < 0.05), with further increase of the percentage once
more layers were coated onto the system. Thus, it was 40.85% + 0.33 on Q5, 49.71% + 0.06

on Q7 and 60.09% + 0.83 on Q10 (figure 5.22b).
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Figure 5.22b: Weight loss % among the QL for the matrix including TOB-A2. Mean + SD (N=1, n=2).

A3

The nano delivery system TOB-A3 was including the last polymer belonging to the group A
and the weight loss distribution among the 10 quadruple layers is illustrated in the figure

5.23a.
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Figure 5.23a: Weight loss vs temperature for Si-NH,;NPs-Alg-TOB-Alg-A2. Mean + SD (N=1, n=2).

The weight loss % for the nanoparticles alone before starting the LbL was 14.80% + 0.39 and
it rose on Q1 with a value equal to 19.09% + 0.28. Besides, the it kept increasing up to the last
qguadruple layer and in particular it was noticed that the profile of this system was similar to

the ones of TOB-Al1 and TOB-A2 (p-value > 0.05). Indeed, the weight loss was as follows:
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30.73% + 0.1 on Q3, 44.62% *+ 0.99 on Q5, 53.64 + 0.57 on Q7 and 61.27% + 0.14 on Q10
(figure 5.23b).
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Figure 5.23b: Weight loss % among the QL for the matrix including TOB-A3. Mean * SD (N=1, n=2).

Overall, comparing the matrices formed by quadruple layers to Alg-TOB coating, a higher
distribution of the weight loss % was observed among the layers which included the PBAEs
rather than into the system possessing only alginate and the cargo. However, considering the
nanoconstructs composed by the PBAEs of the group A no significant difference in the weight
loss was noticed among the layers of the 3 nanocoatings (p-value > 0.05). Therefore, the final
quadruple layer Q10 was as follows: 60.57% + 0.62 for TOB-A1, 60.09% =+ 0.83 for TOB-A2 and
61.27% £ 0.14 for TOB-A3.

B1
The thermogravimetric analysis was carried out also for the matrices having the PBAEs of the
group B as polycations. Regarding B1, the weight loss percentage increased once a quadruple
layer was coated onto the system, similarly to what previously observed for the nanocoatings

TOB-A1, TOB-A2 and TOB-A3 (figure 5.24a).
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Figure 5.24a: Weight loss vs temperature for Si-NH,NPs-Alg-TOB-Alg-B1. Mean + SD (N=1, n=2).

Starting from 14.80% * 0.39, the percentage was doubled after the deposition of the first
quadruple layer, 28.98% =+ 0.10. Additionally, a further increase of 9% was detected on Q3,
showing a value of 37.50% + 0.28, followed by an extra on Q5, 47.07% =+ 0.01. Then, the

percentage steadily changed on Q7 and Q10, which was respectively correspondent to

54.33% £+ 0.23 and 61.06% =+ 1.35 (figure 5.24b).
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Figure 5.24b: Weight loss % among the QL for the matrix including TOB-B1. Mean + SD (N=1, n=2).
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B2

The organic content distribution among the 10 quadruple layers was evaluated also for the

nano delivery system TOB-B2 (figure 5.25a).
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Figure 5.25a: Weight loss vs temperature for Si-NH,NPs-Alg-TOB-Alg-B2. Mean + SD (N=1, n=2).

In this case, the major increase occurred between Q1 and Q3 with a constant increase of 8%
of the weight loss on Q5 and Q3 followed by a rise of 13% on the last quadruple layer.
Therefore, the weight loss percentage detected for this nanoconstruct was as follows: 20.79%

+0.130nQ1,31,09% + 0.18 on Q3, 37.23% + 0.16 on Q5, 45.76% *+ 0.98 on Q7 and 58.25% +
0.55 on Q10 (figure 5.25b).
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Figure 5.25b: Weight loss % among the QL for the matrix including TOB-B2. Mean + SD (N=1, n=2).
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B3

To complete the analysis of the matrices including the PBAEs of the group B, the TGA was

pursued also for the nanoconstruct TOB-B3 (figure 5.26a).
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Figure 5.26a: Weight loss vs temperature for Si-NH,;NPs-Alg-TOB-Alg-B3. Mean + SD (N=1, n=2).

Initially, the weight loss percentage was low due to the amino functionalisation of the silica
nanoparticles. Then, as previously observed, the increase was dependent on the number of
layers embedded onto the system. Thus, it rose up to 21.67% * 0.50 on Q1, followed by a
further increment which was equal to 32.96% + 0.18 on Q3. Besides, there was an additional
rise of 9% on Q5 showing a value of 43.36% * 0.58 plus a steady improvement on Q7 and Q10
with respectively a percentage of 46.93% + 0.65 and 58.63% + 0.48 (figure 5.26b).
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Figure 5.26b: Weight loss % among the QL for the matrix including TOB-B3. Mean + SD (N=1, n=2).

Overall, similarly to what previously described, the presence of PBAEs and the choice of
building up matrices composed by quadruple layers rather than bilayers influenced the
amount of organic content which was definitely lower in the Alg-TOB system when compared
to the nanocoatings TOB-PBAEs (p-value < 0.05). However, among the coatings the group B,
TOB-B1 showed the highest percentage of weight loss on Q10, 61.06% + 1.35 (p-value < 0.05),
followed by TOB-B3, 58.63% =+ 0.48, and TOB-B2, 58.25% + 0.55 which instead presented
similar profiles (p-value > 0.05). Furthermore, no substantial difference was observed among

the nanoconstructs possessing the polycations of both groups A and B (p-value > 0.05).

D1

The organic matter determination was defined also for the matrices composed by the

polymers of the group D (figure 5.27a).
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Figure 5.27a: Weight loss vs temperature for Si-NH,NPs-Alg-TOB-Alg-D1. Mean * SD (N=1, n=2).

The initial weight loss percentage changed into 24.40% + 0.26 on Q1 with a growth of 10% on
Q3, 34.97% + 0.08. Additionally, the amount kept increasing until Q10 showing an increment

of the percentage as follows: 43.66% + 0.74 on Q5, 54.33% + 0.02 on Q7 and 64.26% =+ 0.33
representative of the last quadruple layer Q10 (figure 5.27b).
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Figure 5.27b: Weight loss % among the QL for the matrix including TOB-D1. Mean % SD (N=1, n=2).

D2

The figures 5.28a and 5.28b illustrate the mass of Q1, Q3, Q5, Q7 and Q10 for the sample
TOB-D2 after being heated up to 800°C.
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Figure 5.28a: Weight loss vs temperature for Si-NH,NPs-Alg-TOB-Alg-D2. Mean * SD (N=1, n=2).

The profile was similar to the one of TOB-D1 showing a slightly decrease of the weight loss
distribution among the quadruple layers (p-value > 0.05). In particular, an increase of 7% was
detected once the first quadruple layer was coated onto the silica amino-functionalised
nanoparticles, 21.53% =+ 0.13. This amount was doubled on Q3, 42.53% =+ 0.24, and
moderately changed on Q5 with a rise of only 4%, 46.16% + 0.09. Finally, the rate of weight
loss varied to 54.16% + 0.17 on Q7 with a small increment of only 3% on Q10, showing a

percentage equal to 57.47% =+ 1.29 (figure 5.28b).
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Figure 5.28b: Weight loss % among the QL for the matrix including TOB-D2. Mean * SD (N=1, n=2).
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D3

The nano-delivery system the PBAE D3 was also analysed to observe the modulation of its

mass after the layer by layer deposition (figure 5.29a).
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Figure 5.29a: Weight loss vs temperature for Si-NH;NPs-Alg-TOB-Alg-D3. Mean £ SD (N=1, n=2).

Starting from 14.80% + 0.39, there was a growth of the weight loss % of 5% by measuring Q1,
19.92% + 0.35, followed by a considerable increase of 11% on Q3, 30.08% =+ 0.30.
Furthermore, an additional rise was observed on Q5, 40.60% + 0.10, on Q7, 49.95% + 0.14,

followed by a further increment of 13% for the weight loss of Q10, 62.59% + 0.49 (figure
5.29b).
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Figure 5.29: Weight loss % among the QL for the matrix including TOB-D3. Mean % SD (N=1, n=2).
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In this case, the TGA highlighted the difference among the 3 matrices of the group D (p-value
< 0.05). For instance, the profile of TOB-D1 provided the highest amount of organic content
for Q10, 64.26% £ 0.33, if compared to TOB-D2 and TOB-D3 but also considering the previous
nanoconstructs of the groups A and B. Besides, this value was followed by the measured
weight loss of Q10 for TOB-D3, 62.59% + 0.49, and TOB-D2, 57.47% + 1.29, which instead was
the lowest percentage detected among all the nanocoatings previously described (p-value <

0.05).

El

Regarding TOB-E1, the weight loss for the nanocarriers alone was 14.86% =+ 0.15, and it
increased of 11% after the deposition of the first quadruple layer, 25.86% + 0.03. Afterwards,
the rate kept rising up to Q10. In particular, a growth of 12% was observed on Q3, 37.25% *
0.43, followed by a constant increment of 6-7% on both Q5 and Q7 showing values
respectively equal to 44.03% + 1.99 and 50.28% =+ 0.22. Finally, a small increase of 4% was

observed on Q10, where the percentage of weight loss was correspondent to 54.37% + 0.97

(figures 5.30a and 5.30b).
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Figure 5.30a: Weight loss vs temperature for Si-NH,;NPs-Alg-TOB-Alg-E1. Mean + SD (N=1, n=2).
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Figure 5.30b: Weight loss % among the QL for the matrix including TOB-E1. Mean * SD (N=1, n=2).

E2

The evaluation of the weight loss for the matrix TOB-E2 was determined by heating up to
800°C the sample considering the quadruple layers Q1, Q3, Q5, Q7 and Q10 (figure 5.31a).
The weight loss % was initially 14.86% + 0.15 for the nanoparticles alone and it doubled to
23.98% + 0.10 on Q1. The amount kept increasing of 11% on Q3 and Q5, reporting values
respectively equal to 34.74% + 0.88, and 45.43% + 0.10. Then, there was an increment of 8%
on Q7, 53.12% * 0.39, followed by a rise of 6% on Q10 where the percentage was

correspondent to 59.36% + 0.09 (figure 5.31b).
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Figure 5.31a: Weight loss vs temperature for Si-NH,;NPs-Alg-TOB-Alg-E2. Mean + SD (N=1, n=2).
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Figure 5.31b: Weight loss % among the QL for the matrix including TOB-E2. Mean * SD (N=1, n=2).

E3

The coating including the polycation E3 ended the matrices formed by PBAEs of the group E.
(figure 5.32a).

Starting from 14.80% * 0.39, an increment of 9% was detected on Q1, 23.07% + 0.27. In this
case there was a slower growth of the weight loss % among the all quadruple layers if
compared to the previous matrix TOB-E2. For instance, the amount of mass loss was 36.09%

+1.41 on Q3, 43.03% * 1.09 on Q5, 47.55% + 0.47 on Q7 and finally 56.86% + 0.13 on Q10
(figure 5.32b).
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Figure 5.32a: Weight loss vs temperature for Si-NH,NPs-Alg-TOB-Alg-E3. Mean + SD (N=1, n=2).
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Figure 5.32b: Weight loss % among the QL for the matrix including TOB-E3. Mean * SD (N=1, n=2).

To sum up, the matrices having the PBAEs of the group E as polycations showed a gradual
increase of the organic content percentage distributed among the 10 quadruple layers. For
instance, the values gained from these nanoconstructs presented the lowest sample mass
observed in all the systems described before. Therefore, in this case, considering Q10, it was
observed that TOB-E2, 59.36% + 0.09, had the greatest rate among the nano delivery systems
of the group E (p-value < 0.05), followed by TOB-E3, 56.86% + 0.13, and TOB-E1, 54.37% +

0.97, which was the smallest value so far detected (p-value > 0.05).

F1

The weight loss distribution was evaluated also for the coatings including the polymers F1, F2

and F3 as PBAEs. Regarding F1, the weight loss percentage was higher than those of the

matrices previously analysed (figure 5.33a).
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Figure 5.33a: Weight loss vs temperature for Si-NH,NPs-Alg-TOB-Alg-F1. Mean + SD (N=1, n=2).

Initially the mass loss before the LbL process was correspondent to 14.80% * 0.39 and it
shifted to 23.73% * 0.10 once the first 4 layers, alginate, tobramycin, alginate, and F1, were
embedded onto the surface of the silica amino-functionalised nanoparticles. Then, the rate
of Q3, 45.25% + 0.63, was doubled if compared to the value of Q1 and it kept increasing up
to Q10. The weight loss detected for the other quadruple layers was as follows: 57.82% + 0.61
on Q5, 66.70% *+ 0.45 on Q7 and lastly 70.43% + 1.19 on Q10 (figure 5.33b).
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Figure 5.33b: Weight loss % among the QL for the matrix including TOB-F1. Mean + SD (N=1, n=2).
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F2

The TGA was carried out also for the nanoconstruct TOB-F2 and the weight mass distribution

its variation among the layers are reported by the figures 5.34a and 5.34b below.
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Figure 5.34a: Weight loss vs temperature for Si-NH,;NPs-Alg-TOB-Alg-F2. Mean + SD (N=1, n=2).
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Figure 5.34b: Weight loss % among the QL for the matrix including TOB-F2. Mean + SD (N=1, n=2).

Starting from a value of 14.80% * 0.39, the weight loss percentage changed to 31.72% + 0.76
on Q1, and it considerably rose up to 53.00% *+ 0.58 on Q3. Then, there was a growth of over
13% between Q3 and Q5, showing an amount equal to 66.65% + 1.11 on Q5, with a tiny
increase of 3% on Q7, 69.68% + 0.61. Finally, a rise of 6% was observed between Q7 and Q10,

and the amount of Q10 was correspondent to 75.12% + 0.09.
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F3

To complete the nanoconstruct belonging to the group F, the TGA was finally carried out for
the matrix TOB-F3 following the same conditions adopted for the analysis of the previous

systems (figure 5.35a).
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Figure 5.35a: Weight loss vs temperature for Si-NH,;NPs-Alg-TOB-Alg-F3. Mean + SD (N=1, n=2).

The weight loss % for the nanoparticles alone was equal to 14.80% + 0.39, and it increased of
7% on Q3 showing an amount of 21.34% + 0.15. Furthermore, the weight loss kept increasing
with an increment of 14% on Q5, 35.72% + 0.10, shifting to 59.03% + 3.92 on Q7. Finally, a
growth of 9% was detected for Q10, showing a value of 68.94% + 0.28 (figure 5.35b).
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Figure 5.35b: Weight loss % among the QL for the matrix including TOB-F3. Mean + SD (N=1, n=2).
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Differently to what previously observed, the matrices TOB-F1, TOB-F2 and TOB-F3
represented the nanoconstructs with highest amount of organic content detected for the last
guadruple layer Q10. For instance, TOB-F2 showed the greatest value, 75.12% + 0.09,
followed by TOB-F1, 70.43% + 1.19, and TOB-F3, 68.94% + 0.28 (p-value < 0.05). Therefore,
these values highlighted a higher stability denoted between drug and polymers and the
importance in choosing the monomers composing the PBAEs whose structure could influence

the success of the building up system via electrostatic interactions.

Gl

The last group of polymers was composed by G1, G2 and G3. Concerning the matrix TOB-G1,

the modulation of the sample weigh loss is reproduced by the figure 5.36a below.
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Figure 5.36a: Weight loss vs temperature for Si-NH,;NPs-Alg-TOB-Alg-G1. Mean + SD (N=1, n=2).

Starting from 14.80% * 0.39, the amount of weight loss increased of 19% on Q1, showing a
value of 33.53% + 0.30. Then, the sample mass loss continued rising on Q3 with a further 17%
on the amount detected for Q1, which ended to 50.29% * 0.47. Moreover, a growth of 12%
added to the rate of Q3 was detected on Q5, 62.00% £ 0.96, followed by a reduced increment
of the percentage for both Q7 and Q10 which showed values correspondent to respectively,
67.36% t 1.09, and 72.61% * 0.48. The number measured for the last quadruple layer

represented the second highest amount of organic content for Q10 detected among all the
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other systems following the one of Q10 for TOB-F2 which instead was equal to 75.12% + 0.09
(figure 5.36b) (p-value < 0.05).

Weight loss % TOB-G1

80

70 z
60 T

50 =

40

30

20

10

Weight loss %

SINH2NPs Q1 a3 Qs Q7 Q10
Quadruple layers

Figure 5.36b: Weight loss % among the QL for the matrix including TOB-G1. Mean + SD (N=1, n=2).

G2
The modulation of the mass loss depending on the change of the temperature was

investigated also for the G2 layered nanoparticles and the results are shown in both figures

5.37a and 5.37b.
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Figure 5.37a: Weight loss vs temperature for Si-NH,NPs-Alg-TOB-Alg-G2. Mean + SD (N=1, n=2).
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The initial weight loss percentage, 14.80% + 0.39, was object of an increase of 6% after the
first quadruple layer was coated onto the vector surface, reporting a rate of 20.81% + 0.08.
Then, the major increment was observed between Q3 and Q7, where in the first case there
was a growth of 11% of the amount correspondent to 31.72% + 0.76, followed by an
additional rise of 13% on Q5, 44.41% * 0.45, and 8% on Q7, 52.51% * 0.01. Lastly, after an
improvement of extra 10%, the weight loss percentage of Q10 was equal to 62.62% + 0.43

(figure 5.37b).
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Figure 5.37b: Weight loss % among the QL for the matrix including TOB-G2. Mean + SD (N=1, n=2).

G3

To conclude the TGA was finally performed for the nanoconstruct TOB-G3 (figure 5.38a).
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Figure 5.38a: Weight loss vs temperature for Si-NH,NPs-Alg-TOB-Alg-G3. Mean + SD (N=1, n=2).
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Starting from 14.80% * 0.39, the weight loss shifted to 19.50% * 0.01 on Q1, with an increase
of 14% added to the amount of Q1 resulting to 33.06% + 0.18 on Q3. Then, there was an
increment of 11% of the weight loss percentage which reached 44.85% + 0.18 on Q5 and kept
rising up to 57.04 £ 0.16 on Q7. Finally, in this case, there was an improvement of 13% from

Q7 to Q10 which ended to 68.75% + 0.1 for Q10 (figure 5.38b).
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Figure 5.38b: Weight loss % among the QL for the matrix including TOB-G3. Mean + SD (N=1, n=2).

Considering the profiles of the group G, a difference was observed in the rate of weight loss
detected for Q10 of the 3 nanoconstructs (p-value < 0.05). For instance, it was evident that
TOB-G1 provided the highest value, 72.61% + 0.48, followed by TOB-G2, 62.62% * 0.43, and
TOB-G3, 68.75% £ 0.1. Thus, for this group of matrices, as previously described for those of
the group F, the choice of the polymer employed into the coating was greatly influencing the
stability of the nano delivery system as well as the interaction between the polymer and the

drug during the LbL deposition.

Overall, the weight loss percentage detected for all the 18 TOB-PBAEs matrices ranged
between 55% and 75% evidencing the success of the encapsulation of drug and PBAEs into
the multilayers systems (Ng et al., 2018b), (Perni and Prokopovich, 2014). Additionally,
consistency for the nanoconstructs TOB-A2, TOB-A3, TOB-D2, TOB-D3, and TOB-G2 was
observed between zeta potential pathways and organic content percentage. In particular, for

the matrices possessing the group F and G as polycations the weight loss was the highest
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detected showing values over 70% for the last quadruple Q10 and supported by the zeta

potential measurements (p-value < 0.05).

Tobramycin release determination

Once the antibiotic was coated onto the systems via electrostatic interactions, 10 mg of Q10
for every nanoconstructs were suspended in 1mL of each medium, pH5 and pH7.4 and
incubated at 37°C after being mixed under vortex for 2 minutes. After 24 hours, the surfactant
was withdrawn and replaced with fresh buffers. This process was repeated every 24 hours for
the whole period in which the drug was released from the nanoparticles. The drug release
was evaluated by treating the surfactant of each medium with o-phthaldialdehyde reagent
(OPA) which reacting with the amino moieties of the drug provided a fluorescent conjugate.
The analysis occurred by adding in a black 96 well plate as follows: 70 pL of PBS, 70 uL of
surfactant representing tobramycin released at pH5 or at pH7.4, 70 pL of isopropanol and 70
uL of OPA reagent. This procedure was applied for 3 replicates per sample withdrawn every
24 hours from the incubator with 1 independent experiment carried out per medium. Then,
once prepared, the plate was read adopting A excitation=340 nm and A emission=455 nm as

key parameters by using a fluoroscan (FLUOROstar Optima, BMG labtech).

Bilayer: Alg-TOB

Following the parameters described before, the first sample object of analysis was B10
resulting from the alternative deposition of sodium alginate and tobramycin up to 10 times

to form the bilayer coating Alg-TOB (figure 5.39).

The profile below shows a pH-dependent tobramycin release which lasted 21 days for both
media pH5 and pH7.4. Despite that, differences in the kinetics of release were detected
between the two media: as already observed in chapter 4 for the chlorhexidine release, also
in this case the drug was faster released at pH7.4 than at pH5 (p-value < 0.05). The main
reason could be related to electrostatic interactions among the layers which are low at
physiological environment and strong under acid conditions. For instance, the final
cumulative release was correspondent to 1134.99 ug/mL at pH5 whereas it was 3596.30

ug/mL at pH7.4.

292



Bilayer: Alginate-TOB release
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Figure 5.39: TOB release profile at pH5 and at pH7.4 for B10 of the construct Alg-TOB.

For each curve: Mean + SD (N=1, n=3).

Additionally, at pH5, the drug was faster released in the first 4 days, reaching an average
between 405.26-134.01 ug/mL of daily drug release. The amount then significantly dropped,
ranging from 49.33 to 22.26 pg/mL up to day 10 (p-value < 0.05). The concentration of the
drug release became minimal on day 11, 18.82 ug/mL ending to 5.51 pg/mL from day 18 to
day 21 (p-value > 0.05). On the other hand, at pH7.4, the rate of daily drug release was 432.56-
239.75 ug/mL for the first 10 days and it drastically decreased from day 11, 92.77 ug/mL,
reaching the plateau from day 21 with a small concentration equal to 7.74 ug/mL (p-value <
0.05). The profiles of the bilayer Alg-TOB will be considered the control for following drug

release pathways provided by the systems where PBAEs were employed as polycations.

Al
The first system including PBAEs as positive polyelectrolyte was TOB-A1l which provided a
drug release of 30 days at both media (figure 5.40). Under acidic conditions, the initial daily
release was 127.09 pg/mL, with a reduction between 75.65-29.45 pg/mL from day 2 to day
12. Then, the amount changed starting from day 13 to day 29 with a gradual decrease of the

drug released, 31.33-8.69 ug/mL (p-value > 0.05), reaching a cumulative release equal to

1112.177 pg/mL on day 30.
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Release TOB-A1
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Figure 5.40: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-AL.

For each curve: Mean + SD (N=1, n=3).

At pH7.4, the rate of drug released within the first 4 days was 206.07-159.09 ug/mL and it
decreased up to 93.82 ug/mL from day 5 to day 14. Additionally, the amount plummeted
ranging between 40.46-20.79 pg/mL in the next 6 days, reaching a concentration between
14.80 on day 21 (p-value < 0.05). The drug release was then minimal from day 22 up to day
30 (p-value > 0.05) ending to a cumulative release of 2067.35 ug/mL which as expected was

almost the double quantity of the drug release at pH5.

A2
The drug release was determined also for the nanocoating TOB-A2 over a period of 50 days.
The cumulative release at pH5 was equal to 1113.26 pug/mL and the amount was similar to
the one at pH5 detected for TOB-A1l (p-value > 0.05). However, at pH7.4 the cumulative
release for this nanoconstruct was doubled the rate of TOB-A1 and correspondent to 4288.60
pg/mL (figure 5.41). Under acid conditions, the quantity of drug release per day was between
206.67-106.09 pg/mL for the first 6 days changing to 28.68-16.61 ug/mL from day 7 to day 27
(p-value < 0.05). Finally, the concentration gradually decreased to 11.78 pg/mL on day 28
highlighting a long plateau until day 50 with a low daily release of 6.01 pug/mL (p-value > 0.05).
As contrary, the quantity of antibiotic released per day within the first 6 days was ranging

between 500.14-410.08 ug/mL and the amount dropped to 263.80 pug/mL on day 7 reaching
186.20 pg/mL on day 10. The amount then was half reduced from day 11, 102.25 ug/mL,

294



ending to 20.28 ug/mL on day 20 (p-value < 0.05) and showing a minimal concentration of
daily drug released between 9.98-3.32 pg/mL starting from day 28 up to day 50 (p-value >
0.05).

Release TOB-A2
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Figure 5.41: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-A2.

For each curve: Mean + SD (N=1, n=3).

A3
The drug release was evaluated also for the matrix TOB-A3. At both media the drug was
released for 30 days and at pH5 after the high amount detected for day 1 845.88 ug/mL, there
was a significant reduction in the daily concentration from day 2 to day 4 showing values

between 332.09-106.26 ug/mL (figure 5.42) (p-value < 0.05).

However, as previously observed, the daily release on day 5 until day 17 was equal to 30.22-
28.31 ug/mL, and it slowly decreased up to 8.36 pug/mL on day 18 with a cumulative release
on day 30 correspondent to 1471.82 pug/mL. On the other hand, the cumulative release at
pH7.4 was equal to 4104.61 pg/mL and the drug was mainly released within the first 15 days.
For instance, the quantity was ranging between 790.37-650-83 ng/mL for the first 3 days and
it plummeted to 252.82-82.88 ug/mL from day 4 to day 15 (p-value < 0.05). Then, a plateau
was reached starting from day 16 until day 30, with a daily drug release ranging between

26.82-6.46 pg/mL (p-value > 0.05).
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Release TOB-A3
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Figure 5.42: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-A3.

For each curve: Mean + SD (N=1, n=3).

Comparing the nanoconstructs of the group A to the profile of the bilayer Alg-TOB, it was
observed that the presence of PBAEs into the systems improved the drug release properties.
For example, at pH5, 1134.99 ug/mL of antibiotic was released from the bilayer system after
only 21 days; instead a similar value was detected for the TOB-A1l and TOB-A2 after
respectively 30 and 50 days. However, the cumulative release for Alg-TOB was 3596.99 ug/mL
which was higher than TOB-A1, 2067.35 ug/mL, but lower than TOB-A3, 4104.61 ug/mL, and
TOB-A2, 4288.60 pg/mL (p-value < 0.05).

B1
The drug release determination was carried out for the nano delivery systems of the group B.
Regarding TOB-B1 the antibiotic was released over a period of 40 days and the cumulative

release was equal to 1640.88 pg/mL at pH5 and 4179.52 ug/mL at pH7.4 (figure 5.43).

Under acid conditions, the daily release for the first 15 days was ranging between 153.62-
66.36 pg/mL followed by a moderate decrease of the quantity released from day 16 which
was correspondent to 59.47 ug/mL (p-value < 0.05) which ended to 19.13 pug/mL on day 26.
Finally, a plateau was observed starting from day 27 to day 30 with a minimal release of the

antibiotic between 8.14-3.36 pug/mL (p-value > 0.05).
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Figure 5.43: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-B1.

For each curve: Mean + SD (N=1, n=3).

As contrary, the quantity of drug release per day for the first 9 days at pH7.4 was 360.51-
224.41 pg/mL and it changed from day 10 to day 20 ranging between 141.36-78.66 ug/mL (p-
value < 0.05). Moreover, after a slow decrease on day 21, 67.44 ug/mL, the daily release
dropped to 22.24 ug/mL on day 32 followed by a plateau lasting 7 extra days where the

concentration was between 6.45-3.42 ug/mL (p-value > 0.05).

B2
The drug release was determined also for the nanoconstruct TOB-B2 and the cumulative
release after 30 days was equal to 1269.80 ug/mL at pH5 and 3004.80 ug/mL at pH7.4 (figure

5.44).

At pH5, for the first 5 days the daily release was ranging between 220.65-117.58 pg/mL per
day and the daily amount dropped to 66.01 pg/mL from day 6 reaching 28.46 pug/mL on day
14 (p-value < 0.05). Furthermore, a long plateau of 16 more days was observed with a rate of
drug between 10.21-2.07 pug/mL released per day. On the other hand, the quantity of drug
released per day for the first week at pH7.4 was doubled the amount detected at pH5, 459.10-
195.56 pg/mL, and it plummeted to 139.03-107.67 pug/mL from day 8 up to day 13 (p-value <
0.05). Finally, also in this case, a long plateau correspondent to 17 days was observed where

the daily concentration of drug released was minimal, ranging between 8.89-2.63 ug/mL.
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Figure 5.44: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-B2.

For each curve: Mean + SD (N=1, n=3).

B3

The last nano delivery system, including a PBAE of the group B as polycation, that was object
of drug release evaluation was TOB-B3. Under acid conditions, the daily release was equal to
736.25 pg/mL on day 1, and the detected quantity of drug released per day drastically
decreased to 43.52 pg/mL heading to 29.27 ug/mL on day 16 (p-value < 0.05). The final part
of the curve reported in the figure 5.45 evidences a plateau which lasted 14 days with a daily

concentration ranging between 17.08-8.80 pg/mL (p-value > 0.05).
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Figure 5.45: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-B3.

For each curve: Mean + SD (N=1, n=3).
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As contrary, under physiological environment, the rate of drug release on day 1 was slightly
higher, 845.89 ug/mL, if compared to the value detected on the same day at pHS5, but it
dropped to 199.97 ug/mL on day 2 showing values up to 90.88 ug/mL until day 13. Starting
from day 14 the amount was then half reduced, 47.20 ug/mL, followed by a further decrease
of the daily drug release, with ranged between 25.96-15.84 pg/mL up to day 22 (p-value <
0.05). Finally, also in this case, the last part of the curve was represented by a plateau of 7

days where the concentration was minimal and between 11.25-5.37 pg/mL per day.

Overall, it was observed that the antibiotic was highly released when B1 was employed into
the system as polycation showing a greater value at both media, 1640.88 pg/mL at pH5 and
4179.52 pg/mL at pH7.4. However, the cargo was less released by coating B3 or B2, showing
respectively a cumulative release of 1176.82 ug/mL and 1269.80 ug/mL at pH5, whereas
2911.16 ug/mL and 3004.8 ug/mL at pH7.4 (p-value > 0.05). Additionally, comparing the
nanoconstructs of the group B to the bilayer system Alg-TOB, it was noticed that the profile
of TOB-B2 and TOB-B3 were quite similar than Alg-TOB (p-value > 0.05), whereas the one of
TOB-B1 was significantly higher at both media than the release detected from the matrix Alg-
TOB (p-value < 0.05).

D1
The drug release profiles were developed also for the systems including the PBAEs D1, D2 and
D3 as polycations. Regarding TOB-D1, the drug release lasted 60 days and the cumulative

release was 1084.04 ug/mL at pH5 whereas it was 4048.48 ug/mL at pH7.4 (figure 5.46).

Starting from day 1 to day 6, at pH5, the daily release was equal to 97.74-51.43 pug/mL and it
decreased on day 7 with a value of 38.21 ug/mL which reached 21.76 pg/mL on day 13 (p-
value < 0.05). Then, there was a gradual reduction of the amount of drug released from day
14 to day 45 that was ranging between 20.07-15.30 pg/mL, followed by a plateau of extra 15

days, where the concentration was between 3.67-1.99 ug/mL (p-value > 0.05).
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Figure 5.46: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-D1.

For each curve: Mean + SD (N=1, n=3).

On the other hand, the rate of drug release for the first 6 days at pH7.4 was 2-4 times higher
than at pH5, 454.6-277.77 pug/mL, with a moderate decline of the quantity from day 7, 266.08
ug/mL, to day 33, 21.47 ug/mL (p-value < 0.05). Moreover, a further decrease of the rate of
drug release was detected for the following 10 days ending to 12.92 ug/mL on day 44,
followed by a plateau of 15 more days where the amount changed between 6.94-1.33 pug/mL

per day (p-value > 0.05).

D2
The figure 5.47 illustrates the drug release at both media for the system TOB-D2 which lasted
50 days and a cumulative release of 1491.78 pg/mL at pH5 and 4634.72 pg/mL at pH7.4.
Considering the profile of the drug released under acid conditions, the daily amount was
initially correspondent to 188.83-80.95 ug/mL per day within the first 6 days, and it slowly
decreased ranging between 64.67-24.98 ng/mL up to day 19 (p-value < 0.05). Then, the
quantity of drug released was gradually reduced from day 20 to day 38, 22.10-10.19 pg/mL,
followed by a plateau of further 12 days with a low concentration equal to 9.75-2.04 ug/mL
(p-value > 0.05). On the hand, at physiological environment the drug was highly released in
the first 6 days providing values between 500.15-378.03 ug/mL per day. The rate of drug
release was then half reduced on day 7, 266.61 ug/mL, and it plummeted to 34.7 ug/mL on

day 17 (p-value < 0.05). Furthermore, from day 18 the amount of drug release slowly
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decreased reporting a concentration ranging between 21.10-7.26 ug/mL until day 30, plus 20
extra days of plateau where the values ranged between 6.54-1.33 ug/mL per day (p-value >

0.05).
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Figure 5.47: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-D2.

For each curve: Mean + SD (N=1, n=3).

D3
The drug release was determined for the nano delivery system TOB-D3 completing the
matrices composed by PBAEs of the group D. In this case, the drug was released from the
nanoparticles over a period of 30 days presenting a cumulative release equal to 1158.20

ug/mL at pH5 and 2807.46 pg/mL at pH7.4 (figure 5.48).

The amount of drug release on day 1 at pH5 was 736.25 pg/mL, and it dropped to 75.44 ug/mL
on day 2 (p-value < 0.05). Then, for the next 14 days the quantity was ranging between 70.43-
30.62 pg/mL, with a further reduction of the daily rate from day 17 to day 30 with a
concentration correspondent to 17.36-5.55 ug/mL. However, the drug was slightly higher
released at pH7.4, showing a value of 845.88 ug/mL, which drastically changed on day 2,
199.57 pug/mL. From day 3 to day 13 the quantity of drug release oscillated between 178.55-
90.38 ug/mL per day (p-value < 0.05), dropping to 57.20 ug/mL on day 18 and reaching 12.27
ug/mL on da 17. Finally, as previously observed at pH5, a plateau was also detected at pH7.4

over a period of 13 days and with a tiny daily concentration ranging between 6.77-2.12 pug/mL.
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Figure 5.48: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-D3.

For each curve: Mean + SD (N=1, n=3).

Comparing the profiles of the group D, the antibiotic release was pH-dependent as previously
discussed, and it was greatly influenced the choice of amine adopted in the synthesis of
PBAEs. In particular, although tobramycin was longer released from TOB-D1 (60 days), the
highest cumulative release at both media was provided by TOB-D2, 1491.78 ug/mL at pH5
and 4634.72 ug/mL at pH7.4, which instead lasted 50 days. As contrary, TOB-D3 provided the
lowest amount of drug release especially at pH7.4, with a cumulative release of 2807.46

ug/mL after 30 days (p-value < 0.05).

E1
Concerning the nanoconstruct TOB-E1, the drug was released from the nanocarrier for 40
days but showing the lowest cumulative release among the systems analysed before (p-value
< 0.05). Thus, at pH5 it was equal to 550.92 pg/mL, whereas 1157.52 ug/mL at pH7.4 (figure
5.49). The quantity of cargo released at pH5 for the first 3 days was ranging between 51.23-
35.59 pg/mL and it steadily decreased from day 4, 32.48 ug/mL, ending to 10.21 pug/mL on
day 27. Additionally, for the next 13 days, a long plateau was detected where the

concentration was minimal with values between 9.81-2.46 pug/mL per day (p-value > 0.05).
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Figure 5.49: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-E1.

For each curve: Mean + SD (N=1, n=3).

On the other hand, the amount of drug released reported for the first 3 days at pH7.4 was
doubled if compared to the curve of pH5 (p-value < 0.05). For instance, the rate was initially
133.67-87.31 pug/mL, and it plummeted from day 4, 84.99 ug/mL, heading to 26.13 ug/mL on
day 14. Then the daily value gradually kept decreasing for further 14 days, reaching 10.95
ug/mL on day 29, plus a plateau of 11 more days with a low concentration ranging between

5.39-2.71 ug/mL (p-value < 0.05).

E2
The figure 5.50 represents the tobramycin release profiles at both media for the nano delivery
network TOB-E2. In this case, the cumulative release was higher than the one gained for TOB-
E1 (p-value < 0.05): at pH5 after 30 days it was correspondent to 818.34 ug/mL, and 1438.45

ug/mL at pH7.4.

Starting from day 1, the daily release under acid conditions was equal to 182.36 pg/mL,
providing a greater value than the one observed at the same pH and day for TOB-E1, 51.23
pg/mL (p-value < 0.05). There was a considerable reduction in the amount released from day
2, which ended up to 85.71 ug/mL on day 3. The quantity then ranged between 64.45-43.32

ug/mL until day 6 and it was half reduced from day 7, 21.69 pug/mL, with a gradual decline of

303



the rate up to day 21, 10.99 ug/mL. Finally, the plateau lasted 9 extra days with a minimal

daily concentration between 8.52-2.65 pg/mL.
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Figure 5.50: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-E2.

For each curve: Mean + SD (N=1, n=3).

However, at pH7.4, the drug was similarly released, for the first day. showing the same
amount on day 1, 182.36 ug/mL, reported also at pH5. Differently, at this medium, the cargo
was highly released until day 8, 96.06 ug/mL, with a moderate decrease from day 9, 71.85
ug/mL, to day 18, 21.42 ug/mL. Furthermore, the amount was slightly reduced from day 19,
16.24 pug/mL, to day 22, 11.82 ug/mL, followed by a plateau of 8 more days with a range of

concentration between 8.28-5.09 ug/mL detected per day.

E3
To complete the nanoconstructs including the PBAEs of the group E, the drug release was
determined for the nanosystem TOB-E3. Overall, the antibiotic was released at both media
over a period of 30 days reporting values such as 1285.86 pg/mL at pH5 and 2824.13 ug/mL
at pH7.4. Regarding the profile developed at pH5, the drug was mainly released in the first
day showing a rate of 839.76 pug/mL, which significantly decreased to 106.43 ug/mL on day 2
and ending to 37.41 pg/mL on day 13 (p-value < 0.05). Then, the amount released minimally

changed from day 14 to day 24, ranging between 24.60-20.67 ug/mL per day, followed by a
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plateau of only 6 days with a quantity release between 12.35-4.22 ug/mL (figure 5.51) (p-
value > 0.05).

Analysing the curve representative of the tobramycin release from TOB-E3 at pH7.4, it was
observed that as noticed for the profile at pH5 before, the drug was highly release on day 1,
showing a concentration of 845.88 ug/mL. In the same way, the quantity released shifted
from day 2, 242.33 ug/mL, reaching 152.77 ug/mL on day 10, with a further decrease up to
day 16, 39.52 ug/mL (p-value < 0.05). Finally, the rate of drug released slightly varied from
day 17 to day 23, 19.16-13.32 ug/mL, followed by a plateau of 7 days with a tiny concentration
ranging between 6.48-4.27 ug/mL per day.
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Figure 5.51: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-E3.

For each curve: Mean + SD (N=1, n=3).

Comparing the profiles developed for the 3 matrices TOB-E1, TOB-E2 and TOB-E3, it was
observed that, although TOB-E1 provided a longer drug release, lasting 40 days, the greater
cumulative release detected among the 3 system was gained by TOB-E3 which lasted only 30
days (TOB-E3>TOB-E2>TOB-E1) (p-value < 0.05). Moreover, it was evident that the addition
of the PBAEs into the systems improved the stability of the nanoconstructs, controlling the
kinetics of the drug release which instead were significantly high in the bilayer system Alg-
TOB. For instance, even if the antibiotic release was pH-dependent, the cumulative release

amount was definitely bigger at pH7.4 when the cargo was released from the bilayer matrix
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showing a value of 3596.88 pg/mL, against 2824.13 ug/mL of TOB-E3, that was the highest
guantity detected among TOB-E1, TOB-E2 and TOB-E3 (p-value < 0.05).

F1

The drug release was evaluated for the system including the PBAEs of the group following the
same parameters previously described. Hence, the cumulative release counted for TOB-F1
after 30 days was correspondent to 971.23 pug/mL at pH5 and 1764.40 ug/mL at pH7.4 (figure
5.52).
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Figure 5.52: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-F1.

For each curve: Mean * SD (N=1, n=3).

The antibiotic was mainly released within the first 2 days showing an amount of 237.42 pg/mL
on day 1 which changed to 151.51 pug/mL on day 2. Furthermore, the quantity dropped to
99.20 pg/mL on day 3 and it was almost reduced up to day 9, 50.47 ug/mL. An additional
reduction was also observed between day 10 and 15 where the rate of drug released
plummeted from 26.44 ng/mLto 10.16 (p-value < 0.05), followed by a long plateau of 15 days
with a tiny concentration between 7.63-2.07 ug/mL detected per day. Although the rate of
tobramycin released on day 1 at pH7.4 was 244.20 ug/mL, reporting a value similar to what
detected for the same day at pH5, the drug was highly released under physiological conditions
with an amount ranging between 196.82-99.25 pg/mL per day until day 10. Then, the quantity
started slowly decreasing from day 11, 82.09 pg/mL, to day 20, 20.42 ug/mL, providing a
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plateau of 10 more days where the rate ranged between 6.56-2.94 ug/mL per day (p-value >
0.05).

F2

The determination of tobramycin release was carried out also for the matrix TOB-F2 and the
curves at both media are reported in the figure 5.53. Starting from pHS5, for the first 6 days
the daily drug release showed values ranging between 167.97-88.82 ug/mL, shifting to 61.37
ug/mL up to day 7 with a further decline of the amount on day 9, 40.08 pg/mL (p-value <
0.05). Moreover, the quantity was half reduced from day 10, 20.57 pg/mL, reaching 10.71
ug/mL on day 23, followed by a plateau of only 7 more days up to day 30 with a low

concentration between 4.96-2.16 ug/mL released per day.
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Figure 5.53: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-F2.

For each curve: Mean £ SD (N=1, n=3).

On the other hand, the quantity of drug released at pH7.4 was between 220.53-172.06 ug/mL
for the first 2 days and it gradually decreased on day 4 164.86 ug/mL, with a considerable
decline of the daily amount which ended to 119.10 pug/mL on day 8. However, the main
reduction occurred with 2 more days, where firstly, the concentration detected was equal to
47.11 pg/mL on day 9 which then dropped to 21.71 ug/mL on day 10. Furthermore, the rate
of daily release kept falling showing a range between 16.01-10.35 pg/mL up to day 18, plus a

plateau of 12 more days where it was between 9.59-3.43 ug/mL per day. Hence, the
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cumulative release for this nanoconstruct after 30 days was 975.09 pug/mL at pH5 and 1457.34

ug/mL at pH7.4 (p-value > 0.05).

F3

To complete the nanoconstruct possessing the polymers of the group F, the tobramycin
release was evaluated for TOB-F3. In this case, similarly to what analysed before for TOB-F1
and TOB-F2, the drug was released over a period of 30 days and the cumulative release was
correspondent to 1062.75 ug/mL under acid conditions and to 1255.45 ug/mL at physiological
environment. At pH5, the daily release was equal to 191.93-153.08 ug/mL for the first 5 days
and it plummeted to 55.65 pug/mL on day 6, heading to 23.24 ug/mL on day 8 (p-value < 0.05).
Additionally, the amount of cargo released was ranging between 15.74-6.57 ug/mL for the
next 15 days with a plateau observed from day 25 to day 30 with a low concentration of 2.51-

2.06 pug/mL per day (figure 5.54).
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Figure 5.54: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-F3

As contrary, the drug release for the first 6 days at pH7.4 was equal to 271.62-100.21 pg/mL
detected per day, and this amount was moderately reduced in a period of extra 8 days,
showing values between 89.98-80.51 ug/mL on day 7 and 8 which dropped to 44.56-18.63
pg/mL from day 9 to day 14. Finally, also at this medium a plateau characterised the last part
of the drug release profile at pH7.4 lasting 16 more days and with a daily drug release ranging

between 8.88-2.30 pug/mL.
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Comparing the 3 nanoconstructs of the group F to the bilayer system release profile, it was
observed a considerable difference in the quantity of tobramycin released (p-value < 0.05).
For instance, the antibiotic was highly released from Alg-TOB, but the profiles at both media
of TOB-F1, TOB-F2, and TOB-F3 were instead quite low. This was probably correlated to the
complex molecular structure of the diacrylate F, which due to the strong hydrophobicity, was
influencing the layer by layer self-assembly with a strong impact on the kinetics of drug
release. Additionally, no difference was observed among the matrices of the group F, which
all provided a drug release of 30 days. Therefore, the highest cumulative release was detected

from TOB-F1, followed by TOB-F2 and TOB-F3 (p-value > 0.05).

Gl

The drug release determination occurred also for the matrices of the group G. Regarding TOB-
G1, the tobramycin was released for 40 days, showing a cumulative release of 1034.66 ug/mL
at pH5 and 3569.76 pug/mL at pH7.4. Under acid conditions, for the first 14 days the range of
concentration of drug release was between 74.28-54.84 pug/mL and it was half reduced from
day 15, 29.85 ug/mL, reaching 15.75 pug/mL on day 25. Finally, there was a long plateau of 15
days where the drug released was correspondent to 11.87-3.21 ug/mL per day (figure 5.55)
(p-value > 0.05).
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Figure 5.55: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-G1.

For each curve: Mean + SD (N=1, n=3).
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At physiological environment, the drug was mainly released within the first 13 days, showing
a range of values fluctuating between 261.14-155.13 ug/mL, which changed to 99.18 ug/mL
on day 14, plummeting to 18.86 pg/mL, on day 25 (p-value < 0.05). Then, the amount slightly
varied from day 26, 11.58 ug/mlL, to day 30, 10.82 ug/mL, followed a plateau of 10 more days

in this case with a small daily release between 7.02-2.13 ug/mL per day.

G2

The antibiotic was released for 45 days from the nano delivery system TOB-G2. At pH5, for
the first 3 days the daily release was between 236.08 pg/mL and 99.78 pug/mL, which gradually
decreased on day 4, 94.72 ug/mL, dropping to 21.66 ug/mL until day 12. Then, there was a
slow reduction of the daily amount which ranged between 17.88-9.69 from day 13 to day 40,
with a plateau of only 5 more days, ending up to a cumulative release equal to 1442.63 ug/mL

on day 45 (p-value > 0.05).
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Figure 5.56: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-G2.

For each curve: Mean £ SD (N=1, n=3).

As contrary, the daily quantity of drug released at pH7.4 was significantly high for the first 11
days showing a range of values between 454.62-316.72 ug/mL from day 1 to day 7 which
shifted to 274.82-201.72 pg/mL up to day 11 (p-value < 0.05). Additionally, the daily rate
reported on day 12, 138.41 ug/mL, decreased to 26.95 ug/mL within the next 5 days, with a
slow decrease from day 18, 17.75 ug/mL, to day 30, 12.09 ug/mL. Finally, similarly to what
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observed at pH7.4 for the nanoconstruct TOB-G1, the final part of the curve was characterised

by a long plateau of 15 days with a cumulative drug release of 4373.38 ug/mL detected up to
day 45 (figure 5.56).

G3
The last matrix analysed among the 18 nano delivery systems was TOB-G3, which provided at
both media a drug release of 30 days, with a cumulative release of 796.20 ug/mL at pH5 and
1163.44 pug/mL at pH7.4. Under acid conditions, the daily release was between 132.12 pug/mL
and 99.46 ug/mL for the first 5 days and it dropped to 24.27 ug/mL on day 6 with a
considerable reduction in the daily amount which ended up to 11.99 ug/mL on day 21. In this
case, the plateau lasted only 9 more days where the concentration oscillated between 8.44-

5.21 pug/mL detected per day (figure 5.57) (p-value > 0.05).
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Figure 5.57: TOB release profile at pH5 and at pH7.4 for Q10 of the construct TOB-G3.

For each curve: Mean £ SD (N=1, n=3).

At pH7.4, the drug release was ranging between 210.94-175.61 pg/mL for the first 5 days and
the quantity shifted to 94.75 pug/mL on day 6 plummeting to 25.74 ug/mL after 6 days. There
was then a steady decrease of the rate within 2 days heading to 9.85 ug/mL on day 14,
followed by a long plateau of 16 extra days where the concentration ranged between 6.77-

2.13 pg/mL per day (p-value > 0.05).
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Comparing the profiles of the group G there was a difference in the cumulative release
achieved at the end of each drug release study. For example, the highest amount was gained
by TOB-G2, followed by TOB-G1 and TOB-G3 which instead provided the lowest quantity
among the 3 matrices (p-value < 0.05). Additionally, analysing these profiles plus the one of
Alg-TOB, it was observed that the cumulative release of TOB-G1 was quite similar to the one
of the bilayers with the difference that the employment of PBAE into the system helped in
containing the drug release which reached the same cumulative release but only after 40 days
rather than 21 (p-value > 0.05). As expected, TOB-G2 was higher than Alg-TOB, whereas for
TOB-G3 the cumulative release was lower than the one of the bilayers system, even if it lasted

longer (30 days) (p-value < 0.05).

Comparing the release of the aminoglycoside from the TOB-PBAEs nano-delivery systems to
the results obtained from TGA and zeta potential profiles, it was observed consistency for the
matrices including the PBAEs A2, A3, D3 and G2. For instance, the cargo was highly release
from the nanoconstructs possessing the PBAEs A2, D2 and G2, proving a sustained release
between 40-50 days and ranging between 1110-1490 ug/mL at pH5 (p-value < 0.05).
Moreover, the drug was released from TOB-A3 and TOB-D3 systems for only 30 days and it
was respectively equal to 1471.82 ug/mL and 1158.19 ug/mL under acid conditions (p-value
>0.05). The release profiles of these matrices were supported by the TGA, zeta potential and

the PBAE hydrolysis.
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Discussion

Zeta potential measurements

Zeta potential is a straightforward method applied in this project for monitoring the Layer by
Layer self-assembly of the 18PBAEs-Tobramycin coatings. Tobramycin is an amphiphilic
aminoglycoside composed by both hydroxylic and amino groups, but the presence of 5 amino
groups in its chemical structure highlights its polycationic character which is the main
responsible for its antibacterial activity (Lee et al., 2015). Therefore, the LbL process for all
the developed systems was carried out at pH5 to exploit the ability of the amino groups to be
protonated under acid conditions and provide a positive charge to contrast the strong
negativity of the alginate. Therefore, the LbL process was carried out in sodium acetate buffer
pH5 and zeta potential measurements were pursed for each layer embedded onto the
nanoparticles surface, producing a zig-zag pathway as proof of the success of the build-up

systems.

Firstly, the profile provided by the matrix Alg-TOB showed that after an initial positivity of the
drug in the first bilayer, +13.37 + 0.55 mV, the potential was close to 0 mV on B2 and it became
negative on B3. Additionally, once a new layer of alginate was coated onto the system, the
negativity of the drug increased as well (figure 5.1). This could be explained by the molecular
structure of both the polymer alginate (Ma et al, 2019) and the aminoglycoside
(Dhondikubeer et al., 2012): tobramycin is a small molecule, with a molecular weight of
467.52 g/mol and a lower number of ionisable groups than those present in the
polyelectrolyte alginate (Kruizinga et al., 2020). Hence, although the deposition of the drug
was successful due to the electrostatic interactions occurring between the amino groups of
the cargo and carboxyl groups of the alginate, the encapsulation of the tobramycin needed
to be improved. For this reason, in this project, it was designed an alternative approach to
entrap the drug onto the nanocarrier surface by employing poly(beta) amino esters (PBAEs)
as polycations into matrices composed by quadruple layers rather than bilayers as follows:
Alg-TOB-Alg-PBAE. Analysing the 18 TOB-PBAEs systems it was observed that for the first
guadruple layer the results were quite similar for all of them. For example, the positive charge
of the amino functionalised nanoparticles, +17.07 £ 3.12 mV, was reversed once the alginate

was embedded onto the system, -28.63 + 1.20 mV. Then, the potential returned positive by
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coating the drug, +16.9 + 1.55 mV; it was inverted again by a further layer of alginate, -29.06
* 3.6 mV, changing into positive by coating a PBAE, which was different in each nanosystem

and provided a weak positive charge as reported in the table 5.3 below:

LbL-assembly PBAE positive
coatings charge on Q1
TOB-Al +2.5+2.41 mV
TOB-A2 +12.9+1.2 mV
TOB-A3 +15.5+0.71 mV
TOB-B1 +4.4 £ 0.68 mV
TOB-B2 +4.8+0.17 mV
TOB-B3 +8.8+0.33 mV
TOB-D1 +11.8+3.72 mV
TOB-D2 +15.5 +4.50 mV
TOB-D3 +16.6 + 0.87 mV
TOB-E1 +13.4+0.23 mV
TOB-E2 +9.0+0.34 mV
TOB-E3 +6.4+0.74 mV
TOB-F1 +13.3+1.11 mV
TOB-F2 +20.8+1.67 mV
TOB-F3 +14.1+0.1 mV
TOB-G1 +21.6 £ 0.90 mV
TOB-G2 +15.7+1.15mV
TOB-G3 +16.6 £ 1.54 mV

Table 5.3: Positivity of PBAEs for Q1 of TOB-PBAEs coatings

Generally speaking, as reported from the figure 5.2 to 5.19, the profiles of TOB-PBAEs
provided an alternative zig-zag pathway as previously observed for the system Alg-TOB.
However, the presence of PBAEs as polycations in the matrices allowed to improve the

deposition of the drug through the 10 quadruple layers: the potential of the cargo remained
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positive for more layers whereas in the Alg-TOB layered nanoparticles it was easily reversed
with the first two bilayers. Despite that, a remarkable difference was detected among the
PBAEs layered nanoparticles: the choice of the amine as monomer for the PBAEs synthesis
influenced the number of amino groups available for the interaction with the carboxyl groups
of the alginate and thus, the success of the deposition of both cargo and PBAE on the
nanocarrier surface. For instance, for the TOB-PBAEs nanoconstructs including the piperazine
(1) as amine, the tobramycin positivity was converted into a negative value within the first 3
guadruple layers, except for TOB-F1, where tobramycin charge remained positive until Q5. As
contrary, for the TOB-PBAEs matrices possessing 4-4 trimethylendipiperidine (2) and N,N-
Bis[3-(methylamino)propyl]methylamine (3) as amines, a positive charge for tobramycin was
detected for at least the first 5 quadruple layers. More specifically, for TOB-A2, TOB-B2, TOB-
E3, TOB-F2, TOB-F3 and TOB-G3, the zeta potential of the drug was stable until Q8 with no
influence from the strong negativity of the alginate. The strong negative zeta potential of
sodium alginate reported in all the profiles corresponds to the value gained by Feng et al.,
2014 as well as the positivity of the pH-responsive polymers PBAEs was widely explained by
Hammond, 2012, Li et al., 2020. More specifically, (Little et al.,, 2005) described the
characterisation of different PBAEs containing microparticles, observing that the addition of
these polymers reversed the zeta potential into positive and increased the efficiency and the
loading of plasmid DNA. This could justify the difference in the zeta potential profiles
developed in this project and the impact that the structure of PBAEs could have on the

multilayer deposition.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a valid method applied for evaluating the thermal
decomposition of polymers as well as for defining their thermal stabilities (Langtry, 1972), via
determination of the weight loss as function of time and temperature in a controlled

atmosphere (Ng et al., 2018b).

TGA profiles reported from the figure 5.20 to 5.39 show similar curves that could be divided
into two main parts. The first weigh loss occurs below 110°C corresponding to the evaporation
of water and ethanol absorbed during the break of the microemulsion to form the amino-

functionalised silica nanoparticles (AFSi-NPs). Additionally, the weight loss observed between

315



110°C and 500°C was instead attributed to the decomposition of the organic phase. This, in
the TGA curve of AFSNPs before the LbL self-assembly, was representative of dehydroxylation
for the remaining silanol groups, whereas for the bilayer and quadruple layers systems it was
related to the decomposition of the amino groups of tobramycin and PBAEs (Lu, 2013).
Comparing the weight losses gained from all the matrices developed in this project (table 5.4),
a considerable difference was observed between the bilayer and the quadruple layer systems.
For instance, in the Alg-TOB coating, the final weight loss on B10 was mainly attributed to the
organic content resulting from the carboxyl and the amino groups of alginate and drug,
instead in the all quadruple layers nanoconstructs the increased weight loss confirmed the

presence of the PBAEs into the systems (Talavera-Pech et al., 2018).

LbL-assembly Organic content %

coatings on B10/Q10

Alg-TOB 38.60% + 0.22
TOB-Al 60.57% £ 0.62
TOB-A2 60.09% + 0.83
TOB-A3 61.27% £ 0.14
TOB-B1 61.06% £ 1.35
TOB-B2 58.25% £ 0.55
TOB-B3 58.63% £ 0.48
TOB-D1 64.26% £ 0.33
TOB-D2 57.47% £ 1.29
TOB-D3 62.59% + 0.49
TOB-E1 54.37% £ 0.97
TOB-E2 59.36% + 0.09
TOB-E3 56.86% + 0.13
TOB-F1 70.43% +1.19
TOB-F2 75.12% + 0.09
TOB-F3 68.94% + 0.28
TOB-G1 75.12% + 0.09
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TOB-G2 62.62% + 0.43

TOB-G3 68.75% + 0.1

Table 5.4: Organic content % for TOB-PBAEs for B10 or Q10

The difference in the organic content percentage among the nanosystems including PBAEs as
polycations was caused by the variety of molecular structures of the monomers composing
the polymers. In particular, TOB-F1, TOB-F2, TOB-F3, TOB-G1 and TOB-G2 provided the
highest values of weight losses correspondent to the decomposition of an increased number
of amino groups. Furthermore, the choice of the acrylate in this case influenced the weight
loss: increased hydrophobicity lead to an higher mass losses (Akyol et al., 2018). These results
confirmed what observed with zeta potential measurements: the hydrophobicity of the
diacrylates F, G and of the amine 2 and 3 had a great impact on the multilayer deposition of

drug and PBAEs.

Tobramycin release quantification

In this project the antibiotic tobramycin (TOB) was entrapped onto two different type of
matrices. Firstly, it was alternately encapsulated via LbL into a bilayer system composed by
only the drug and the non-hydrolysable polymer alginate coated onto amino-functionalised
silica nanoparticles surface. Then, it was embedded into quadruple layers systems including
as follows: alginate-TOB-alginate-PBAE, employing 18 different PBAEs to form 18 TOB-PBAEs
nanodelivery systems. In both cases, bilayer and quadruple layer matrices, the
aminoglycoside was coated up to 10 times to provide systems composed in total by 10
bilayers or 10 quadruple layers. The drug release studies were carried out in two different
buffers, sodium acetate pH5 and phosphate buffer pH7.4, to reproduce respectively acidic
conditions typical of joint infections and physiological environment (Ribeiro, Monteiro and
Ferraz, 2012). Analysing the profiles reported in the figures 5.39-5.57, the drug release was
pH-dependent and based on the electrostatic interactions used to stack the polymer and the
antibiotic in the multilayer coatings. Therefore, at pH7.4, weak electrostatic interactions had
an impact on the drug release which was higher than at pH5, due to, instead, strong
electrostatic interactions. For instance, in an acid environment, the increased number of
protonated amino groups strengthened the electrostatic connection to the carboxyl groups

of the sodium alginate heading to a stable state and thus controlling the drug release. As
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contrary, the partial number of protonated amino groups under physiological environment
loosened the electrostatic interactions and therefore provided a rapid antibiotic release
(zhou et al., 2018), (Al Thaher et al., 2018b). However, the release studies were pursed only
for B10 or Q10 as representative layers with the highest amount of tobramycin released. The

drug release was evaluated considering the cumulative release as function of time (days) and

it is summarised in the table 5.5 below for all the matrices developed in this project.

LbL- Cumulative Cumulative *Final *Final Cumulative
assembly release n° Days release n° Cumulative release at pH7.4
coatings (pH5) Days (pH7.4) | release at pH5
Alg-TOB 21 21 1134.99 pg/mL 3596.30 pg/mL
TOB-A1 30 30 1112.18 ng/mL 2067.35 pg/mL
TOB-A2 50 50 1113.26 ng/mL 4288.60 pug/mL
TOB-A3 30 30 1471.82 ng/mL 4104.61 pg/mL

TOB-B1 40 40 1640.88 ng/mL 4179.52 pg/mL
TOB-B2 30 30 1269.80 pg/mL 3004.83 pg/mL
TOB-B3 30 30 1176.82 pg/mL 2911.16 pg/mL
TOB-D1 60 60 1084.04 pg/mL 4048.48 ng/mL
TOB-D2 50 50 1491.78 pg/mL 4634.72 ng/mL
TOB-D3 30 30 1158.19 pg/mL 2807.46 pg/mL
TOB-E1 40 40 550.93 pg/mL 1157.52 ug/mL
TOB-E2 30 30 818.34 ug/mL 1438.45 ug/mlL
TOB-E3 30 30 1285.86 pug/mL 2824.13 pg/mL
TOB-F1 30 30 971.27 pg/mL 1764.40 ug/mL
TOB-F2 30 30 975.10 pg/mL 1457.34 ng/mL
TOB-F3 30 30 1062.75 pg/mL 1255.45 pug/mL
TOB-G1 40 40 1034.66 pug/mL 3569.76 pg/mL
TOB-G2 45 45 1442.63 pug/mL 4373.38 pg/mL
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TOB-G3 30 30 796.19 ug/mL | 1163.44 ug/mL

*Daily release: 20-30 pg/mL. TOB-MIC: 6.25 ug/mL against Pseudomonas aeruginosa, Escherichia
coli, Enterobacter species, and Klebsiella (Krause et al., 2016). Table 5.5: TOB cumulative release at
pH5 and pH7.4.

Generally, the drug release from coatings designed via LbL occurs via diffusion through the
multilayers, surface erosion or a combination of these two mechanisms (Smith et al., 2009).
Aminoglycosides, such as tobramycin, gentamycin and the glycopeptide vancomycin,
encapsulated in LbL degradable systems possessing PBAEs provided antibiotic release which
was dependent on several factors such as: the number of multilayers, the polymeric
degradation, pH of the medium (Paula T. Hammond, 2012), (Wood et al., 2005). The 18 TOB-
PBAEs and the Alg-TOB bilayer coatings built up in this project showed drug release profiles
which were consistent to previous studies. For example, from all the nanoconstructs, the
antibiotic released through the layers via diffusion mechanism as Hammond et al. observed
by incorporating gentamycin deposited via LbL into a system including a PBAE and hyaluronic
acid (Hammond, Supervisor and Deen, 2008). Additionally, for all TOB-PBAEs layered
nanoparticles the hydrolytic degradation and thus the drug release occurred more rapidly at
pH7.4 than at pH5 as reported by Zhou et al. This research group achieved controlled
tobramycin release for only 320 h by entrapping the antibiotic with chitosan via LbL on
heparin micelles (Zhou et al., 2018). As contrary, in this work, the cargo released from Alg-
TOB matrix continued for 21 days, whereas it ranged between 30 and 60 days considering
TOB-PBAEs coatings. This was a considerable improvement from the current nanocomposite
formulations (Hill et al., 2019), (Lee et al., 2015), (Scott and Higham, 2003). However,
differences in the amount of drug released were observed among the nano delivery systems
which were dependent on the hydrolysis and the structure of the PBAEs. For example,
considering the PBAEs Al and B1 the presence of 2 more methylene groups (-CH) in the
chemical structure of 1,6 hexanediol diacrylate (B) had a positive impact on the tobramycin
release lasting 40 days from TOB-B1l against only 30 days from TOB-Al. Moreover, a
hydrophobic diacrylate provided a more rapid drug release in a basic environment which was
doubled than from TOB-A1 (table 5.3), but a controlled antibiotic release was detected at pH5
showing 1112.18 ug/mL for TOB-A1 and 1640.88 ug/mL for TOB-B1. Additionally, the choice
of diacrylates with higher hydrophobicity such as D (neopentyl glycol diacrylate) or G (tricyclo

[5.2.1.0 #®] decanodimethanol diacrylate) and a hydrophilic amine as piperazine (1) greatly

319



influenced the cargo release that occurred over a period of 40 days from TOB-G1 and 60 days
from TOB-D1 with respectively 1034.66 pug/mL and 1084.04 ug/mL as cumulative release t
pH5 and 3569.76 ug/mL and 4048.48 ug/mL at pH7.4. The difference in the length of drug
release could be attributed to the polymeric solubility and the molecular structures, showing
a straight chain for D1 instead ring chains for G1. However, although the PBAEs of the group
Fincluded a hydrophobic diacrylate, no prolonged release was observed for the matrices TOB-
F1, TOB-F2 and TOB-F3. Indeed, the drug released through the thin multilayers for a period
of only 30 days, with a low cumulative release especially at physiological environment ranging
between 1255.45 pg/mL to 1764.40 pg/mL. On the other hand, the employment as
polycations of PBAEs possessing the amine 4,4 trimethyldipiperidine (2), which is more
hydrophobic than amine 1 and 3, provided a longer drug release. For instance, considering
TOB-A2, TOB-D2, TOB-G2, tobramycin release occurred for respectively 50 and 45 days
showing a low cumulative release at pH5 for TOB-A2, 1113.26 ug/mL, rising up to 1442.63
ug/mL for TOB-G2 and 1491.78 ug/mL for TOB-D2. In this case, for these 3 matrices, at pH7.4,
the drug release was more rapid than the profiles described before with the amine 1. These
results were consistent to the zeta potential and TGA pathways representative of the
nanoconstructs TOB-A2, TOB-G2 and TOB-D2. In particular, the choice of these polymers
provided a sustained positive charge of PBAEs and antibiotic for a least 5 quadruple layers,
and a weight loss percentage of Q10 over 60% confirming the success of the thin multilayer
deposition. Overall, from all the matrices presented in this chapter, the aminoglycoside
mainly released within the first 10-15 days overcoming the achievements of the current
formulations (Lee et al., 2015), with an initial daily release ranging between 30-50 ug/mL at
pH5 and 70-100 pg/mL at pH7.4, followed by a reduction ranging between 6.25-2.49 ug/mL
released per day at both media characterising the plateau of each profile. The great amount
detected in the first days indicated a concentration relatively high to kill pathogens causing
orthopaedic implant infections (Krause et al., 2016). Despite that, the high concentration
could be promising for potential impregnation of the nanoparticles into poly(methyl

methacrylate) (PMMA) bone cement.
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Conclusions

In this chapter, the PBAEs were applied for the development of stimuli-responsive antibiotic
release from bilayer or quadruple layers to prevent bacterial infections affecting biomaterials.
In this case, the antimicrobial chosen was tobramycin, an aminoglycoside which mainly acts
against Gram negative pathogens and especially possesses excellent bactericidal activity
against Pseudomonas aeruginosa infections. In this work, tobramycin was entrapped into 18
PBAEs multilayers systems onto amino-functionalised silica nanoparticles surface, with the
aim of minimising bacterial resistance and controlling the drug release. Firstly, the drug was
alternately deposited into a bilayer system via Layer by Layer (LbL) self-assembly up to 10
bilayers. Then, it was encapsulated onto PBAEs-nanoparticles composed by 10 quadruple
layers and each quadruple layer was composed as follows: alginate-TOB-alginate-PBAE.
Therefore, 18 PBAEs were employed as polycations to form 18 TOB-PBAEs based
nanoparticles. All the systems were characterised by zeta potential and TGA measurements
and the drug release was evaluated by dispersing the nanoparticles after the LbL deposition
in buffers at pH5 and pH7.4, to respectively reproduce acid conditions typical of the joint
infections and physiological environment. The profiles gained for zeta potential, TGA and drug
release studies contributed to explain that the pH-responsiveness of the multilayers, the
number of layers composing the coatings and the choice of monomers for the synthesis of
PBAEs are essential properties that can be adjusted to exploit the antibiotic release. For the
first time, this work provided evidence that hydrophobic or hydrophilic monomers composing
the PBAEs can greatly impact the drug release. In this case, PBAEs such as A2, D2, G2, B1, A3,
D3 or Al provided a prolonged antibiotic release lasting between 30 and 60 days, suggesting

an early stage promising alternative for the treatment of early and late onset joint infections.
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Chapter 6: General conclusion and future perspective

Total joint arthroplasty (TJA) is a life-enhancing procedure applied for the end-stage joint
diseases to provide pain relief, to restore the bone function and to improve the quality of life
for patients. However, one of its undesirable events is the prosthetic joint infection (PJI) which
occurs between 0.5% and 3% of the cases. To avoid that the patient undergoes multiple
revision surgeries to solve this problem, one of the treatments of PJI is the employment of
antibiotic bone cement (ALBC) during the primary operation. Despite ALBC presents
advantages such as the reduction of risk of PJI by delivering high concentration of antibiotic
directly at the site of infection, on the other hand, there are concerns on its role in infection
prevention and on its use in clinical practice. In particular, antibiotics could provide a short-
term burst release followed by a decrease below the inhibitory concentration levels which
lead to a continuous increase of bacterial resistance. Therefore, to improve the performance
of ALBC, the development of new approaches is required.

The aims of this research project were: to develop silica nanocarriers releasing antimicrobial
agents using Layer-by-Layer (LbL) technique employing poly (B-amino esters) (PBAEs) as
polycations and to establish the optimal nanocarrier construct to provide sustained drug
release for future applications on PMMA bone cement.

To reach these goals, in the initial stage, as reported in chapter 3, 18 amino-terminated linear
PBAEs were synthesised and characterised via NMR spectroscopy and Gel Permeation
Chromatography. It was found that the PBAE hydrolysis is caused by the cleavage of the ester
bonds and the formation of diol products. This phenomenon mainly occurs at pH7.4.
Therefore, as general concept: PBAEs rapidly hydrolyse at pH7.4 whereas slowly at pH5. This
was observed for all the PBAEs synthesized along this PhD project. Additionally, the hydrolysis
studies allowed to better understand that the choice of the monomers as well as the MW,
charge and pH greatly influenced the polymeric degradation. More specifically, the
combination between hydrophilic amine and diacrylates with short alkyl chain in their
backbone promoted a rapid PBAEs hydrolysis (e.g. acrylates A, D, E and amine 1 and 3),
instead hydrophobic amine and longer alkyl chain or the presence of aromatic units in the
diacrylate backbone provided a gradual PBAE degradation (e.g. acrylates B, F, G and amine 2).
Based on that, it was interesting to observe if the application of all the PBAEs synthesised

along this project could have an impact on the drug encapsulation and its kinetics of release.
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In this context, as discussed in chapter 4, the 18 PBAEs were employed as polycations to
encapsulate chlorhexidine onto silica nanoparticles. In this project, mesoporous silica
nanoparticles were chosen as nanocarrier due to their biocompatibility, high loading
capability, easy synthesis and scale up with reasonable costs. However, unbonded silanol
groups can cause membrane disruption leading to cell lysis. This side effect can reduce the
application of these nanoconjugates as drug delivery system. Along this project, it was
possible to overcome this problem by synthetizing amorphous amino-functionalised silica
nanoparticles via wet chemistry whose size was 55 nm. Indeed, this approach of synthesis
allowed to reduce the availability of unbonded silanol groups, and thus their toxicity on cells.
Additionally, the amino-functionalisation of the nanocarriers facilitated the deposition of
antimicrobial agents and cationic or anionic polyelectrolytes to form multilayer systems.

The characterisation of the nanoconjugates through zeta potential and thermogravimetric
analysis (TGA) determined the success of the antimicrobial agent incorporation onto the
nanocarrier surface. Furthermore, the comparison between the drug release profiles of
PBAEs-CHX loaded nanoparticles and the system including only alginate and chlorhexidine,
which was designed as control, allowed to understand that the presence of PBAEs into the
coatings played an essential role on drug release profiles. Indeed, the physiochemical
properties of these polymers such as MW, charge, hydrophobicity/hydrophilicity, solubility
and their chemical structures had a great impact on chlorhexidine release which lasted
between 30-110 days when the PBAE was coated, against the 25 days of the Alg-CHX
nanoparticles. The CHX release was mainly regulated by the hydrolysis of PBAEs and this was
confirmed by consistency detected between PBAE-CHX release and PBAE hydrolysis (via MW
and charge) profiles. However, the choice of the monomers employed in the polymerisation
was also important. For instance, PBAEs with aliphatic or aromatic diacrylates in their
backbone such as B, D, F and G provided a prolonged drug release (over 60 days) especially if
combined with the hydrophobic amine 2.

The development of the 18 PBAE-tobramycin nanoparticles and the evaluation of the
antibiotic release, widely described in chapter 5, evidenced that the employment of PBAEs
improved the performance of nanoconjugates including tobramycin. Indeed, the agent was
gradually released over 30 days when a PBAE was embedded onto the drug delivery systems
against the period of only 21 days detected by the control system alginate-tobramycin. In

particular, in this case, PBAEs synthesised by the diacrylates A, D and G and the amines 2 and
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3 provided a prolonged and controlled drug release between 30 and 60 days, which represent
an alternative solution to the problem of the antibiotics burst release.

To conclude, the results obtained from this project, allowed to understand that the
application of Layer by Layer as self-assembly technique plus the employment of PBAEs into
multilayer formation, can control the antimicrobial agents release suggesting a promising

early-stage approach for the treatment of early and delayed onset PJI.

To conclude the main findings of this project, suggest that the synthesis, the characterisation
and the screening of PBAEs combined to nanotechnology enhance the release of
antimicrobials. Furthermore, the choice of the monomers is crucial and has a great impact on
the hydrolysis of polymers and drugs entrapped in the multilayer systems. Additionally, LbL
self-assembly combined to nanotechnology provided prolonged antimicrobial release which
depends on: the number of multilayers, the polymeric degradation and pH medium.
Considering the systems possessing CHX-PBAEs and TOB-PBAEs, CHX-F2 (CHX release for 70
days) and TOB-D2 (TOB released over 30 days) are promising matrices which provided a

significant improvement from the current nanocomposite formulations (up to 15 days).

For the future, before proceeding with the incorporation of PBAE-TOB or PBAE-CHX loaded
nanoparticles on bone cement, it would be worthy to investigate different sets-up such as the
influence of PBAEs alone or PBAE-antimicrobial formulations on cell viability and
computational studies based on the chemistry of PBAEs. For instance, in the first case it would
be interesting to observe whether the low toxicity of PBAEs remain unaltered or not after
being incorporated into the nanocoatings and if a hydrophobic polymer such as B2, D2 or F2
would increase or decrease the viability on Sa0S-2 osteoblasts cells. On the hand, in the
second case, it would be helpful to study the interaction between all the PBAE and the
antimicrobial agents based on the electrostatic interactions which regulated the drug release
of both chlorhexidine and tobramycin. This would be a fundamental step in the development

of novel chemical routes to synthesise or to modify other PBAEs.
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7a) HYNMR D1
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8a) H'NMR D2
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9a) H'NMR D3
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10a) H'NMR E1
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11a) HYNMR E2
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12a) H'NMR E3
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15a) HNMR F3
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16a) HNMR G1
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17a) HNMR G2
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18a) H'NMR G3
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