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Abstract

Quartz Crystal Microbalance (QCM) is a sensitive and effective
technique to analyze mass changes at the interface between a solid
material and a liquid environment. In this Master thesis, QCM was
employed for evaluating the interactions between selected degradable
polymers, nanodiamond particles and proteins.

First of all, several parameters had to be adapted to allow QCM
measurements involving degradable polymers. In particular, tempera-
ture, thickness of polymer layer and treatment of the sensor surface
were found to be relevant. These parameters were tailored to allow
QCM measurements involving polylactide, a copolymer of L-lactide
with ε-caprolactone (poly(LLA-co-CL)) and a copolymer of D-lactide
with trimethylene carbonate (poly(TMC-D-LA)).

QCM allowed to obtain quantitative measurements of protein ad-
sorption on degradable polymers. The behavior of PLA and poly(LLA-
co-CL), with respect to protein adsorption, was demonstrated to be
different for the two polymers considered and to be dependent on
protein concentration in solution. Eventually, it was also possible to
conclude that if nanodiamond particles were employed for polymer
functionalization, a great enhancement in protein adsorption was
recorded by QCM.

Keywords: Quartz Crystal Microbalance, degradable polymers, poly-
lactide, proteins, nanodiamond particles.
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Abstract

Quartz Crystal Microbalance (QCM) är en känslig och effektiv
teknik för att analysera massförändringar vid gränsytan mellan ett
fast material och en vätska. I detta examensarbete användes QCM för
utvärdering av interaktionen mellan utvalda nedbrytbara polymerer,
nanodiamond partiklar (nDP) och proteiner.

Initialt skulle flera parametrar anpassas för att möjliggöra QCM
mätningar som omfattar de nedbrytbara polymererna. I synnerhet
var det temperatur, tjocklek på polymerskiktet och behandling av
sensorytan var relevanta. Dessa parametrar var anpassade för att göra
QCM mätningar av PLA, poly (LLA-co-CL), poly (TMC-D-LA) och
PS.

Dessutom erhölls kvantitativa mätningar av proteinadsorption på
nedbrytbara polymerer genom QCM. Beteendet hos PLA och poly
(LLA-co-CL), med avseende på proteinadsorption, visade sig vara
relaterade till materialets egenskaper, såsom kristallinitet och hydro-
filicitet. Dessutom visade sig att proteinkoncentrationen i lösningen
också påverkade beteendet. Så småningom kunde även slutsatsen dras
att nDP kunde användas för funktionalisering av polymererna. Med
hjälp av QCM kunde en stor förbättring i proteinadsorption påvisas.

Nyckelord: Quartz Crystal Microbalance, nedbrytbara polymerer,
polylaktid, fibronektin, nanodiamond partiklar.
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1
I N T R O D U C T I O N

Quartz Crystal Microbalance (QCM) is a powerful method for ana-
lyzing the adsorption, detachment or changes of mass at the interface
between a solid material and a liquid or gaseous environment.

Even though the relationship between the mass of a resonator and
the resonance frequency was first investigated by Sauerbrey in 1959

[1] and the first theoretical studies towards the development of the
Quartz Crystal Microbalance were performed around 1980-1985 [2],
the employment of this technique for experimental purposes was not
widely spread until the years 2000-2001. Since then, the number of
publications concerning this topic increased considerably [3].

Because of its several advantages, such as accuracy and high sen-
sititivity in determining real-time mass changes, the Quartz Crystal
Microbalance has been applied for evaluating the behavior of proteins,
cells and other particles or macromolecules with respect to different
materials like polymers and metals.

1.1 purpose of the study

Since the Quartz Crystal Microbalance is a recently developed tech-
nique, several improvements still have to be developed, for example
by finding optimal experimental conditions and sets of parameters, on
the basis of the materials or macromolecules under investigation. This
is the context in which the idea of this project was developed and the
main aims of this Master thesis were:

1. To evaluate if the Quartz Crystal Microbalance (QCM) is a suit-
able technique to analyze the behavior of proteins and nanodia-
mond particles on degradable polymers:

• To find the optimal parameters for the frequency shift de-
tection by the QCM;

• To evaluate whether there is a relationship between the
concentration of proteins in solution and the maximum fre-
quency shift recorded by the Quartz Crystal Microbalance;

2. To compare the behavior of different polymers, in terms of
protein and nDP mass adsorption;

3. To observe whether the presence of nanodiamond particles (nDP)
leads to an improvement in protein adsorption and if the QCM
apparatus is able to detect it.
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introduction

As for the choice of the polymers to investigate, the initial selection
included at least one polymer, or copolymer, for each of the following
categories:

• Synthetic hydrophobic polymers. Among these, polylactide (PLA)
and poly(L-lactide-co-ε-caprolactone) (in the following text it
is indicated as poly(LLA-co-CL)) were chosen. This is because
there are many studies already published about these polymers
and the properties of poly(LLA-co-CL)) can be modified and
known in advance. Moreover, these polymers have already been
proven to be suitable for the design of scaffolds for bone tissue
engineering [4];

• Synthetic hydrophilic polymers. In this case, a triblock copolymer of
poly(L-lactide) and poly(ethylene glycol), that will be indicated
as PLA-PEG-PLA in the following text, was tested;

• Bacterial polymers. The poly((R)-3-hydroxybutyrate) (P(3HB)) and
its copolymer with 5-hydroxyvalerate (abbreviated as P(3HB)-
co-5HV) were considered, to make a comparison with synthetic
polymers.

Later, it was decided to test an additional selection of polymers, in-
cluding a copolymer of trimethylene carbonate and D-lactide, that will
be abbreviated as TMC-co-D-LA, polyglycolide (PGA) and polystyrene
(PS).

As for the choice of the proteins, fibronectin was preferred in this
case, because it is one of the main adhesive components in plasma and
extracellular matrix and it accelerates cell adhesion [5]. Besides, it has
been demonstrated that the polymers PLLA and poly(LLA-co-CL) can
be effectively functionalized with fibronectin, to improve cell adhesion
[6].

Furthermore, the growth factor Bone Morphogenetic Protein-2
(BMP-2) was employed in this thesis, to compare its behavior to
fibronectin, in relation to the QCM technique and to the selected
polymers.

1.2 structure of the thesis

In the following chapters of this thesis, a general description of the
Quartz Crystal Microbalance technique is provided, including its basic
principles, applications, advantages and drawbacks (Chapter 2). Also,
an introduction about the degradable polymers is given in chapter 3

and an overview of the proteins and nanodiamond particles employed
in this work for the polymer surfaces functionalization are found in
Chapter 4. The two following chapters describe the experimental
conditions, including materials used for the project (Chapter 5) and
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1.2 structure of the thesis

the experimental methods applied (Chapter 6). Eventually, the results
obtained are presented and discussed in Chapter 7.
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2
Q U A RT Z C RY S TA L M I C R O B A L A N C E ( Q C M )

2.1 the qcm technique

Quartz Crystal Microbalance (QCM) is a technique employed to
study adsorption processes and mass changes at the interface between
a gas or liquid environment and a solid material [7]. The main idea is
to measure the frequency shift of quartz sensing electrodes in order to
calculate the adsorption of mass on the sensors [2, 8].

The Quartz Crystal Microbalance technique is based on the usage
of a thin quartz crystal between two metal electrodes. The crystal
is usually AT-cut, meaning that, if it lays on the XY-plane, it makes
an angle of about 35° with the Z-axis (optic axis) (Figure 1). This
type of crystal cut is employed because it guarantees low temperature
coefficient at room temperature. That is to say, small changes in
temperature only result in small changes in frequency.

Figure 1: Scheme of an AT-cut quartz crystal. Image from
http://www.4timing.com/techcrystal.htm

By applying an alternating electric field across the crystal, the res-
onance frequency of the quartz crystal is induced and the crystal
presents a vibrational mode of thickness shear deformation (Figure
2). This is due to the piezoelectric properties of the crystal and to the
crystal orientation.

If a mass is attached to the crystal, the oscillation frequency f
decreases (negative frequency shift). So, measuring the change in
resonance frequency, it is possible to calculate the mass of a thin and
rigid layer attached to the crystal, exploiting the Sauerbrey equation
[9]:

∆ f = − 2 f 2
0 ∆m

A√ρqµq
= −C f ∆m (1)

where
f0 is the fundamental resonance frequency of the crystal (Hz),
A is the area of the electrode (cm2),
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quartz crystal microbalance (qcm)

Figure 2: Scheme of thickness shear deformation of an AT-cut quartz crys-
tal. Image from http://www.gamry.com/assets/Application-
Notes/Basics-of-an-eQCM.pdf

ρq is the density of the quartz (g/cm3),
µq the shear modulus of the quartz (g/(cm s2)),
C f is the integral mass sensitivity (m2Hz/g),
∆ f is the frequency shift, i.e. change in oscillation frequency of the
crystal (Hz),
∆m is the change in oscillator mass per area (g/m2).
This relationship points out that the frequency shift (∆ f ) is linearly
dependent on the adsorbed mass. It is also possible to monitor the
frequency shift for a harmonic overtone of the fundamental frequency
and extract the mass change per area as [7]:

∆m = −C
∆ f
n

(2)

where C = 1
C f

is the sensitivity constant (g/(m2Hz)) n is the overtone
number.

Some of the advantages of the QCM method are that it requires
a short equilibration time (about 3-30 minutes) and assures high
accuracy. Besides, Oliveira et al. [10] demonstrated that QCM is an
efficient and accurate method for studying the solubility of gases in
polymers, in particular if compared to other methods like gravimetric
or pressure decay. However, the authors highlight the fact that it is
necessary to assume that the adsorbed material spreads uniformly
through the crystal and vibrates synchronously with it. Another
positive aspect of QCM technique is that it can be applied to several
different liquids, being not necessary to isolate and purify the analyte.
Besides, it allows to analyze conformational and functional changes of
proteins in real time [3].
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2.2 quartz crystal microbalance with dissipation monitoring (qcm-d)

On the other hand, for a soft or thick layer of material bound to
the crystal, the frequency shift due to dissipation will be higher and
the Sauerbrey equation cannot be applied [11]. In these cases, the
Quartz Crystal Microbalance with dissipation monitoring (QCM-D) is
a more suitable technique. Furthermore, the Sauerbrey relation holds
for layers that are much thinner of the extinction depth of the shear
acoustic wave (about 250 nm). Otherwise, the Sauerbrey relation is
not valid [12].

2.2 quartz crystal microbalance with dissipation mon-
itoring (qcm-d)

In QCM, if the adsorbed material is cells, that is a non-rigid material,
the viscoelasticity of the cells enhances the decrease of the crystal res-
onance frequency. The main idea of the Quartz Crystal Microbalance
with dissipation monitoring (QCM-D) is to measure the damping of
crystal oscillations as a variation in crystal dissipation energy D, that
gives information on the viscoelasticity of the adsorbed material. The
dissipation energy is given by

D =
Elost

2πEstored
(3)

where Elost is the energy dissipated in one cycle of oscillation, Estored
is the total energy stored in the oscillator [13].

From the relationship between dissipation energy and frequency
shift, it is possible to obtain information about the viscoelastic prop-
erties of the absorbed layer, by applying the Voigt-based model [3]
(see section 2.5). Other parameters useful to evaluate the viscolelastic-
ity are the resistance, inductance, transient decay time constant and
maximal oscillation amplitude [14].

An advantage of QCM-D is that it allows to monitor structural
changes of the adsorbed material during reactions or interactions
with other biological or synthetic materials. As a matter of fact, it is
possible to obtain a plot of the variation in rigidity as a function of
time or of mass changes [15]. Otherwise, it can be useful to plot the
frequency shift as a function of the temperature, as Alf and co-workers
[16] exploited for evaluating the lower critical solution temperature
for polymer films.

QCM-D also permits to analyze changes in viscoelasticity and stiff-
ness of the adsorbed material. So, the material dynamics (e.g. cellular
dynamics) and the viscoelastic properties can be modeled with the
Voigt-based model. For instance, changes in viscoelasticity and dis-
sipation energy often reflect homeostatic phenomena, such as blood
coagulation. [3].
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Furthermore, this technique permits to understand the nature of the
interactions between a protein and the surface. For example, it allows
to distinguish between monolayer adsorption, multilayer adsorption
and penetration into a film. At the same time, QCM-D also gives
information about the kinetics of these processes [16].

Because harmonic acoustic frequencies penetrate at different depths
in viscous layers, with QCM-D it is possible to measure frequency
shift and dissipation simultaneously at different overtones. Some
authors suggest to consider the third overtone rather the fundamental
frequency, in order to exploit its higher stability and sensitivity [12].

Another advantage of QCM-D is that the obtained data, that is to
say frequency and dissipation shifts, are highly reproducible [17].

Besides, if compared to other optical methods to investigate ad-
sorbed proteins, such as surface plasmon resonance (SPR), optical
waveguide lightmode spectroscopy (OWLS) or ellipsometry, QCM-D
allows to detect higher mass adsorptions [18]. In fact, the frequency
shift takes into account both the protein mass adsorbed and the water
bonded to the proteins [3].

QCM-D guarantees better performances in evaluating cell adhesion
as well, in comparison with other methods such as counting technique
and MTS assay. In particular, it does not require counting the cells, it
reduces the errors when calculating the number of adhered cells and
it is sensitive even to a small number of adhered cells [19, 20].

2.3 applications of quartz crystal microbalance

In general, QCM can be employed to evaluate and monitor for-
mation of polymer films, lipid bilayers or bacterial biofilms, protein
and vesicle adsorption on a material, as well as cell adhesion and
spreading on a surface [14].

As an example, the aim of the experiment presented by Wegener et
al. [9] was to study the attachment and spreading and of mammalian
cells to a surface with the QCM technique. In this case, the surface
considered was copper, which was deposited in the crystal by elec-
trodeposition. Several parameters were evaluated, such as frequency
shift in dependence both of the time and of the cell number, cellular
density, hydrodynamic radius, and rate of sedimentation of the cells.
As a result, the authors found out that the frequency shift is dependent
on the type of cells. However, they pointed out that QCM is more
sensitive to the cells attached directly to the crystal surface, without
taking into account cells that pile up on each other. That is to say, the
QCM detects primarily the confluent layer of cells directly adhered to
the crystal, not multi-cellular layers. This is due to the fact that the
shear wave only propagates with a limited amplitude beyond the first
layer of cells [21].
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2.3 applications of quartz crystal microbalance

Another study was aimed to analyze protein adsorption on polyesters,
in particular polylactide (PLA), polyglycolide (PGA) and polyethylene
terephthalate (PET), and the effect of surface alterations. By using the
QCM and other techniques, the authors demonstrated that protein
adsorption into the polymer is enhanced by polyester degradation.
That is to say, the spontaneous hydrolysis by the ester group allows
protein adsorption into the polymer. Furthermore, for polyesters that
degrade under physiological conditions (at pH 7.4, PLA degrades
slowly, PGA more rapidly), surface modifications are not necessary,
because the polymer hydrolysis generates binding sites where the
proteins can attach. Instead, nondegradable polyesters (e.g. PET) need
a surface treatment to enhance protein adhesion by increasing the
number of binding sites [11].

Chung and co-workers [8] exploited the QCM technique to inves-
tigate the adhesion of Mesenchymal Stem Cells (MSCs) on matrices
obtained by combinations of different polymers. They concluded
that carbon nanotubes were a good substrate for fast and effective
MSCs adhesion, while chitosan showed a slower and less extended
cell attachment. Interestingly, they underlined that a first absorption
of carbon nanotubes on QCM electrodes can also increase a following
absorption of chitosan on the electrodes and that this also leads to an
enhancement of the sensitivity of QCM.

The effect of chitosan and hyaluronic acid adsorption on PCL and
PEG/PCL was investigated with QCM as well [19]. QCM was proved
to be an effective technique to analyze the early adhesion (i.e. up to 3

hours) of cells, in particular fibroblasts, to these polymers.

As for Quartz Crystal Microbalance with dissipation monitoring
(QCM-D), it has been used to confirm the finding that preadsorption of
extracellular matrix (ECM) proteins in a synthetic matrix can enhance
cell adhesion and spreading. For instance, a study evaluated the
effect of preadsorbed fibronectin and fibrinogen for accelerating cell
adhesion [5]. QCM-D was also used to analyze fibrinogen adsorption
in polymers and the binding of the platelet receptor GPIIb-IIIa to the
fibrinogen [17].

The study presented by Modin et al. [14] was aimed to evaluate the
validity of QCM-D technique to monitor cell adhesion in real time.
Besides, they used this method to test different materials and find
the better response with respect to pre-osteoblasts attachment and
spreading.

Tagaya et al. [7] exploited QCM-D to analyze osteoblast-like cells at-
tachment on hydroxyapatite and oxidized polystyrene. They modeled
these interactions with a Voigt-based viscoelastic model and demon-
strated that both cell cytoskeleton and ECM modifies after adhesion,
according to the surface material. This leaded also to different types
of cell-surface interactions. Furthermore, the authors pointed out

9



quartz crystal microbalance (qcm)

that cell adhesion on the surfaces depends on cell seeding density.
As a matter of fact, if seeding density increases, then also mass and
dissipation shift ∆D increase.

Interestingly, Fredriksson and co-workers [22] found out that cell
spreading after adhesion leads to a decrease of the dissipation energy
D.

Other authors exploited QCM-D, in addition to fluorescence mi-
croscopy, to evaluate cell cytoskeleton modifications, through monitor-
ing changes of cell shape and of actin filaments [20].

QCM-D and the Voigt-based model were also used to investigate
preadsorption of fibronectin and collagen, in relation to osteoblast-like
cells adhesion to a surface. This confirmed the effect of enhancement
of cell adhesion in presence of preadsorbed ECM proteins fibronectin
and collagen [23].

Eventually, a particular application of QCM, which was applied
for calculating the sorption enthalpy and degradation of PLA, is the
Quartz Crystal Microbalance heat conduction calorimeter (QCM/HCC).
This consists of a quartz crystal microbalance coated with a polymer
layer in thermal contact with a heat-flow sensor on a heat sink. This
technique allows to monitor the change in mass per unit area and
heat at the same time. The heat flow is due to the uptake or release of
solvent vapor by the polymer [24].

2.4 input parameters for quartz crystal microbalance

In the Quartz Crystal Microbalance apparatus, several parameters
can be set and changed in order to optimize the detection of protein
adsorption, cell adhesion or the property under investigation.

Temperature

In the Quartz Crystal Microbalance equipment, the temperature of
the crystal chamber can be tuned, within certain limits. For example,
in the QCM apparatus employed during this work (model E4, from
Q-Sense), it is possible to set the temperature to a value in the range
18-45 °C. Some researchers chose a value of temperature of 37 ±
0.05 °C to monitor cell adhesion on different materials [7, 9, 14, 25].
Instead, others set a temperature of 22 °C and 32 °C, waiting thirty
minutes to equilibrate after each temperature setting, for studying
bovine serum albumin (BSA) adsorption and diffusion into hydrogel
films [16]. Yamada et al. [26] chose a temperature of 25 °C to analyze
the interactions between poly((R)-3-hydroxybutyrate) (P(3HB)) and
DNA. The value 25 °C was employed by other authors to study other
materials as well, such as P(3HB), PLA and PET [27, 28].

10



2.5 voigt-based viscoelastic model

Flow rate

The rate at which the solution with the analyte is injected into the
crystal chamber can also be tuned. For example, the QCM system
used during this project allows to choose a value for the flow rate in
the range 50-200 µL/min. In the literature there are some examples of
values. Alf and co-workers [16] used a flow rate of 100 µL/min for
monitoring the absorption of several polymers onto the crystal. The
same value was also employed when investigating other materials,
e.g. thermoresponsive nanocomposites or polyelectrolytes [29, 30].
Chung et al. [8] chose a value of 60 µL/min to flow a solution with
mesenchymal stem cells over a polymer or a crystal with adhered
fibronectin. The flow rate value of 30 µL/min was used in other
studies to investigate chitosan adsorption onto a QCM crystal and
fibroblasts adhesion on the polymer layer [19].

Frequency range and number of overtones

In Q-sense E4 (Q-Sense, Goteborg, Sweden) QCM, the resonance
frequency of the sensors is 4.95 ± 0.05 MHz. Besides, it permits to
measure changes in frequency in the range 1-70 MHz and up to the
13th overtone. For instance, some authors registered the 3rd overtone
[7, 23], while others recorded four overtones at the same time (overtone
number n=1,3,5,7) [14, 15]. Other authors also tried to monitor the
harmonics for n=1,3,5,7, but they had to eliminate the first overtone,
because inconsistent with the other results [16]. Li et al. [31] registered
the odd harmonics up to the 13th overtone.

As for the time required to monitor frequency changes, Oliveira and
co-workers [10] measured the values until the frequency was stabilized
in a range of ± 2 Hz, while other authors registered the frequency for
one hour [25]. Modin et al. [14] recorded the signal for 30-60 minutes.
In some works, ∆f and ∆D were measured every 15 seconds [9], while
in others they were registered every minute [15].

2.5 voigt-based viscoelastic model

Quartz Crystal Microbalance can also be exploited to extract infor-
mation about the viscoelastic properties of the material adsorbed or
attached to the crystal. This can be achieved with the Voigt-based
viscoelastic model, that is applicable to polymers that do not change
shape nor flow [32]. The basic unit is the Voigt element, represented
as a spring and a dashpot connected in parallel (Figure 3).
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Figure 3: Schematic representation of the Voigt element (Image from [32]).

The Voigt element is represented by a complex shear modulus G*,
whose real part does not depend on the frequency, while the imaginary
part increases with the frequency [7, 32, 33]:

G∗ = Re(G∗) + iIm(G∗) = µad + i 2π f ηad (4)

where Re(G∗) is the real part of G*, Im(G∗) is the imaginary part of
G*, f is the oscillation frequency, µad is the elastic shear modulus of the
layer adsorbed onto the crystal and ηad is its shear viscosity. Re(G∗) is
also called loss modulus, because it represents the viscous component
of the material and the energy dissipated for each period of vibration.
Instead, Im(G∗) is called storage modulus, because it is a measure of
the energy stored in the system.

According to the Voigt-based model, the values of ∆ f and ∆D
measured by the QCM can be fitted with the function β [7, 32, 34]:

β = ξ1
2π f ηad − iµad

2π f
1− αe2ξ1dad

1 + αe2ξ1dad
(5)

where dad is the thickness of the adlayer. If ρad is the density of
the adlayer and η1 is the viscosity of the bulk liquid overlapping the
crystal, ξ1 and α are defined, respectively, as

ξ1 =

√
(2π f )2ρad

µad + i2πηad
(6)

α =

ξ1
ξ2

2π f ηad−iµad
2π f η1

+ 1
ξ1
ξ2

2π f ηad−iµad
2π f η1

− 1
(7)

where

ξ2 =

√
i
2π f ρ1

µ1
(8)

being ρ1 the density of the bulk liquid.
So, the frequency and dissipation energy shifts can be calculated as

∆ f =
Im(β)

2πtqρq
(9)

∆D = − Re(β)

π f tqρq
(10)
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2.5 voigt-based viscoelastic model

where tq, ρq are the thickness and the density of the crystal, respec-
tively.

By applying this model to the measured data, it is possible to
approximate the elasic shear modulus µad, the shear viscosity ηad and
the thickness of the layer adsorbed onto the crystal dad. Moreover, a
measure of the viscoelasticity of the adlayer is given by

tan(δ) =
Im(G∗)
Re(G∗)

(11)

where, in general, δ is the phase shift of the stress if a periodic
deformation is applied.
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3
D E G R A D A B L E P O LY M E R S

3.1 synthetic polymers

Two main classes of synthetic polymers will be considered in this
work:

1. Hydrophobic polymers:

• Polylactide (PLA);

• Poly(ε-caprolactone) (PCL);

• Poly(trimethylene carbonate) (PTMC).

2. Hydrophilic polymers: Poly(ethylene glycol) (PEG).

In general, degradable polymers are widely applied in biomedical
engineering, especially for temporary devices. The main advantage of
synthetic degradable polymers is that it is possible to modify their me-
chanical properties and the degradation rate. Besides, their chemical
composition is known and well-defined.

On the other hand, a drawback for the application of these polymers
in tissue engineering is their lack of specific signals for cell recognizing
and adhesion. So, some authors are working to improve the materi-
als properties and to make them suitable for different applications.
For example, degradable polymers can be modified by conventional
grafting, photografting, mutual irradiation and vapor-phase-grafting
[35, 36, 37].

3.1.1 Polylactide (PLA)

Polylactide (PLA) is a hydrophobic aliphatic polyester; it is a biodegrad-
able polymer derived from petroleum or renewable resources.

Since the glass transition temperature of typically synthesized PLA
is around 53-65 °C, that is higher than body temperature, this material
is stiff and easy to break if implanted into the body.

The degradation of PLA in vitro is due to the hydrolysis of its
ester bonds. The degradation kinetic is precisely predictable and
the degradation rate depends on the degree of crystallinity, which
can range from 0% to 40%. Moreover, the degradation rate can be
increased by grafting. For instance, the degradation rate was found to
increase if the lactide content decreases in the case of L-lactide-chitosan
copolymers [38, 39].
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PLA is a chiral molecule that can be found in the form of two
stereoisomers, L- and D-lactic acid. From L-lactide, a semi-crystalline
polymer (poly(L-lactide), PLLA) is obtained. Poly(D-lactide) (PDLA)
is a semi-crystalline polymer obtained from D-lactide and it is often
applied in the construction of drug delivery system. Besides, poly(L-
lactide-co-D-lactide) (PDLLA) is an amorhpus copolymer obtained
from L-lactide and D-lactide.

Figure 4: Chemical structure of the monomers L-lactide and D-lactide.

A summary of the main thermal and mechanical properties is pre-
sented in Table 1 and Table 2.

PLA can be synthesized by ring-opening polymerization of lactide.
Copolymers of PLA and other polymers can be produced by ring-
opening polymerization and condensation polymerization [40].

PLA is biodegradable, biocompatible, non-toxic and it has resorbable
degradation products. Moreover, it is soluble in a wide variety of
common industrial solvents, such as chloroform, dimethylformamide
(DMF) and tetrahydrofuran (THF). So, it finds many applications in
packaging and in biomedical engineering. As an example of the latter,
PLA is one of the main components of scaffolds, stents, sutures and
bone screws [35, 41]. PLLA is employed in bone fixation devices or to
replace ligaments and non-degradable fibers. Instead, PDLA is more
used in drug delivery systems and scaffolding for tissue engineering,
because it has a faster degradation rate than PLLA [38].

Table 1: Summary of the main thermal and mechanical properties of PLLA
and PDLA. Tm is the melting temperature, Tg is the glass transition
temperature, E is the Young’s modulus [42, 43].

Polymer Tm (°C) Tg (°C) E (GPa) Degradation rate (months)

PLLA 170-180 53-65 2.7-4 24

PDLA Amorphous 55-60 1-3 12-16

3.1.2 Poly(ε-caprolactone) (PCL)

Poly(ε-caprolactone) (PCL) is a hydrophobic semicrystalline aliphatic
polyester. It has good biocompatibility, is resorbable and it has high
termal stability. So, it has been widely applied in the biomedical field.

16



3.1 synthetic polymers

Table 2: Tensile strength and elongation at break for PLLA and PDLA [38].

Polymer Elongation at break (%) Tensile strength (MPa)

PLLA 85-105 45-70

PDLA 2-10 27-50

For instance, PCL is an important constituent of scaffolds for tissue
engineering, it is used in drug release systems and to repair bone and
cartilage. Because its degradation rate is slower than PLA (about two
years), it is more suitable to be used for long-term implants. However,
copolymers of ε-caprolactone with other monomers are preferably
employed when faster degradation rate is needed [38, 36]. A summary
of the main thermal and mechanical properties of PCL is presented in
Table 3.

Table 3: Summary of the main thermal and mechanical properties of PCL
[42, 43, 38].

Property Value

Melting temperature Tm 58-65 °C
Glass transition temperature Tg -(65-60) °C
Degradation rate about 24 months
Young’s modulus 0.2-0.4 GPa
Tensile strength 20-42 MPa
Elongation at break 700-1000 %

Figure 5: Chemical structure of the monomer ε-caprolactone.

3.1.3 Poly(trimethylene carbonate) (PTMC)

Poly(trimethylene carbonate) (PTMC) is a hydrophobic carbonate
polyester and it has properties that make it suitable for medical ap-
plications, such as nontoxicity, biocompatibility, and biodegradability
[44]. In comparison with polyesters, which are generally brittle and
rigid, PTMC is softer and it has been used in copolymerization with
different polyesters to improve their suitability in certain medical
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applications. For example, copolymers of TMC and D-lactide were
studied [45].

On the other hand, the homopolymer PTMC cannot be directly
implanted in the body because of its low mechanical properties [46].
As a matter of fact, it is amorphous, rubbery and with low tensile
strength [45]. So, many studies have been conducted to copolymerize
PTMC with other monomers, like L-lactide or ε – caprolactone [47, 48,
49], to enhance its physical properties.

The main thermal and mechanical properties of PTMC are summa-
rized in Table 4.

Table 4: Summary of the main thermal and mechanical properties of PTMC
[50, 51].

Property Value

Melting temperature Tm 45-47 °C
Glass transition temperature Tg -(12-17) °C
Young’s modulus about 2 GPa

Figure 6: Chemical structure of the monomer TMC.

3.1.4 Poly(ethylene glycol) (PEG)

Poly(ethylene glycol) (PEG) is a synthetic hydrophilic polyether and
it is often used in block copolymerization, in order to produce a more
hydrophilic polymer [52].

In the native form, PEG does not allow cell adhesion, but it can
be functionalized with different peptides, e.g. the Arginine-Glycine-
Aspartic acid (RGD) sequence. It is biocompatible, non-toxic and
soluble in water. It is used to produce hydrogels and drug deliv-
ery systems. PEG is also employed in the pharmaceutical field, for
enhancing the biocompatibility of certain biomaterials [36].

Figure 7: Chemical structure of the monomer ethylene glycol.
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3.2 bacterial polymers : poly(β-hydroxyalcanoate)s (phas)

Poly(β-hydroxyalcanoate)s (PHAs) is a family of degradable mi-
crobial polyesters with different properties and characteristics. They
are accumulated by several types of bacteria as intracellular reserve
materials. That is to say, by controlling the production organisms and
the starting materials, it is possible to obtain a wide variety of PHA
polymers and copolymers. As an example, the molecular mass of the
PHAs depends on producing organisms and on the type of production
[38, 36, 53]. Degradation of PHAs is caused by extracellular microbial
enzymes and it takes place both in aerobic and anaerobic conditions.

3.2.1 Poly(hydroxybutyrate)s (PHBs)

The most important biopolymer among the PHAs is poly(hydroxybutyrate)
(PHB). It is applied in vascular grafts, suture, and orthopedic fixture
[38, 54, 36].

poly((R)-3-hydroxybutyrate) (P(3HB))

In the native form, P(3HB) is an amorphous polyester, with density
around 1.18 g/cm3, while in the crystalline form it has a density of
about 1.28 g/cm3. It can be obtained with high purity, that causes
it to be highly crystalline, up to 55-80 %. From SEM analysis, Liang
and co-workers [55] observed that PHB has a crystalline-like struc-
ture, because of its high tendency to crystallize. Other thermal and
mechanical properties of P(3HB) are summarized in table 5.

Figure 8: Chemical structure of the monomer 3HB.
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Table 5: Thermal and mechanical properties of P(3HB) [56].

Property Value

Crystallinity up to 55-80 %
Melting temperature Tm about 180 °C
Glass transition temperature Tg about 4 °C
Tensile strength about 40 MPa
Tensile modulus about 3.5 GPa
Elongation at break about 6 %
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4
P R O T E I N S A N D N A N O D I A M O N D PA RT I C L E S F O R
S U R FA C E F U N C T I O N A L I Z AT I O N

4.1 fibronectin

Fibronectin is a glycoprotein very copious in extracellular matrix
(ECM) and plasma and it has a molecular weight of about 450 kDa.
Fibronectin has a dimer structure, being made up of two polypeptide
chains. These chains are bonded by two disulphur bridges in the
region of the C-terminals. Each of the chains is made up of about 2500

amino acids (Figure 9).

Figure 9: Dimer structure of fibronectin. Image from
http://course1.winona.edu/sberg/308s10/Lec-
note/Extracellular.htm

Fibronectin is an adhesion macromolecule that affects cell migration
and organization. It has been proven to be one of the main adhesive
components in plasma and ECM and to accelerate cell attachment and
adhesion to the ECM [5]. As a matter of fact, it contains the sequence
arginine-glycine-aspartic acid (RGD), which is a receptor for the inte-
grins. Integrins are proteins situated in the cell membrane and they
connect it to the cytoskeleton. When they bind to the RGD sequence
on the fibronectin, they allow cell-ECM adhesion. The importance of
the RGD sequence was proved by observing that synthetic peptides
that include the RGD sequence can induce cell adhesion about as
effectively as the native protein (fibronectin) [57, 58].

Moreover, fibronectin presents binding affinities for collagen, fib-
rinogen, fibrin, proteoglycans, cell membranes and actin [59]. For
this reason, fibronectin has been widely applied for the functional-
ization of biomaterials in general and of polymers in particular. For
instance, Dånmark et al. [6] demonstrated that the polymers PLA,
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poly(LLA-co-CL), poly(LLA-co-DXO) and polystyrene could be effec-
tively functionalized with fibronectin, to improve cell adhesion.

4.1.1 Cell adhesion and interactions with fibronectin

Cell adhesion, to a substrate or to the extracellular matrix, includes a
sequence of four steps: cell attachment to the substrate, cell spreading,
reorganization of the actin cytoskeleton, and formation of focal adhe-
sions. In particular, considering a single detached cell, e.g. a single
fibroblast, that encounters an adhesive glycoprotein, e.g. fibronectin,
the four steps are [57]:

1. Cell attachment to the substrate. The cell contacts the fibronectin
and it attaches to the substrate;

2. Cell spreading. The second phase of cell adhesion starts when
the fibroblast body begins to flatten. The cell membrane spreads
over the surface until it gets a shape that depends on the cell
type;

3. Reorganization of the actin cytoskeleton. The cell organizes the actin
to form microfilaments and it remodels its cytoskeleton;

4. Formation of focal adhesions. Eventually, special entities called
focal adhesions are formed. They effectively link molecules of
the extracellular matrix to the microfilaments of the cell actin
cytoskeleton. Moreover, they also affect the cytoskeleton reor-
ganization and the transmembrane signaling between the inner
and the outer environment of the cell.

4.2 growth factors

The growth factors (GF) are proteins that regulate several cell func-
tions. They can affect different kinds of cells and induce different
effects according to the cell type. In general, the growth factors govern
cell proliferation, migration and differentiation [60]. In the biological
tissues, these proteins are attached to the ECM and they transmit
signals to build up complex cellular structures [61].

In this work, a specific type of growth factors was considered: the
Bone Morphogenetic Protein-2 (BMP-2).

4.2.1 Bone Morphogenetic Protein-2 (BMP-2)

BMP-2 is a growth factor of the family of the Bone Morphogenetic
Proteins (BMP). It is osteoinductive, meaning that it stimulates os-
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teoblasts differentiation and development. In general, the BMP pro-
teins have the role of inducing migration, proliferation and differentia-
tion of bone cells [62].

BMP2 is used as an adding agent to heal bone defects and to
regenerate bone tissue. Some drawbacks of this method are the rapid
diffusion of BMP-2 from the site of the defect, the decrease of its
bioactivity in time and the fast degradation in vivo. So, several
strategies have been developed to guarantee a longer-term duration
of the BMP2 effect. For example, BMP2 can be either adsorbed onto
collagen on polymer scaffolds, or covalently coupled to degradable
polymers. However, the second method has some disadvantages,
being the degradable polymers instable, subject to degradation and
sensitive to solvent effects [63].

4.3 nanodiamond particles (ndp)

Nanodiamond particles (nDP), are single crystals of diamond par-
ticles. A subclass of nDP are the Detonation NanoDiamonds (DND),
which are originated from a detonation of a TNT/hexogen compo-
sition, in absence of oxygen and carbon sources. After detonation,
three main events occur. First of all, the diamond growth process
begins. Then, the surface of the diamond particle starts to convert into
graphite. Eventually, diamond particles start to aggregate in soot-like
structures. The nanodiamonds produced have a diameter of about 4-5
nm [64].

Nanodiamond particles present good mechanical and chemical
properties, such as hardness, thermal conductivity, dopability, opti-
cal transparency, inertness, small size and surface structure, as well
as non-cytotoxicity [65]. For this reason, biomedical applications of
nanodiamonds, e.g. for grug delivery and labeling, are being stud-
ied [66]. Nanodiamond particles can also be employed for surface
functionalization of artificial joints, for instance for hip replacement
[67].

Moreover, it is possible to functionalize effectively the nanodia-
monds surface with growth factors, fibronectin, DNA or other pro-
teins and biomolecules. In particular, Steinmueller et al. [68] stated
that the bonding between nDP and BMP2 is stable, effective, and that
it enhances osseointegration in the living tissues. Grafting can be
performed by either covalent or non-covalent attachment of functional
groups on the surfaces. Furthermore, Lechleitner at al. [69] proved
that the presence of nanodiamonds on a surface enhances cell adhe-
sion and that the surface itself is non-cytotoxic. Another study proved
that a coating of apatite and nanodiamonds on a stainless steel surface
ehnances the adsorption of fibronectin and osteoblast adhesion. This
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effect was more relevant at low concentrations of fibronectin (about 1

µg/mL) rather than at high concentrations (e.g. 30 µg/mL) [70].
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5
M AT E R I A L S

5.1 chemicals

The following products were purchased from Sigma-Aldrich (Stein-
heim, Germany) and used as received:

• (3-aminopropyl)triethoxysilane;

• (3-aminopropyl)trimethoxysilane;

• (3-mercaptopropyl)trimethoxysilane;

• Acetic acid;

• Chloromethylsilane;

• Diethyl ether;

• Dimethyl sulfoxide (DMSO);

• Dulbecco’s Modified Eagle’s Medium (DMEM);

• Hydrogen peroxide;

• Polyethylene glycol (PEG), molecular weight 2000 Da;

• Polyethylene glycol (PEG), molecular weight 35000 Da;

• Stannnous octoate;

• Tryethylamine (TEA);

• Tween 80;

The following products were purchased from Fisher scientific (Leics,
UK) and used as received:

• Chloroform;

• Dimethylformamide (DMF);

• Toluene;

The following products were purchased from VWR (Leuven, Bel-
gium) and used as received:

• Dichloromethane (DCM);

• Ethanol;
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• Hexane;

• Methanol;

The following products were purchased from Scharlab (Sentmenant,
Spain) and used as received:

• Tetrahydrofuran (THF);

The following products were purchased from Cambridge Isotope
Laboratories (Andover, USA) and used as received:

• Deuteron-chloroform;

The following products were purchased from PAA Laboratories
(Pasching, Austria) and used as received:

• Phosphate-Buffered Saline (PBS);

The following products were purchased from BASF (Ludwigshfen,
Germany) and used as received:

• Polyvinylamine (PVAm);

L-lactide was purchased from Boehringer (Ingelheim, Germany) and
recrystallized according to a previously published method [71].

Poly(LLA-co-CL) was prepared by ring-opening polymerization
following the method previously described [72].

Colloidal nano-diamond particles were prepared as described in
[73].

Polystyrene was collected from cell tissue culture plates purchased
from Thermo Scientific.

5.2 materials for qcm experiments and preparation

Silicon wafers, with silicon oxide on the surface, were purchased
from MEMC Electronics Materials (Novara, Italy).

The air plasma cleaner emplopyed, model PDC 002, was purchased
from Harrick Scientific Corporation (NY, USA).

The spin coater was purchased from Pi-KEM (Staffs, UK).
The Quartz Crystal Microbalance apparatus, model E4, and the

sensors XQ303 coated in silicon dioxide were purchased from Q-Sense
AB (Västra Frölunda, Sweden).
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5.3 characterization methods

The contact angle equipment, a KSV 200 CAM goniometer, was
purchased from KSV Instruments (Helsinki, Finland). The data were
processed with a CAM 2008 software (version 4.0, KSV).

The Scanning Electron Microscopes, model Tabletop TM-1000 and
model S-4800, were purchased from Hitachi.

NMR spectra were recorded with a Bruker Advanced Nuclear Mag-
netic Resonance Spectrometer, operating at 400 MHz.

DSC analysis of the polymers was perfomed using DSC 820 from
Mettler-Toledo (Switzerland) .

For size-exclusion chromatography measurements a Verotech PL-
GPC 50 Plus system from Varian Inc (MA, USA) was used.
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6
M E T H O D S

6.1 polymerization of pla-peg-pla

In order to synthesize and test the triblock copolymer PLA-PEG-
PLA, five reactions were prepared, with different molar ratios of
reactants and different molecular weights of PEG (Table 6). This was
done with the purpose of testing different molecular weights and
degrees of polymerization. Polymerization was made by ring-opening
of L-lactide and stannous octoate Sn(oct)2 was used as catalyst. The
molecular weight of L-lactide was 144 g/mol for all the reactions,
while for PEG were employed two different molecular weights: 35000

g/mol for reaction (1) and 2000 g/mol for the other reactions.
The design of the reactions was made according to the following

criteria:

• Reaction (2) had the same feeding ratio as reaction (1), but the
PEG employed had a different molecular weight:
PLA− PEG35000− PLA = 1:1:1 for reaction (1); PLA− PEG2000−
PLA = 1:1:1 for reaction (2);

• Reaction (3), i.e. PLA− PEG2000 − PLA = 20:1:20, was designed
to produce a polymer with a similar molecular weight of the
product of reaction (1). As a matter of fact, a theoretical molec-
ular weight of 161000 g/mol was expected for the product of
reaction (1) and a value of 128000 g/mol for reaction (3);

• Reactions (2), (4) and (5) were designed to have a lower molecular
weight than other reactions. In particular, Reaction (2) PLA−
PEG2000 − PLA = 1:1:1 was expected to give a molecular weight
of 5600 g/mol; Reaction (4) PLA− PEG2000 − PLA = 2:1:2 was
expected to give a molecular weight of 5240 g/mol; Reaction (5)
PLA− PEG2000 − PLA = 1:1:1 was expected to give a molecular
weight of 5600 g/mol;

• The difference between reaction (2) and (5) was the reaction time:
the fifth reaction was left to react for about 60 hours, while the
second one only 30 hours.

The first step was flasks silanization. Without silanization, the
catalyst stannous octoate would initiate a reaction by binding to the
hydroxyl groups on the glass surface of the flask. So, the purpose
of silanization is to bind the molecules of chloromethysilane to the
hydroxyl groups that are on the glass surface (Figure 11).
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Table 6: Inital feed ratios to obtain PLA-PEG-PLA.

Reaction Feed ratio Molecular weight of PEG Reaction time
number LA:PEG:LA (g/mol) (hours)

1 1:1:1 35000 168

2 1:1:1 2000 30

3 20:1:20 2000 18

4 2:1:2 2000 60

5 1:1:1 2000 60

Figure 10: Reaction scheme for the triblock copolymer PLA-PEG-PLA.

the glasswares were filled with dichloromethane, 5 % v/v dichlorodimethyl-
silane and 10 % v/v triethylamine. Then, the solution was kept under
stirring at room temperature for half an hour. The solution was then
removed and the glasswares were rinsed with acetone and dried in
oven at 100 °C. After flasks silanization, pure PEG, L-lactide, Sn(oct)2

were placed in the flasks and kept at a constant temperature of 120 °C.
The reactions were then terminated at room temperature, by adding
30 mL of chloroform. Later, to purify the reaction product, unreacted
L-lactide was dissolved a solution of 90 % hexane and 10 % methanol,
while for unreacted ethylene glycol diethyl ether was employed. The
number of precipitations and the yield obtained for each copolymer
are summarized in table 7. After each precipitation, 1H NMR was
employed to analyze the percentage of impurities (see Section 6.2.1).
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Figure 11: Reaction of silanization

Table 7: Numer of precipitations after each of the reactions to obtain PLA-
PEG-PLA.

Reaction Feed ratio Molecular weight Nr. of lactide Nr. of ehtylene glycol Yield
number LA:PEG:LA of PEG (g/mol) precipitations precipitations (%)

1 1:1:1 35000 4 1 33

2 1:1:1 2000 1 1 0.04

3 20:1:20 2000 2 1 68

4 2:1:2 2000 2 1 24

5 1:1:1 2000 2 1 65

6.2 characterization methods

6.2.1 Nuclear Magnetic Resonance (NMR)

During the phase of purification of PLA-PEG-PLA, 1H NMR spectra
were acquired after each precipitation, for each of the reactions sum-
marized in table 6. Also, all the other polymers tested were analyzed
in the same manner.

The 1H − NMR analysis was performed at room temperature and
about 1mm of chloroform-D (CDCL3) was employed to dissolve the
samples in 5 mm samples tubes.

6.2.2 Size Exclusion Chromatography (SEC)

Since the yield of the triblock copolymer PLA-PEG-PLA obtained
with reaction (2) of Table 6 was too low to allow further investiga-
tions and employment for QCM. So, only reactions (1), (3), (4), (5)
were further analyzed. First of all, they were analyzed with the
size-exclusion chromatography (SEC) for determining their molecular
weights. Size-exclusion chromatography is a chromatographic method
to characterize the size and molecular weight of large molecules such
as proteins and polymers.

In general, the main components of the SEC apparatus are one or
more columns. These are made up of a hollow tube that contains a
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filter. The filter is a set of porous beads and the pores have different
sizes. The polymer solution is eluted through the column and the
main idea is that molecules of different size are filtered at different
rates. In fact, molecules having wider dimensions go faster through
the column, passing in the empty spaces between the beads. Instead,
smaller molecules go inside the pores of the beads and their passage
through the column is delayed (12).

Figure 12: Schematic representation of a SEC column. Image from
http://www.files.chem.vt.edu/chem-ed/sep/lc/size-exc.html

This technique allows to obtain a distribution of the molecular
weights included in the sample. In particular, different values are
provided to express the average molecular weight:

1. The number average molecular weight Mn represents the arith-
metic average of the single molecular weights of the sample’s
molecules and it is calculated as

Mn =
∑i Ni Mi

∑i Ni
=

∑i hi

∑i hi/Mi
(12)

where Ni is the number of molecules having molecular weight
Mi, hi is the height of the SEC curve, calculated from the baseline,
and the summation takes into account all the molecular weights
present in the polymer solution;

2. The weight average molecular weight Mw is obtained as

Mw =
∑i Ni M2

i

∑i Ni Mi
=

∑i hi Mi

∑i Mi
(13)

3. The z-average molecular weight is defined as

Mz =
∑i Ni M3

i

∑i Ni M2
i
=

∑i hi M2
i

∑i hi Mi
(14)
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From these values, it is also possible to calculate the polydispersity
index PDI as:

PDI =
Mw

Mn
(15)

During this work, about 9 mg of polymers were dissolved in 3 mL
of chloroform and prepared in SEC-vials. A Verotech PL-GPC 50 Plus
system equipped with a PL-RI Detector and two PLgel 5 µm MIXED-D
(300 × 7.5 mm) columns from Varian were employed to analyze the
samples. The samples were injected with a PL-AS RT Autosampler
for PL-GPC 50 Plus and chloroform was used as the mobile phase
(1 mL/min, 30 °C). Polystyrene standards with a narrow molecular
weight distribution were used to calibrate the system and toluene was
employed to make corrections for flow-rate fluctuations. Eventually,
the data were processed with Cirrus™ GPC Software.

6.2.3 Contact angle

To evaluate surface hydrophilicity, static contact angle measure-
ments were performed with a KSV 200 CAM goniometer from KSV
Instruments.

In general, the contact angle is a measure of the ability of a liquid to
spread on a surface. This technique consists of measuring the outline
tangent of the drop on the surface and the surface itself. From these
measurements, it is possible to quantify surface hydrophilicity and
energy [74, 75].

When a drop of liquid lays on a solid surface, three interfacial
tensions must be taken into consideration (Figure 13):

1. Solid-vapor tension γsv;

2. Solid-liquid tension γsl ;

3. Liquid-vapor tension γlv.

Figure 13: Schematic representation of a contact angle system (Image from
[74]).

The Young’s equation defines the equilibrium relation [76]:

γlvcosθγ = γsv − γsl (16)
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where θγ is the Young’s contact angle.
In practice, contact angles present hysteresis, ranging from an ad-

vancing contact angle θa (upper limit) to a receding contact angle θr

(lower limit). The hysteresis H is given by the difference between these
two angles [74]:

H = θa − θr (17)

From the measure of the hysteresis, it is also possible to gain infor-
mation about the surface homogeneity and roughness. As a matter
of fact, contact angles are wider on rough surfaces than on smooth
surfaces. So, for smooth surfaces θa can be considered a good approxi-
mation of θγ, while for rough surfaces the Young’s equation does not
hold any more. In general, for smooth surfaces, values of contact angle
θγ < 90 ° are associated to surface hydrophilicity, while for θγ > 90 °
the surface is considered hydrophobic (Figure 14).

Figure 14: Schematic representation of the contact angle for hydrophilic and
hydrophobic surfaces.

To evaluate the polymers employed for this project, the samples
were prepared by dissolving 0.12 g of polymer in 15 mL of chloroform.
Then, thin polymer films were obtained by solvent casting and dried
in vacuum. The samples were stored at 20 °C and 50 % humidity for
24 hours. Within the contact angle system, 5 µL drops of MilliQ water
were placed on the films of samples. An optical camera recorded the
frames from four independent drops for every sample. At the end,
the contact angle values were calculated by the CAM 2008 software as
an average of the four measurements.

6.2.4 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermal analysis method,
which measures how the physical properties of a sample are modified
if the temperature increases or decreases in time. In particular, it mon-
itors the temperature and heat flow associated to material transitions,
such as glass transition and melting. The heat flow is calculated on the
basis of temperature difference between the sample and the reference
material in the same conditions [77, 78]. This technique can be used
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to analyze polymeric samples, in order to obtain information such as
crystallinity, melting temperature and glass transition temperature.

DSC analysis of the polymers considered in this work was perfomed
using Mettler-Toledo DSC 820. Standard 40 µL alluminium cups
enclosed about 3 mg of each sample. The samples were then subjected
to the following thermal cycles:

1. The temperature was increased from -50 °C to 200 °C, at a rate
of 10 °C/min;

2. The temperature was kept constant at 200 °C for 5 minutes;

3. The temperature was decreased until -50 °C at 10 °C/min;

4. Eventually, the temperature was kept constant at -50 °C for 5

minutes;

5. The temperature was raised until 200 °C at a rate of 10 °C/min.

The whole process took place under a nitrogen gas flow of 80

mL/min. Glass transition temperature Tg and melting temperature
Tm were measured from the second thermal cycle. The degree of
crystallinity χc was calculated as

χc =
∆H f

∆H0
f
100% (18)

where ∆H f is the heat of fusion of the sample and ∆H0
f is the

corresponding value for a 100 % crystalline polymer. The reference
values used for ∆H0

f were 93 J/g for PLA [79], 139.5 J/g for PCL [80],
180 J/g for PEG [81], 139 J/g for PGA [82].

6.2.5 Scanning Electron Microscopy (SEM)

A table-top Scanning Electron Microscopy (SEM) was employed to
observe the conditions of polymer layers on silicon oxide surfaces. The
accelerating voltage was 15 kV and the polymer layers were observed
at magnifications ranging from 40x and 3000x. Instead, a S-4800 SEM
Hitachi was used to observe the surfaces of QCM crystals flushed with
nanodiamond particles. The acceleration voltage was set to 1.5 kV and
the samples were coated with a 5 nm layer of Au/Pd by a Cressington
208 HR High Resolution Gold/Palladium sputter.

6.2.6 Atomic force microscopy (AFM)

The Atomic Force Microscopy (AFM) is a high-resolution micro-
scope. It provides a resolution of the order of magnitude of a nanome-
ter and it is used to obtain information about the topography of a
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surface. The Atomic Force Microscopy sensor consists of a cantilever
with a tip, which scans the sample surface. Due to the interaction
forces between the tip and the sample surface, the cantilever is de-
flected. The images are obtained from the vertical movement of the
cantilever as a function of the lateral movement in the horizontal plane
[83, 84].

In general, there are three imaging modes:

1. Contact mode. The tip of the cantilever is always in contact with
the sample surface. The force between the tip and the sample
is kept constant by a feedback loop. The main drawback of this
imaging mode is that it provokes the damage of the sample.
However, it provides high vertical resolution.

2. Non-contact mode. The cantilever oscillates at its resonance fre-
quency, a few nanometers above the sample. The amplitude or
the frequency of the oscillations is kept constant by a feedback
loop that adjusts the distance between the tip and the sample.
This imaging mode does not damage the sample, but it does not
provide as high resolution as the contact mode.

3. Tapping mode. The cantilever oscillates at its resonance frequency
and at some points it taps the sample. The variation of oscillation
amplitude is measured and the image of the specimen surface
is reconstructed. This method does not damage soft samples,
while providing a high vertical resolution.

6.3 preparation of qcm crystals

6.3.1 Preparation of silicon oxide surfaces

Since the QCM crystals used for this project were coated in silicon
oxide, tests for evaluating the polymers behavior in contact with
silicon oxide were performed. For these tests, silicon wafers naturally
coated with silicon didioxide were employed. Small squares of about
1 cm2 area were cut from bigger wafers and used for the tests. In the
following text, the term silicon dioxide surface will refer both to silicon
wafers and to QCM crystals.

Before performing any modification on silicon dioxide surfaces,
both the QCM crystal and the silicon wafers were cleaned according
to the following procedure:

1. The silicon dioxide surfaces were rinsed with water, ethanol and
water;

2. They were dried under a stream of nitrogen;
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3. They were placed in an air plasma cleaner at reduced air pressure
at 30 W for 2 minutes.

6.3.2 Spin coating of silicon dioxide surfaces

Spin coating is a technique employed to cover flat substrates with
thin films.

The QCM quartz crystals and silicon wafers were then coated by
dropping 100 µL of polymer solution (Figure 15). The crystals were
made to spin at 1500 rpm for 15 seconds and, then, at 3000 rpm for 30

seconds by the spin coater. In this way, the centrifugal force caused
a spreading of the solution on the surface, the ejection of the excess
of solution off the substrate and the evaporation of the solvent [85].
Later, the silicon dioxide surfaces were dried in vacuum for at least
one hour, to guarantee complete solvent evaporation.

In some experiments, when a thinner polymer layer was needed,
the spin coating rates were raised to 2500 rpm for 15 seconds followed
by 5000 rpm for 30 seconds.

Figure 15: Spin coating equipment employed for this project.
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6.3.3 Choice of the solutions for spin coating

In order to choose the most suitable solvent for spin coating, the
first tests were performed on silicon wafers covered in silicon dioxide.

In general, the layers obtained must be as even, homogeneous and
thin (about 30 nm for polymers) as possible, without superficial defects.
An important factor that affects the result is the solvent evaporation
rate. This parameter is proportional to spin speed and depends on
other factors such as air flow conditions and solvent saturation of the
spin environment [86].

The wafer surfaces were cleaned as explained in Section 6.3.1. Differ-
ent solutions of polymers, varying solvents and concentrations, were
prepared. In particular, the solvents chloroform (CHCl3), dichloromethane
(CH2Cl2), dimethylformamide (DMF) and tetrahydrofuran (THF)
were tested. For each solvent, different solutions of polymers were
prepared, with concentrations 0.1 mg/mL, 1 mg/mL, 2 mg/mL, 5

mg/mL and 10 mg/mL. The polymers poly(LLA-co-CL), PLA-PEG-
PLA (3) and P(3HB), 5HV, PLA, PCL, poly(TMC-D-LA), PS and PGA
were tested.

6.3.4 Pre-coating methods

Pre-coating with polyvinylamine (PVAm)

Some researches employed polyvinylamine (PVAm) as a pre-coating
for QCM crystals, in order to stregthen the adesion of different ma-
terials to the crystal surface [87, 88]. Before spin coating, for some
tests the silicon dioxide surfaces were pre-coated with PVAm, with
molecular weight 340 kDa, according to the following procedure:

1. The silicon dioxide surfaces were cleaned as explained in Section
6.3.1;

2. They were submerged in a solution of PVAm for 15 minutes;

3. Eventually they were dried in vacuum.

Later, they were spin coated as explained in section 6.3.2. All the
polymers solutions selected in Section 7.2 were tested.

Amino functionality

Morrill et al. [89] proposed a method to introduce amino function-
ality on silicon dioxide surfaces. A similar method was employed
by Atthoff and Hilborn [?] for treating QCM crystals, before spin
coating PLA, in order to avoid polymer detachment during the QCM
measurements. In this thesis, the procedure was applied to the silicon
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wafers, for testing its validity for the chosen polymers, according to
the following protocol:

1. The silicon wafers were prepared as in Section 6.3.1;

2. The silicon wafers were submerged in a solution of (3-aminopropyl)triethoxysilane
(APTES) 1 wt % dissolved in ethanol at room temperature for 24

hours;

3. The silicon wafers were dried in vacuum for one hour;

4. The silicon wafers were spin coated as illustrated in Section 6.3.2.

Figure 16: Schematic representation of the amino functionality on silicon
dioxide surfaces. Image from [90].

6.3.5 Reuse of QCM crystals

The QCM crystals were reused up to ten times. After each experi-
ment, they were cleaned according to the following procedure:

1. The crystals were submerged in chloroform for one hour;

2. They were rinsed with MilliQ water;

3. They were rinsed with hydrogen perdioxide;

4. They were rinsed with MilliQ water;

5. The crystals were submerged in a solution of Sodium Dodecyl
Sulfate (SDS) 2 wt % in MilliQ water for 30 minutes;

6. They were rinsed with MilliQ water;

7. They were dried in vacuum for one hour.
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6.4 coating tests with silicon dioxide wafers

6.4.1 Evaluation of polymer layer conditions

For checking the condition of the polymer layer on the silicon diox-
ide surface after contact with water, tests were performed on silicon
dioxide wafers. Several silicon wafers were spin coated with polymer
solutions and submerged in deionized water for 24 hours, either at
room temperature or at 37 °C. In some cases, the tests were repeated
with submersion in Phosphate-Buffered Saline (PBS) or Dulbecco’s
Modified Eagle’s Medium (DMEM) for comparison. After submersion,
the wafers were dried in vacuum for one hour.

For some tests, additional treatments on silicon wafers were per-
formed before submersion in water. For instance, pre-coating with
PVAm (Section 6.3.4), amino functionality (Section 6.3.4), coating sta-
bilization at 37 °C (Section 6.4.1), coating stabilization above the glass
transition temperature (Section 6.4.1).

The polymers employed for these tests were:

• PLA;

• Poly(LLA-co-CL);

• PLA-PEG-PLA (3) of Table 6;

• PLA-PEG-PLA (4) of Table 6;

• PLA-PEG-PLA (5) of Table 6;

• PCL;

• poly(TMC-D-LA);

• PGA;

• PS;

• P(3HB);

• 5HV;

• Double coating: first layer of PLA, followed by a layer of poly(LLA-
co-CL);

• Double coating: first layer of PLA, followed by a layer of PLA-
PEG-PLA;

and they were dissolved in chloroform, or in DMF in some cases, in
concentrations:

• 0.1 mg/mL;
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• 1 mg/mL;

• 2 mg/mL;

• 2.5 mg/mL;

• 5 mg/mL;

• 10 mg/mL;

The polymer layer conditions were assessed with a visual naked-
eye analysis and with further SEM observations. SEM images were
recorded at different magnifications.

Coating stabilization in incubator

An idea to make the polymer layers more strongly attached to the
silicon dioxide surfaces was to leave the silicon wafers and the QCM
crystals to adapt to the high temperature after spin coating and before
submersion in water. The following procedure was applied to the
silicon wafers:

1. The silicon wafers were prepared as in Section 6.3.1;

2. The silicon wafers and the solutions for spin coating were kept
in the incubator at 37 °C for 24 hours;

3. The silicon wafers were spin coated as in Section 6.3.2;

4. The silicon wafers were dried in vacuum at room temperature
for one hour;

5. The silicon wafers were kept in incubator at 37 °C for 2 hours;

6. The silicon wafers were submerged into water and kept in incu-
bator at 37 °C for 24 hours.

Coating stabilization above the glass transition temperature

As proposed by Oliveira et al. [10], after spin coating the silicon
wafers were placed in oven at 62 °C for 48 hours. This temperature
is 5 °C higher than the glass transition temperature measured for
the polymers considered (Tg = 57.09 °C for PLA). Then, the same
procedure adopted for the previous tests was followed:

1. Submersion in water and incubation at 37 °C for 24 hours;

2. Drying in vacuum for one hour;

3. SEM and visual naked-eye analysis.
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6.4.2 Evaluation of the effect of air plasma treatment on silicon dioxide
surfaces and on the polymer layers

The air plasma treatment introduces free radicals on silicon dioxide
surfaces, i.e. on silicon wafers and QCM crystals surfaces. So, it
enhances surface hydrophilicity. For evaluating the effectiveness and
the consequences of this treatment, several tests were performed.

First of all, contact angle measurements were performed on silicon
wafers before and after air plasma treatment. The duration of plasma
treatment was also varied.

Then, silicon wafers, without being previously treated with air
plasma, were spin coated with different polymer solutions. Then, they
were submerged in water and kept in incubator at 37 °C for 24 hours.
To make a comparison, a control set of silicon wafers were pre-treated
with air plasma and subjected to the same procedure of the other
silicon wafers. All the surfaces were also observed with a Scanning
Electron Microscope.

This test was performed to investigate whether an increase in sur-
face hydrophilicity of the silicon dioxide surfaces could guarantee
a stronger adhesion of hydrophilic polymers such as, for example,
PLA-PEG-PLA.

6.4.3 Effect of the polymer layer thickness

For evaluating the effect of the polymer film thickness, silicon wafers
with thinner polymeric films were prepared. 0.1 mg/mL solutions of
polymers dissolved in chloroform were employed and the wafers were
spin coated at a rate of 2500 rmp for 15 seconds, followed by 5000 rmp
for 30 seconds. The surfaces were analyzed with SEM before and after
submersion in water at 37 °C for 24 hours.

6.4.4 Summary of coating tests on silicon dioxide wafers

A summary of the coating tests performed on silicon dioxed wafers,
applying the methods explained in section 6.4, is presented in Figure
17.
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Figure 17: Summary of coating tests on silicon dioxide wafers.
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6.5 qcm tests

6.5.1 Setup of the Quartz Crystal Microbalance

QCM-D tests were performed with a QCM instrument model E4

from Q-Sense. In general, in order to start a QCM-D experiment, a
QCM sensor must be placed inside a chamber. The sensors used
for this project are made up of a quartz crystal coated in silicon
dioxide and golden electrodes (Figure 18). Two hollow plastic tubes
are then connected to the chamber: one for the input solution, that
must flow above the crystal, and the other to collect the solution from
the chamber and moving it in a waste container (Figure 19). The flow
of the solution is achieved thanks to a pump, that allows to select the
rate of flow. For this project, the flow rate was set to 50 µL/min for
evaluating proteins and nDP behavior. This value of flow rate was
chosen because it was in the range of values used by other authors to
investigate cell adhesion (i.e. about 30-60 µL/min [8, 19]. As a matter
of fact, higher flow rates would prevent cell adhesion onto the surface
by flushing them away from the sensor chamber.

The sensor chamber is then mounted inside a machine, that allows
to apply a voltage to the electrodes of the sensor and to modify
the temperature inside the chamber. In this thesis, it was chosen to
evaluate polymer, nDP and proteins behavior at 37 °C, in order to
establish a procedure that can be applied for researches involving cells
as well.

The machine is connected to a processor that records frequency
shift and dissipation energy (Figure 20). The odd harmonics of the
crystal resonance frequency were monitored, up to the 13th overtone.
Later, the 3rd, 5th, 7th and 9th overtones were considered to extract
information about mass changes on the material surface. In particular,
the first overtone was neglected because it did not provide consistent
results with the other overtones, as previously done by other authors
[16].
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Figure 18: QCM crystal placed inside the chamber of a QCM apparatus,
model E4 from Q-Sense.

Figure 19: Setup of a QCM experiment: the crystal chamber connected to
two tubes and a pump for the flow of solutions. QCM apparatus
model E4 from Q-Sense.

45



methods

Figure 20: Setup of a QCM experiment: the instrument is ready to acquire
frequency shift and dissipation energy. QCM apparatus model
E4 from Q-Sense.
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6.5.2 First step: obtaining a stable baseline with polymer coating

To obtain reliable QCM measurements, the first step is to have a
stable baseline in the curves of frequency shift and dissipation energy,
after positioning the crystal coated with polymer and flushing MilliQ
water over the crystal, through the machine. In other words, the
frequency shift must remain approximately constant in a range 0± 2
Hz. The first measurements with the QCM machine were run flowing
MilliQ water over the crystals coated with the polymer layer, at a
temperature of 24 °C.

Obtain a stable baseline with PVAm pre-coating at 24 °C

QCM tests were performed to check if the PVAm pre-coating al-
lowed to obtain a stable baseline in the frequency shift and dissipation
energy curves. PLA-PEG-PLA (3) and poly(LLA-co-CL) were used as
polymer layers, MilliQ water was flushed at 200 µL/min at a constant
temperature of 24 °C.

First tests to obtain a stable baseline at 37 °C

QCM tests were performed to evaluate if the films of PLA-PEG-PLA
2 mg/mL, poly(LLA-co-CL) 5 mg/mL and 5HV 2.5 mg/mL were
stable enough to allow the QCM measurements at 37 °C. PVAm and
amino functionality pre-coating method were used for PLA-PEG-PLA
and poly(LLA-co-CL), while for 5HV no pre-coating method was
employed. MilliQ water was flushed at a constant flow rate of 100

µL/min.

PLA as a layer and as a pre-coating

Since PLA layers did not detach from the silicon wafers, even after
incubation at 37 °C and submersion in water, this polymer was em-
ployed for the next QCM experiments. A QCM crystal was coated
with a solution 5 mg/mL of PLA dissolved in chloroform, without
any pre-coating. Once setting the temperature at 37 °C, MilliQ water
was flushed over the crystal, through the QCM. If a flow rate of 200

µL/min was employed, the baseline was stable after three hours.
Since PLA seemed to maintain adhesion to the QCM crystal through-

out the whole experiments, an idea was to spin coat PLA on the silicon
dioxide surfaces before spin coating a second polymer layer. This
method was tested both with PLA-PEG-PLA (3) and with poly(LLA-
co-CL). Two different QCM tests were run at 37 °C, but none of them
allowed to obtain the stability of the baseline. In these tests, PBS was
flushed at 50 µL/min and frequency shift and dissipation energy were
monitored for 15 and 8 hours, respectively.
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Crystals coated with 0.1 mg/mL polymer solutions

Several QCM crystals were prepared following the procedure ex-
plained in Section 6.4.3. They were spin coated with 0.1 mg/mL
polymer solutions at high speed rates. QCM tests were performed
flushing MilliQ water as a buffer solutions at 50 µL/min, at a constant
temperature of 37 °C. The polymers tested were PLA, PGA, TMA-
D-LA, poly(LLA-co-CL), PS, PLA-PEG-PLA (3). Only the crystals
coated with PLA were subjected to air plasma treatment before spin
coating, while all the other crystals were not treated with air plasma.
This choice was based on previous tests performed on silicon wafers
(Section 7.3.3).

6.5.3 First QCM tests to evaluate the absorption of nanodiamond particles
(nDP) at 24 °C

Different tests were performed to assess the interactions between the
polymers and nanodiamond particles (nDP). PLA-PEG-PLA (3) and
poly(LLA-co-CL) with PVAm pre-coating were employed as polymer
layers and the temperature was set to 24 °C. As a buffer solution to
flush over the crystal, MiliQ water was employed. Solutions of nDP
in different concentrations (e.g. 5 µg/mL, 10 µg/mL, 20, µg/mL, 50

µg/mL) were used and they were flushed at different flow rates, e.g.
50 µL/min, 100 µL/min, 150 µL/min, 200 µL/min.

After the QCM measurements, SEM and AFM images were acquired
from the crystals, to compare the QCM curves with the effect observed
on the surface at the end of the experiment.

6.5.4 QCM tests performed with PLA 5 % at 37 °C

Adsorption of nDP onto PLA 5 mg/mL

Further QCM tests were performed to investigate adsorption of
nanodiamond particles onto PLA. The crystals were treated with
air plasma and spin coated with a solution of PLA 5 mg/mL. The
temperature was set to 37 °C and the flow rate was varied from test to
test (e.g. 50 µL/min, 100 µL/min). MilliQ water was used as a buffer
solution and nanodiamond particles were diluted in MilliQ water in
different concentrations. For every test, the areal mass of the adsorbed
nDP layer was calculated with the Sauerbrey equation 2. Exploiting
the same relationship, it was also possible to obtain the thickness and
the density of the adsorbed layer.
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Adsorption of Bone Morphogenetic Protein-2 (BMP-2) onto PLA 5 mg/mL

Several QCM tests were aimed to study the adsorption of BMP-
2 onto PLA. The growth factor was dissolved in PBS in different
concentrations (e.g. 10 µg/mL, 20 µg/mL) and it was flushed over the
crystal at 50 µL/min. In some experiments, solutions of nDP were
flushed before BMP-2, to evaluate if the presence of nDP enhanced the
physisorption of the growth factor. From the Sauerbrey equation, areal
mass, thickness and density of the adsorbed BMP-2 were calculated
as well.

(a) Solution of BMP-2 flushed directly onto the
polymer layer

(b) Solution of nDP flushed onto the polymer layer before flushing BMP-2

Figure 21: Schematic representation of the solutions flushed onto the poly-
mer film to evaluate BMP-2 adsorption onto PLA 5 mg/mL.

Adsorption of fibronectin onto PLA 5 mg/mL

Other tests were run employing PLA layers obtained from a 5

mg/mL solutions, 37 °C, PBS as buffer solution, flushed at 50 µL/min.
When the baseline was stable, a solution of fibronectin dissolved in PBS
was flushed. Different concentrations of fibronectin were employed:
6.6 µg/mL, 10 µg/mL, 20 µg/mL, 30 µg/mL. In addition, other tests
were performed in the same conditions, flushing a solution of nDP
before the flow of fibronectin. In particular, the concentrations of
nDP considered were 5 µg/mL, 10 µg/mL, 20 µg/mL, 30 µg/mL,
50 µg/mL and 100 µg/mL. These tests were performed in order
to evaluate if the physisorption of nDP affects the adsorption of
fibronectin. Also in this case, areal mass, thickness and density values
were obtained.
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6.5.5 QCM tests performed with PLA and poly(LLA-co-CL) 0.1 mg/mL at
37 °C

Once the optimal conditions of coating, temperature, flow rate,
buffer solution and range of concentrations were determined, a precise
experimental procedure was established. In particular:

1. Air plasma treatment was performed only for the crystals with
PLA 0.1 mg/mL coating;

2. Solutions of PLA 0.1 mg/mL and poly(LLA-co-CL) 0.1 mg/mL
were used for spin coating;

3. The temperature of the QCM chamber was set to 37 °C;

4. PBS was chosen as buffer solution and flushed at 50 µL/min
through the QCM chamber.

Solutions of nDP dissolved in water in different concentrations
were analyzed: 1 µg/mL, 5 µg/mL, 10 µg/mL, 20 µg/mL, 50 µg/mL.
Higher concentrations were avoided because in tests performed with
PLA 5 mg/mL they did not provide any advantage, in comparison
with lower concentrations.

As for BMP-2, it was dissolved in PBS to make solutions of con-
centrations 1 µg/mL, 5 µg/mL, 10 µg/mL. The same concentrations
and solvent were used to make solutions of fibronectin. These were
flushed into the QCM chamber with and without pre-absorption of
nanodiamonds.

For all the tests, the Sauerbray relationship was employed to obtain
information about areal mass, thickness and density of the adsorbed
nDP and protein layers.
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7.1 characterization methods

7.1.1 NMR analysis

During the synthesis of PLA-PEG-PLA, 1H NMR analysis of the
polymers was performed after each precipitation. From the spectra,
it was possible to calculate the ratio of monomer conversion and
chemical composition of the copolymer. These values were obtained
from a comparison between relative monomer peak intensities and
the corresponding monomer and copolymer peak intensities from the
spectra.

In particular, for reaction (1) of Table 6, i.e. PLA1 − PEG35000,1 −
PLA1, the spectrum showed a value of 73 % of lactide conversion,
meaning that 73 % of lactide monomer was converted into polymer.
So, PLA precipitations were necessary to purify completely the sample.
Moreover, the composition of lactide was 99.7 % (Figure 22). This
means that the reaction did not provide the expected results and there
was not any PEG in the product obtained.

As for reaction (2) PLA1 − PEG2000,1 − PLA1, the NMR spectrum
revealed 53 % of lactide conversion and a composition of lactide of
59 %. The value of lactide conversion is rather low, meaning that
probably the reaction time was too short to allow full polymerization.
So, it was decided to prepare another reaction (i.e. reaction (5) of Table
6) with the same feeding ratio, same reactants and longer reaction
time.

Instead, the spectrum for reaction (3) PLA20 − PEG2000,1 − PLA20

showed an initial value of 93 % of lactide conversion and a composition
of lactide of 84 %. The lactide conversion obtained was high, so
the polymer obtained from this reaction was considered for being
employed in further tests as well.

The results from NMR analysis for the PLA-PEG-PLA reactions are
summarized in Table 8.

7.1.2 Size-Exclusion Chromatography (SEC)

As for PLA-PEG-PLA, the number average molecular weight ob-
tained for reaction (1) PLA1 − PEG35000,1 − PLA1 was Mn = 27 kDa,
that is even lower than the molecular weight of the PEG used for
the reaction (35 kDa). The polydispersity index (PDI) was 2.3, mean-
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Figure 22: NMR spectrum for PLA1 − PEG35000,1 − PLA1 (1) of table 6. The
lower spectrum refers to the original sample, while the spectra
above refer to the samples obtained after each precipitation. The
spectrum at the top refers to the final copolymer.

ing that the molar mass distribution was broad. So, the copolymer
obtained from this reaction was not used further for the QCM tests.

For reaction (3) PLA20 − PEG2000,1 − PLA20, the number average
molecular weight was Mn = 134 kDa. This value was similar to the
expected molecular weight obtained from the theoretical calculations
(i.e 128 kDa). So, this copolymer seemed promising to be employed
for QCM experiments and it was selected to be used in the following
tests (e.g. coating tests on silicon wafers).

On the contrary, the low molecular weight obtained from the reac-
tions (4) PLA2 − PEG2000,1 − PLA2 and (5) PLA1 − PEG2000,1 − PLA1

did not allow to make films by solvent casting from these polymers
and powders were produced. Nevertheless, it was decided to employ
these polymers for further tests (e.g. coating tests on silicon wafers)
to assess their suitability to be used with QCM and to compare their
behavior with the higher molecular weight polymer obtained from
reaction (3) PLA20 − PEG2000,1 − PLA20.

To make a comparison, other polymers considered for this project
were also analyzed with SEC. The results from SEC analysis are
summarized in Table 9.
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Table 8: Summary of NMR analysis for PLA-PEG-PLA.

Reaction Molar ratio Molecular weight L-lactide monomer Composition
number LA:PEG:LA of PEG (g/mol) conversion (%) of lactide (%)

1 1:1:1 35000 73 99.7
2 1:1:1 2000 53 59

3 20:1:20 2000 93 84

4 2:1:2 2000 95 87.3
5 1:1:1 2000 61 75.3

Table 9: Summary of SEC analysis for PLA-PEG-PLA and bacterial poly-
mers.

Polymer Mn (kDa) PDI

PLA2 − PEG2000,1 − PLA2 (4) 10 1.6
PLA1 − PEG35000,1 − PLA1 (1) 27 2.3
PLA1 − PEG2000,1 − PLA1 (5) 39 1.2
5HV 63 1.36

PS 77 3.44

Poly(LLA-co-CL) 96 1.77

PLA20 − PEG2000,1 − PLA20 (3) 134 1.4
poly(TMC-D-LA) 154 1.69

PLA 219 1.22

P(3HB) 507 1.2

7.1.3 Contact angle

In order to assess polymer hydrophilicity, contact angle measure-
ments of the materials considered were performed. The results are
summarized in Table 10 and it is possible to see that the most hy-
drophilic polymer is PLA-PEG-PLA (3), while the more hydrophobic
is 5HV.

It was not possible to make contact angle measurements for the
copolymers PLA2 − PEG2000,1 − PLA2 (4) and PLA1 − PEG2000,1 −
PLA1 (5), because they did not allow to obtain films by solvent casting.

7.1.4 Differential Scanning Calorimetry (DSC)

The Differential Scanning Calorimetry (DSC) was performed as
illustrated in 6.2.4 and the results of the DSC analysis are summarized
in Table 11.
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Table 10: Results of contact angle measurements.

Polymer Contact Angle (°)

PLA20 − PEG2000,1 − PLA20 (3) 73.2 °± 1.2 °
PLA 75.0 °± 1.0 °
poly(LLA-co-CL) 81.5 °± 2.5 °
P(3HB) 83.7 °± 4.0 °
PCL 86.4 °± 6.2 °
poly(TMC-D-LA) 87.5 °± 2.6 °
PS 90.1 °± 2.6 °
5HV 99.0 °± 1.5 °

Table 11: Differential Scanning Calorimentry measurements: glass transition
temperature Tg, melting temperature Tm, crystallinity.

Polymer Tg (°C) Tm (°C) Crystallinity (%)

PLA 57.1 175.2 53

PLA1 − PEG35000,1 − PLA1 (1) 45.0 and 140.3 - 11.9 and 35.1
PLA20 − PEG2000,1 − PLA20 (3) 50.4 174.1 48.6
PLA2 − PEG2000,1 − PLA2 (4) -1.9 139.1 -
PLA1 − PEG2000,1 − PLA1 (5) - 161.7 68.5
poly(LLA-co-CL) 9.7 amorphous amorphous
PCL - 55.8 52.3
poly(TMC-D-LA) 54.2 170.9 31.2
PGA - 83.2 60.9
PEG35000 - 61.5 63.6
PEG2000 - 61.5 63.7
P(3HB) 8.0 173.6 53.9

From these measurements, some observations can be made. First of
all, the polymer with the highest glass transition temperature is PLA.
Moreover, the glass transition temperature of poly(TMC-D-LA) and
PLA-PEG-PLA (3) is similar to the value obtained for PLA. It is worth
noticing that these values are higher than the human body temper-
ature of 37 °C. On the contrary, the glass transition temperatures of
poly(LLA-co-CL) and P(3HB) are very low. Furthermore, PLA, P(3HB)
and PLA-PEG-PLA (3) have also similar values of melting temperature
and crystallinity, while other polymers have lower values of melting
temperature.
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7.2 choice of the solutions for spin coating

In general, an appropriate coating is achieved if the layer of polymer
is uniform, homogeneous, as thin as possible (maximum 30 nm for
polymer coating of QCM crystals) and without visible defects. After
the tests performed, the 5 mg/mL solution with chloroform was
chosen as the best solution for the polymers poly(LLA-co-CL), PLA,
PCL, poly(TMC-D-LA) and PS, because the polymer layers produced
with this solvent best fulfilled the requirements. Also, in the literature
could be found some examples of concentrations used for spin coating
and, for instance, 5 mg/mL solutions of PLA and PGA were employed
by some researchers [11]. Lower concentrations were initially avoided,
because it was not easy to assess whether the polymer layer was
present or not and to evaluate its conditions.

However, after the synthesis of PLA-PEG-PLA, further spin coating
tests were performed using a solution of 5 mg/mL of this polymer
dissolved in chloroform. A naked-eye analysis revealed that the chosen
solution caused some defects and inhomogeneities on the polymer
layer. So, the 2 mg/mL solution was preferred for PLA-PEG-PLA.

As for bacterial polymers, 5HV and P(3HB) were found to dissolve
in chloroform and the 2.5 mg/mL solutions were proved to produce
good coating layers.

To sum up, chloroform was used as a solvent and the chosen solu-
tions were:

1. Solution of poly(LLA-co-CL) 5 mg/mL;

2. Solution of PLA-PEG-PLA (3) 2 mg/mL;

3. Solution of PLA 5 mg/mL;

4. Solution of PCL 5 mg/mL;

5. Solution of poly(TMC-D-LA) 5 mg/mL;

6. Solution of PS 5 mg/mL;

7. Solution of P(3HB) 2.5 mg/mL;

8. Solution of 5HV 2.5 mg/mL.

7.3 coating tests with silicon oxide wafers

7.3.1 Submersion in water at room temperature

After submersion in deionized water for 24 hours at room tempera-
ture, the coated silicon wafers were observed with a visual naked-eyes
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analysis and with SEM. This revealed a detachment of the polymer
films from many of the samples, with evident cracks and additional
defects. The same samples were observed before submersion in water
as well, to compare the polymer layers conditions before and after
submersion in water. Eventually, some observations could be made:

• In general, for the polymer solutions in concentrations higher
than 1 mg/mL, before submersion in water the layers were
approximately even, with a few small point-like defects but
without cracks. The only main defects in the films were close to
the borders, where the films had a wave-like structure (Figure
23a). These defects are acceptable for the purposes of this project,
because they do not alter excessively the QCM measures and the
geometry of the QCM crystals reduces the formation of these
imperfections. However, after submersion in water many cracks
on the polymers layers were visible, of different extensions and
width, not only on the borders but also in the central part of the
wafers (Figure 23b);

(a) Before submersion in water.

(b) After submersion in water.

Figure 23: SEM image of a silicon wafer coated with a solution of poly(LLA-
co-CL) 5 mg/mL dissolved in chloroform, before and after sub-
mersion in water for 24 hours at room temperature.
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• With a naked-eye visual analysis, it was not possible to assess
if the absence of apparent defects in the 1 mg/mL solutions
was reliable or if the film was too thin to be distinguished, even
before submersion in water. Instead, from the SEM images it was
possible to see that before submersion in water the polymer film
was very thin and visible only at high magnifications (e.g. 500x)
(Figure 24a). Then, after the contact with water, the polymer
layer was almost not visible any more, even at high values of
magnification (Figure 24b);

(a) Before submersion in water.

(b) After submersion in water.

Figure 24: Examples of SEM images of a silicon wafer coated with a solution
of poly(LLA-co-CL) 1 mg/mL dissolved in DMF, before and after
submersion in water at room temperature for 24 hours.

• The samples coated with poly(LLA-co-CL) revealed wider de-
tachment than samples with PLA-PEG-PLA (Figure 25e and 25f).
This was coherent with the QCM results, that showed a larger
frequency shift for poly(LLA-co-CL) than PLA-PEG-PLA;

• Among the poly(LLA-co-CL) samples, the film obtained from
the 5 mg/mL and 10 mg/mL solutions in chloroform showed
the largest detachment (Figure 25f).
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• As for the bacterial polymers, the P(3HB) film presented some
cracks after submersion in water (Figure 25g);

• Only the silicon wafers coated with 5HV did not show significant
differences before and after submersion in water. As a matter of
fact, the layer observed was even, without important defects in
the central part of the wafer and with small defects only close
to the borders, both before and after contact with water (Figure
25d and 25h).

These detachments and defects on the polymer films meant that
the bond between the silicon dioxide surface and the polymer was
weaker than the bond of the polymer with water. So, the following
experiments made during this project were aimed to strengthen this
bond.
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Figure 25: SEM images of silicon wafers before (images from (a) to (d)) and
after (images from (e) to (h)) submersion in water at room temper-
ature. The polymer layers are obtained by spin coating solutions
of PLA-PEG-PLA 2 mg/mL in figure (a) and (e), poly(LLA-co-CL)
10 mg/mL in figure (b) and (f), P(3HB) 2.5 mg/mL in figure (c)
and (g), 5HV 2.5 mg/mL in figure (d) and (h)
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Pre-coating methods

In order to understand the behavior of the polymer layers and of
the pre-coating layers, further tests were performed, employing silicon
wafers. To make a comparison, they were divided in two groups
and pre-coated either with PVAm or with the amino functionality as
explained in Section 6.3.4.

pre-coating with polyvinylamine The silicon wafers were
pre-coated with polyvinylamine (PVAm) as illustrated in Section 6.3.4,
spin coated with the polymer solutions and then submerged in water
at room temperature for 24 hours.

After that, a naked-eye visual analysis did not reveal any visible
additional defects. A further SEM analysis was performed and it
confirmed the first visual observations. All the layers were proved to
be even, without cracks nor wide damages. However, some waves
were visible close to the wafers edges (Figure 26 from (a) to (d)).

amino functionality When the silicon wafers were treated
with amino functionality, spin coated with the polymer solutions and
submerged in water for 24 hours at room temperature, SEM images
were acquired from the samples (Figure 26 from (e) to (h)). .

For wafers coated with PLA-PEG-PLA 2 mg/mL, poly(LLA-co-
CL) 5 mg/mL , P(3HB) 2.5 mg/mL and 5HV 2.5 mg/mL the films
were even, thin, with very few point-like defects, or some small lines,
bubbles or waves close to the borders. Instead, the wafer coated with
poly(LLA-co-CL) 10 mg/mL showed big dark stains, not only close to
the borders but also far away from the edges, in the central part of the
wafer. These stains were visible with naked eyes as well. Moreover, the
film obtained from a 1 mg/mL solution of poly(LLA-co-CL) dissolved
in DFM was very thin, but it was still visible.

So, this demonstrated the effectiveness of this method to guarantee
polymer adhesion to the silicon wafers even after submersion in water
at room temperature, but defects were present on the sample surfaces
all the same. Furthermore, these defects appeared deeper than the
ones visible on the surfaces pre-treated with PVAm.
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Figure 26: SEM images of silicon wafers with PVAm pre-coating (images
from (a) to (d)) and amino functionality (images from (e) to (h)),
after submersion in water at room temperature. The polymer
layers are obtained by spin cotaing solutions of PLA-PEG-PLA
2 mg/mL in figure (a) and (e), poly(LLA-co-CL) 10 mg/mL in
figure (b) and (f), P(3HB) 2.5 mg/mL in figure (c) and (g), 5HV
2.5 mg/mL in figure (d) and (h)
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7.3.2 Assessing polymer coating conditions after submersion in water at 37
°C

To evaluate the effectiveness of pre-coatings employing PVAm and
amino functionality, silicon wafers were pre-coated, spin coated and
submerged in water at 37 °C for 24 hours. After that, a visual analysis
did not allow to perceive any difference between the polymer layers
before and after submersion in water, except in some cases. For
example, in the wafers pre-coated with PVAm and coated with PLA-
PEG-PLA 2 mg/mL, the pre-coating in PVAm was non-uniform before
submersion in water, and it was possible to see big stains of PVAm.
Anyway, after submersion in water and incubation at 37 °C these
stains and inhomogeneities were not visible any more. Instead, the
films coated after amino functionality pre-treatment appeared thick
but opaque, for all the polymers tested. A SEM analysis revealed that,
in general, the polymer films were thinner than before incubation
and submersion in water.; in some cases the film was barely visible.
This can be due to an increase in swelling of the polymer layers when
submerged in water at 37 °C. The swelling provokes movements of the
polymer chains, that are also more likely to detach from the silicon
dioxide surface.

Some exceptions were:

• The silicon wafers pre-coated with PVAm and coated with
poly(LLA-co-CL) 10 mg/mL, PLA-PEG-PLA (3) and 5HV 2.5
mg/mL. In these cases, the film was still present, but it showed
many wide cracks and defects, revealing extensive film detach-
ment, that was visible with naked eyes as well (Figure 27);

Figure 27: SEM image of a silicon wafer with PVAm pre-coating and spin
coated with a solution of poly(LLA-co-CL) 10 mg/mL dissolved
in chloroform, after submersion in water and incubation at 37 °C.
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• The wafers with amino functionality allowed to see the thick
polymer films, even if they had some superficial cracks and
defects, such as small bubble-like defects, evenly distributed on
the surface (Figure 28).

Figure 28: SEM image of a silicon wafer with amino functionality and spin
coated with a solution of PLA-PEG-PLA (4) 2 mg/mL dissolved
in chloroform, after submersion in water and incubation at 37 °C.
Small bubbles and waves are visible on the polymer layer.

These observations lead to the conclusion that neither PVAm pre-
coating nor amino functionality allowed to guarantee a strong adhe-
sion of the polymer layer to the silicon wafers when in contact with
water at 37 °C. This was probably caused by the fact that these pre-
coating methods did not create as many binding sites for the polymer
as expected. So, both of these procedures were dismissed.
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Coating stabilization in incubator

For other tests, the silicon wafers were kept in incubator at 37 °C
for 2 hours before submersion in water at 37 °C. This type of test
was designed to evaluate if the problems of layer detachment were
related to the the rapid change in temperature, from 24 °C to 37 °C,
that took place together with the submersion in water. If this was
the case, allowing the polymer film to adapt to higher temperatures
before submersion in water could have brought some improvements
in terms of film adhesion and uniformity.

Polymer films were obtained by spin coating polymer solutions on
wafers either without any pre-coating, or pre-treated with PVAm or
amino functionality. After submersion in water and incubation at
37 °C for 24 hours, from a visual naked-eye analysis all the wafers
appeared to have the coating, but they all showed dense dots as well.
SEM images allowed to see that all the polymer films showed defects
like streaks and waves, but they did not reveal any layer detachment
(Figure 29). So, it was decided to perform QCM tests employing this
technique as well, to evaluate its effectiveness with higher accuracy.

Figure 29: SEM image of a silicon wafer with a poly(LLA-co-CL) 5 mg/mL
layer, kept in incubator incubation 37 °C and later submerged
in water at 37 °C. Streaks and waves are visible on the polymer
layer.

Coating stabilization above the glass transition temperature

From the DSC data (Section 7.1.4), it was observed that there was
a relationship between the glass transition temperature Tg and the
behavior of the polymeric films in water at 37 °C. In particular, if the
glass transition temperature of a polymer was higher than 37 °C, then
the film was still attached to the wafer after submersion in water and
incubation. So, several silicon wafers were placed in oven at 62 °C
for 48 hours after spin coating and before submersion in water and
incubation.
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Later, neither a visual naked-eye nor SEM observations could detect
any remarkable difference on the layer conditions, in comparison to
the set of wafers submerged directly after spin coating.

A QCM crystal was also subjected to the same procedure, including
storage in oven at 62 °C after being spin coated with a solution of PLA
5 mg/mL. No difference with other QCM tests were detected, except
that the baseline of the frequency shift and dissipation energy curves
required longer time to be stable. So, this procedure was dismissed.

Tests employing PLA

In the literature can be found some applications of the QCM tech-
nique for evaluating the behavior of PLA at 37 °C [10]. So, further
tests were performed on silicon wafers spin coated with a 5 mg/mL
solution of PLA dissolved in chloroform, for comparing the results
with the previous tests. The wafers were divided in four groups,
according to the pre-coating method adopted:

1. Without any pre-coating;

2. Pre-coating with PVAm;

3. PVAm only, without polymer coating;

4. Amino functionality.

After being spin coated, the wafers were submerged in water and
kept at 37 °C for 24 hours. Then, the surfaces were evaluated with a
visual naked-eye analysis and SEM.

All these analyses lead to the same conclusions:

• Without any pre-coating method, the PLA film was still present
and visible even with naked-eyes;

• The PVAm layer detached at 37 °C, both with and without PLA
coating;

• The amino functionality pre-coating guaranteed PLA adhesion,
even if the PLA film was thinner after submersion in water and
incubation and it presented tiny bubble-like defects were visible.

As a conclusion, since the pre-coating procedures did not seem to
provide any advantage or improvement in comparison to the layer
spin coated directly on the wafer surface, it was chosen to perform a
QCM trial employing PLA without any pre-coating.
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7.3.3 Tests to evaluate the effect of plasma treatment on silicon oxide surfaces

First of all, contact angle measurements were performed on silicon
wafers as explained in section 6.4.2, to assess the presence and the
magnitude of changes in hydrophilicity. Four different silicon wafers
was tested, after being subjected to 0, 2, 4 and 6 minutes of plasma
treatment, respectively. The results of contact angle measurements
are summarized in table 12. These measurements confirmed that the
plasma treatment actually enhanced surface hydrophilicity. Besides,
since the larger decrease in contact angle was achieved with 2 minutes
of treatment, this duration was considered sufficient to induce this
surface modification. So, in the following experiments, both for QCM
sensors and silicon wafers, the duration of air plasma treatment was
maintained to two minutes.

Table 12: Results of contact angle measurements of silicon wafers after
different durations of plasma treatment.

Duration of plasma treatment (min) Contact Angle (°)

0 min 51.0 °± 3.9 °
2 min 24.0 °± 0.7 °
4 min 16.2 °± 0.5 °
6 min 24.2 °± 0.4 °

After spin coating the silicon wafers with different polymers, with-
out previous air plasma treatment, the surfaces were submerged in
water and kept in incubator at 37 °C for 24 hours. To make a compari-
son, another set of silicon wafers was subjected to the same procedure,
but pre-treated with air plasma before spin coating. This test was
performed to investigate whether an increase in surface hydrophilicity
of the silicon wafer could guarantee a stronger or weaker adhesion
of hydrophilic polymers such as PLA-PEG-PLA. Later, a visual and a
SEM analysis allowed to make the following observations:

• The films of PLA-PEG-PLA, PS and P(3HB) were even and thin,
without remarkable defects (Figure 30d). This means that the
polymer layers were more stable, if compared to the results
obtained with silicon wafers with previous plasma treatment
(Figure 30a). In that case, the polymer layers presented much
wider cracks after submersion in water;

• The surfaces coated with poly(LLA-co-CL) presented some cracks
and detachments (Figure 30e), but these were fewer and less
wide than the defects obtained with plasma pre-treatment (Fig-
ure 30b);

• The PLA film was even and without defects (Figure 30f). Only
some waves close to the borders were visible, but no other
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relevant differences with the PLA layer obtained after air plasma
treatment could be detected (Figure 30c);

• The layer of poly(TMC-D-LA) was thin, but still visible and even
(Figure 31d). Instead, with pre-treatment with air plasma, the
film was thinner and with small defects (Figure 31a);

• The layer of PCL showed cracks and detachment from the surface
both with and without plasma treatment. However, the defects
were wider if the silicon oxide surface were not treated with air
plasma (Figure 31e);

• Without air plasma treatment, the film of PGA was even and
thicker than the film coated on the plasma treated surface (Fig-
ures 31c and 31f).

So, it is possible to sum up saying that for a few polymer layers
(i.e. PLA, PCL) the plasma treatment allows a better adhesion to the
silicon oxide surface, while for the majority of the polymers it causes
more extensive detachment from the wafers.

From one point of view, this phenomenon can be explained with
polymer hydrophilicity. If these results are compared with the values
of contact angle obtained from the polymers (Table 10), it is pos-
sible to observe that PLA, that shows stronger adhesion if silicon
hydrophilicity is enhanced with air plasma treatment, is one of the
less hydrophobic polymers. Instead, poly(TMC-D-LA) and PS are
the most hydrophobic and they adhere better if the silicon wafers
are not treated with air plasma. However, this relationship holds
for semi-crystalline polymers, because their structure is tighter and
prevents water to pass through the polymer layer. If the polymer is
in amorphous, water can penetrate more easily through the film and
reach the wafer surface, which may cause film detachment. In this
case, if the surface is not treated with air plasma, it is less hydrophilic
and it blocks water penetration into the polymer film.
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Figure 30: SEM images of silicon wafers with plasma air treatment (images
from (a) to (c)) and without it (images from (d) to (f)), after
submersion in water at 37 °C. The polymer layers were obtained
by spin coating solutions of PS 5 mg/mL in figure (a) and (d),
poly(LLA-co-CL) 5 mg/mL in figure (b) and (e), PLA 5 mg/mL
in figure (c) and (f).

Figure 31: SEM images of silicon wafers with plasma air treatment (images
from (a) to (c)) and without it (images from (d) to (f)), after
submersion in water at 37 °C. The polymer layers were obtained
by spin cotaing solutions of poly(TMC-D-LA) 5 mg/mL in figure
(a) and (d), PCL 5 mg/mL in figure (b) and (e), PGA 5 mg/mL in
figure (c) and (f).
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7.3.4 Effect of different coating concentrations

First of all, the silicon wafers spin coated with 0.1 mg/mL polymer
solutions were analyzed with SEM before submersion in water. This
was done to be sure that the polymer films were actually present
on the surfaces, since they were not visible with naked eyes. These
tests demonstrated that all the layers of the polymers considered (i.e.
PLA, poly(LLA-co-CL), PGA, PS, poly(TMC-D-LA), PLA-PEG-PLA
(3)) were present, even if thin, on the wafers surfaces (Figure 32).

Figure 32: SEM images of silicon wafers coated with PLA 0.1 mg/mL (a)
and poly(LLA-co-CL) 0.1 mg/mL (b), before submersion in water.

Instead, after submersion in water at 37 °C, all the films were present,
but extremely thin and visible only at high magnifications (e.g. 1000x)
(Figure 33). Besides, on the poly(TMC-D-LA) and PLA-PEG-PLA (3)
layers there were some light and superficial defects such as lines, dots,
and stains (Figure 34). The PS film also showed wave-like defects,
although not deep.

Figure 33: SEM images of silicon wafers coated with PLA 0.1 mg/mL (a)
and poly(LLA-co-CL) 0.1 mg/mL (b), after submersion in water
at 37 °C for 24 hours.
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Figure 34: SEM image of a silicon wafers coated with PLAPEG-PLA (3) 0.1
mg/mL, after submersion in water at 37 °C for 24 hours.
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7.4 qcm tests

7.4.1 Stability of the baseline

The first polymer layers tested with the QCM were PLA-PEG-PLA
(3) and poly(LLA-co-CL), without any pre-coating of the crystals, for
verifying if they allowed to obtain a stable baseline for the frequency
shift and dissipation energy curves at 24 °C. The graphs obtained
did not show the expected constant baseline. On the contrary, the
frequency shifts appeared to increase, suggesting a detachment of
the polymer from the crystal. This effect was more relevant for the
poly(LLA-co-CL) layer than for the PLA-PEG-PLA film (Figure 35).
A possible explanation is that the polymer detached from the crystal
because of the interaction with water.

Figure 35: Frequency shift and dissipation energy curves for a crystal coated
with PLA-PEG-PLA (3); MilliQ water was flushed at 100 µL/min
at 24 °C.

71



results and discussion

Obtain a stable baseline with PVAm pre-coating at 24 °C

The QCM tests performed employing PVAm pre-coating and both
PLA-PEG-PLA (3) and poly(LLA-co-CL) polymer layers, at 24 °C,
allowed to obtain a stable baseline in the frequency and dissipation
energy curves within twenty minutes (Figure 36).

Figure 36: Frequency shift and dissipation energy curves for a crystal pre-
coated with PVAm and coated with PLA-PEG-PLA (3); MilliQ
water was flushed at 180 µL/min at 24 °C.

First tests to obtain a stable baseline at 37 °C

QCM tests were performed to evaluate if the films of poly(LLA-
co-CL) 5 mg/mL, PLA-PEG-PLA 2 mg/mL , with PVAm and amino
functionality pre-coating, and 5HV without any pre-coating, were
stable enough to allow the QCM measurements at 37 °C. These tests
showed that the polymer films obtained were not stable enough to
allow QCM measurements at 37 °C. As a matter of fact, after three
hours the baseline of the frequency shift curve was not stable yet and
the frequency was still increasing.

72



7.4 qcm tests

PLA as a layer and as a pre-coating

Other tests were run, employing PLA as polymer layer and as a pre-
coating for PLA-PEG-PLA (3) and with poly(LLA-co-CL). Using only
PLA coating, without any other pre-coating method, it was possible
to obtain a stable baseline in the ∆ f and ∆D of the QCM graphs.

Instead, the crystals pre-coated with PLA and coated with PLA-
PEG-PLA (3) or poly(LLA-co-CL) did not allow to obtain a stable
baseline at 37 °C.

Thinner polymer layers obtained from 0.1 mg/mL polymer solutions

After running the QCM tests with crystals spin coated with 0.1
mg/mL polymer solutions, it was possible to observe that:

• PLA (with previous plasma treatment) allowed to reach the
stability of the baseline in about 30 minutes;

• poly(TMC-D-LA), poly(LLA-co-CL), PS (without previous plasma
treatment) guaranteed the stability of the baseline after about 30

minutes;

• With PLA-PEG-PLA (3) and PGA, the ∆ f and ∆D curves were
not stable, even if the process was monitored for two hours.

So, the choice of a thinner polymer layer for QCM measurements
allowed to reduce dramatically the time required for the stability of
the baseline when testing PLA. Furthermore, it also permitted to test
other polymers such as poly(TMC-D-LA) and PS, that did not provide
a stable frequency shift curve when the layer was thicker.

A possible explanation of this phenomenon is that polymer layers
are likely to produce swelling when in contact with water. If the layer
is thick, it can gain much water. The amount of liquid gained by the
polymer increases slowly with time and it provokes swelling. This
means that the interaction forces between the sensor and the outer
polymer chains become weaker. Also, some polymer chains can detach
from the film and be flushed away by the flow of buffer solution. All
these processes are reflected by the increase in the crystal’s resonance
frequency, because the mass of the polymer that is directly in contact
with the crystal increases.

On the other hand, if the polymer layer is thinner, it can gain less
water. Less polymer chains will change and adapt their position when
in contact with water. So, the time needed for the film to reach a stable
conformation is strongly reduced.
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Summary of QCM tests for monitoring the stability of the baseline

In conclusion, the QCM tests aimed to evaluate the stability of the
baseline in the frequency and dissipation energy curves are summed
up in Figure 37 and the results obtained can be summarized as follows:

• At 24 and 37 °C, without any pre-coating method, the poly-
mer layers obtained from PLA-PEG-PLA (3), poly(LLA-co-CL),
P(3HB) and 5HV isolutions in concentrations higher than 1

mg/mL did not lead to the stability of the baseline. Instead, the
PLA layer did allow to have a stable baseline in the ∆ f and ∆D
curves;

• At 24 °C, the PVAm pre-coating permitted to the PLA-PEG-PLA
(3) and poly(LLA-co-CL) layers to adhere more strongly to the
crystal. So, the QCM graphs showed a stable baseline. Anyway,
the same layers did not lead to the stability of the baseline at 37

°C, but the PVAm layer shows extensive detachment from the
cystal;

• At 37 °C, a PLA pre-coating did not guarantee the adhesion of
PLA-PEG-PLA (3) and poly(LLA-co-CL) to the crystal;

• At 37 °C, the amino-functionality pre-coating did not strengthen
enough the bonds between polymer layers and QCM crystal.
So, the stability of the baseline could not be obtained in these
conditions;

• At 37 °C, a thinner layer obtained with 0.1 mg/mL solutions of
PLA, poly(TMC-D-LA), poly(LLA-co-CL) or PS allowed to get a
stable baseline within 30 minutes. Instead, this was not possible
with PLA-PEG-PLA (3) nor PGA.

So, it is possible to conclude that the temperature significantly
affects the stability of the baseline. This can be related to the swelling
of the polymer layer, due to water uptake. Swelling is related to glass
transition temperature Tg. As a matter of fact, swelling is more likely
for polymers with lower Tg. Increasing the temperature, the hydrogen
bonds within the polymer layer become weaker and water penetrates
more easily through the film. So, swelling is also enhanced and the
conditions of the polymer film will require more time to be stable.
On the other hand, if the thickness of the polymer layer is reduced,
swelling diminishes as well, and the temperature increase has a more
limited effect on the stability of the baseline.

A summary of the decisional process that lead to define the success-
ful coating conditions for obtaining a stable baseline with the QCM is
presented in Figure 38.
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Figure 37: Summary of the QCM tests to obtain a stable baseline in the
frequency and dissipation energy curves.

Figure 38: Summary of the decisional process that lead to define the success-
ful coating conditions for QCM sensors.
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7.4.2 First QCM tests to evaluate the absorption of nanodiamond particles
(nDP)

The first tests were performed at 24 °C, with PVAm pre-coating and
PLA-PEG-PLA 2 mg/mL and poly(LLA-co-CL) 5 mg/mL as polymer
layers, in the experimental conditions illustrated in Section 6.5.3.

From the tests employing PLA-PEG-PLA, the following observations
and hypothesis could be made:

• As soon as a solution of nDP was flushed over the crystal, an
increase in frequency was recorded, suggesting a detachment of
matter from the crystal;

• If the concentration of nDP is increased during the experiment
(e.g. flushing consequently solutions of nDP in concentrations 5

µg/mL, 10 µg/mL, 20, µg/mL, 50 µg/mL) the frequency contin-
ued to increase, until it reached a saturation (Figure 39). These
tests suggested the hypothesis of a continuous detachment of
matter due to the flow of solution. This effect happened both at
high and low flow rates;

• The flow rate did not affect the trend of the frequency and
dissipation energy curves, but it affected the amplitude and the
steepness of the curve variations.

After the QCM measurements, SEM images were acquired from
the crystal (Figure 40). They revealed the presence of particles on
the surface, with an even and homogeneous distribution, forming
aggregates having diameter in the range 11 -165 nm.

AFM images were also acquired from the same crystal and they
confirmed the presence of particles on the surface and they pointed
out that holes were present as well (Figure 41). Since the deepness
and wideness of these holes look similar to the dimensions of the
elevations representing adhered nDP, a hypothesis is that nDP initially
bind to the polymer film and they detach it from the QCM sensor.
This phenomenon happens if the strength of the bond between PLA
and nDP is greater than the strength of the PLA-silicon dioxide sur-
face bond. However, as highlighted by the SEM and AFM images,
nanodiamonds were likely to adhere to the surface, either onto PLA
or on the silicon dioxide surface of the QCM sensor.

Tests employing poly(LLA-co-CL) with PVAm pre-coating were also
performed and it could be observed that:

• When the first solution of nDP in water was flushed over the
crystal, the frequency decreased and this pointed out that nDP
were likely to be absorbed onto the polymer layer, because the
mass of the oscillating system was increasing;
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Figure 39: Frequency shift for a crystal pre-coated with PVAm and coated
with PLA-PEG-PLA (3) 2 mg/mL at 24 °C.

• If a second solution of nDP, with a higher concentration, was
flushed, it provoked an increase in frequency. This could mean
that a continuous flow of nDP solution at high flow rate (200

µL/min) lead to a detachment either of nDP from the polymer,
or of the polymer itself from the underlaying PVAm, or of the
PVAm from the crystal (Figure 42);

• A possible explanation is that at first the nDP adhere to the
polymer, but then a higher flow rate does not allow further nDP
attachment and, on the contrary, it flushes away matter from the
oscillating system (either nDP, or PVAm, or polymer). It seems
likely that nDP are flushed away, because it is known that the
inter-particle interactions are stronger than the attractive forces
between nDP and the substrate [91].
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Figure 40: SEM image of QCM crystal pre-coated with PVAm and coated
with PLA-PEG-PLA (3) 2 mg/mL, after the QCM measurement
involving nDP at 24 °C.
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Figure 41: Height and phase AFM images of QCM crystal pre-coated with
PVAm and coated with PLA-PEG-PLA (3) 2 mg/mL, after the
QCM measurement involving nDP at 24 °C.

Figure 42: Frequency shift for a crystal pre-coated with PVAm and coated
with poly(LLA-co-CL) 5 mg/mL at 24 °C.
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7.4.3 QCM tests performed with PLA 5 mg/mL at 37 °C

Adsorption of nDP onto PLA 5 mg/mL

In general, when flushing nDP, the frequency curves obtained
showed a common trend. As an example, during a test a 20 µg/mL
solution of nDP was flushed over the crystal coated with PLA, at a
flow rate of 100 µL/min. The frequency at first showed a tiny decrease,
followed by a huge increase (Figure 43). A possible explanation of
this behavior is that at first nanodiamonds adhere to the PLA, cov-
ering all the polymer surface. The effect is reflected by the initial
brief decrease in frequency. Then the curve increase can be explained
with a detachment of nDP, due to the continuous flow of more nDP
solution. As a matter of fact, the strong interactions among nDPs
can lead to the formation of aggregates of these particles and to their
detachment from the polymeric matrix. However, the detachment of
these aggregates can also cause a detachment of PLA from the crystals,
that is monitored by the wide increase in the frequency curve.

Figure 43: Frequency shift for a crystal coated with PLA 5 mg/mL and
flushed with nDP 200 µg/mL, at 37 °C.

In order to find the optimal concentration of nDP to obtain the
maximum frequency shift, further QCM tests were performed, in the
same experimental conditions of coating (i.e. PLA 5 mg/mL) and
temperature (i.e. 37 °C), flowing PBS at a rate of 50 µL/min. For
every crystal, a different concentration of nDP was used, in particular
5 µg/mL, 10 µg/mL, 20 µg/mL, 50 µg/mL and 200 µg/mL. Then,
the maximum increase in frequency was measured. The results are
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summarized in Figure 44 and it is possible to see that the concentration
of nDP that aloows to obtain the higher maximum frequency shift by
the QCM in this case is 10 µg/mL.

Figure 44: Maximum frequency shift (absolute value) for a crystal coated
with PLA 5 mg/mL and flushed with nDP solutions.
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Adsorption of Bone Morphogenetic Protein-2 (BMP-2) onto PLA 5 mg/mL

Several QCM experiments were performed with crystals coated in
PLA 5 mg/mL, flushing solutions of nanodiamond particles and, later,
of BMP-2.

In general, the trend of the frequency shift curves was similar to
the graph shown in Figure 45. In this example, a 5 µg/mL solution
of nDP was flushed over the crystal. Initially, a brief and limited
decrease in frequency was monitored, while later there was a wide
increase of the curve. After waiting for the curve stabilization, a 10

µg/mL solution of BMP-2 dissolved in PBS was employed. The QCM
equipment monitored an even higher decrease in frequency.

Figure 45: Frequency shift for a crystal coated with PLA and flushed with 5

µg/mL nDP and 10 µg/mL BMP-2 solutions at 50 µL/min, at 37

°C.

A possible explanation for this behavior of nDP and BMP-2 is that
after the first adhesion of nDP and the consequent detachment of PLA
and nanodiamonds, it is likely that some of the nDP are flushed away
by the flow of solution, while others float above the crystal for a while.
This can be due to the choice of employing a low value of flow rate
(i.e. 50 µL/min) for the injected solutions. As a matter of fact, a slow
flow of solution can be too weak to eject the nDP from the sensor
chamber. To confirm this hypothesis, future researches could be aimed
to evaluate the effect of flow rate on the interactions between PLA and
nDP.

When the BMP-2 solution is flushed, the proteins bond to the nDP
that are both on the QCM crystal surface and in solution in the sensor
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chamber. This makes the nDP heavier, so that they will sit again on the
PLA surface. So, this can be an interpretation of the relevant decrease
in the frequency curve. Moreover, if the hypothesis of the dependence
of this phenomenon on the flow rate is correct, a higher flow rate
should provoke a decreased polymer detachment, because it would
reduce the number of nDP floating above the crystal, in the sensor
chamber.

At this point, one may wonder if the BMP-2 adhesion on PLA is
enhanced by the presence of the nDP. So, additional QCM tests were
run for comparison in the same experimental conditions, flushing
BMP-2 directly above the crystal coated with PLA, without flushing
nDP before. For example, if a 10 µg/mL solution of BMP-2 was
employed, the net decrease in frequency recorded was very limited,
around 6 Hz (Figure 46).

Figure 46: Frequency shift for a crystal coated with PLA and flushed with a
10 µg/mL solution of BMP-2, at 37 °C. The variations in frequency
recorded are very limited.

Data about areal mass, thickness and density of the adsorbed layer
of BMP-2 were calculated with the Sauerbrey equation 2, both with
and without previous nDP adsorption. The values are shown in Table
13.

So, it seems likely that the presence of nDP increased BMP-2 ad-
sorption on PLA. Other QCM tests were run in the same experimental
conditions of crystal coating and temperature, flushing PBS at 50

µL/min. The results are summarized in Figure 47. The graph high-
lights how the presence of nDP allows to detect a greater frequency
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Table 13: Sauerbrey data for a layer of BMP-2 (from a 10 µg/mL solution)
adsorbed on PLA 5 mg/mL, with and without pre-adsorption of
nDP, from a 5 µg/mL solution.

nDP Areal mass Thickness (nm) Density
(µg/mL) (ng/cm2) (nm) (Kg/m3)

0 92.78 0.92 927.78

5 430.37 4.30 4303.80

shift. This effect is more evident for a lower concentration of BMP-2
(i.e. 10 µg/mL) and for lower concentrations of nDP (i.e. 5 µg/mL).

Figure 47: Maximum frequency shift for a crystal coated with PLA 5 %
and flushed nDP and BMP-2 in concentration 10 µg/mL and 20

µg/mL, at 37 °C.

This phenomenon could be explained with the small size of nDP.
One aspect is that, because of their small size, nanodiamonds have
a great surface area. So, BMP-2 is more likely to find binding sites
exposed on the nDP surface. Moreover, the physisorption of nDP
onto PLA increases surface roughness and, as a consequence, surface
area as well, augmenting the probability of BMP-2 binding. This also
contributes to vary the orientation of the binding sites for BMP-2
on the surface. So, the proteins can reach the surface in different
orientations and be likely to find binding sites and be adsorbed all the
same.
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Adsorption of fibronectin onto PLA 5 mg/mL

In the same experimental conditions, further tests were run flushing
solutions of fibronectin in different concentrations, with and without
pre-adsorption of nDP. Without pre-adsorption of nDP, a decrease
in frequency was measured, reflecting protein adsorption onto PLA
(Figure 48).

Figure 48: Frequency shift for a crystal coated with PLA and flushed with a
10 µg/mL solution of fibronectin dissolved in PBS, at 37 °C.

Instead, when a solution of nanodiamonds was flushed before
fibronectin, the frequency shift due to fibronectin was much higher
and the curve behavior was similar to the trend described for BMP-2
(Section 7.4.3).

7.4.4 QCM tests performed with PLA 0.1 mg/mL and poly(LLA-co-CL) 0.1
mg/mL at 37 °C

Several QCM tests were performed employing crystals coated with
thinner polymer layers. These films were obtained from 0.1 mg/mL
polymer solutions spin coated at higher spin rates (i.e. 2500 rpm and
5000 rpm), as explained in Section 6.3.2. Among the polymers that
were proved to allow obtaining a stable baseline (i.e. PLA, poly(TMC-
D-LA), poly(LLA-co-CL) and PS), PLA and poly(LLA-co-CL) were
selected to be used for further extensive tests. PLA was chosen to as-
sess if the layer thickness affected the results. Instead, poly(LLA-co-CL)
was employed because it differed from PLA in terms of crystallinity:
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while PLA is semi-crystalline, poly(LLA-co-CL) is amorphous. Be-
sides, both of these materials were proven to be a good choice in bone
regeneration.

Behavior of nDP onto PLA 0.1 mg/mL and poly(LLA-co-CL) 0.1 mg/mL

When flushing solutions of nanodiamonds in concentrations 1

µg/mL, 5 µg/mL, 10 µg/mL and 50 µg/mL on PLA and poly(LLA-
co-CL), the frequency shift curves showed the same trend for both the
polymers tested: an abrupt increase was followed by a slower decrease
(Figure 49).

Figure 49: Frequency shift for crystals coated with PLA 0.1 mg/mL and
poly(LLA-co-CL) 0.1 mg/mL and flushed with nDP 10 µg/mL,
at 37 °C.

This trend might reflect a first detachment of the polymer layer,
followed by an adhesion of nDP onto the polymer or onto the crystal
itself. One possibility is that the first polymer detachment is due to the
change from the buffer solution (PBS) and the water of the nDP solu-
tion, which involve a change in viscosity and concentration of diluted
substances. The same trend was obtained when employing Milli-Q
water as a buffer solution as well. Another possible explanation is
that the bonds between the nDP and the polymer are stronger than
the bonds between the polymer and the crystal. So, the first nanodia-
monds flushed capture and remove the polymer chains, or some of
the chains. Then, according to this hypothesis, the following adhesion
of nDP takes place onto the quartz crystal, onto some spare polymer
chains that are still attached to the crystal and on nDP already attache
to the crystal, because of the tendency of nDP to form aggregates.

Furthermore, the relationship between maximum frequency shift
and concentration of nDP, for crystals coated with PLA 0.1 mg/mL
and poly(LLA-co-CL) 0.1 mg/mL is summarized in Figure 50a. In
Figure 50b, the same data are compared with the results obtained for
PLA 5 mg/mL.

First of all, it is possible to observe that for PLA the frequency
shift increases considerably at lower concentrations of nDP (e.g. 10
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(a) PLA 0.1 mg/mL (red curve), poly(LLA-co-CL) 0.1 mg/mL (blue curve)

(b) PLA 5 mg/mL (green curve), PLA 0.1 mg/mL (red curve), poly(LLA-co-CL) 0.1 mg/mL
(blue curve)

Figure 50: Relationship between maximum frequency shift and concentra-
tion of nDP, at 37 °C. Crystals coated with PLA 0.1 mg/mL,
poly(LLA-co-CL) 0.1 mg/mL and PLA 5 mg/mL.

µg/mL), while poly(LLA-co-CL) requires higher concentrations (e.g.
50 µg/mL). This reveals a stronger affinity of nDP for PLA rather
than for poly(LLA-co-CL), which can be due to the polymers structure.
As a matter of fact, PLA is semi-crystalline while poly(LLA-co-CL) is
amorphous. Probably, the semi-crystalline polymer structure provides
more binding sites for nDP. Also, if nDP have a crystalline structure
as well, it is likely that a more organized polymer structure enhances
nDP binding. Another point is that the nDP employed for this thesis
are hydrophilic [92], fact that makes them more affine to PLA than to
poly(LLA-co-CL), because the former is slightly less hydrophobic than
the latter (see Table 10).

This difference in behavior between the two polymers PLA and
poly(LLA-co-CL) probably means that the initial detachment of poly-
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mer film due to the presence of nDP is not complete, but only the
most weakly bonded polymer chains detach from the crystal.

Both the films of PLA 5 mg/mL and PLA 0.1 mg/mL present a
maximum frequency shift when flushed with nDP in concentration
10 µg/mL. This means that this concentration is high enough to flush
an adequate number of particles that can bind to PLA. At the same
time, this value is low enough to allow the nDP to bind PLA and not
to other nanodiamonds that are in the chamber. In fact, with higher
concentrations there might be many more nDP in the chamber at the
same time and they can bind to each other rather than with PLA and
be flushed away by the flow of solution.

From Figure 50b, it is immediate to notice that the frequency shift
obtained for PLA 5 mg/mL is significantly higher than for PLA 0.1
mg/mL, meaning that for PLA 5 mg/mL there is much more polymer
detachment. This is because in a thicker layer there are more polymer
chains that can be easily detached. The swelling of the PLA 5 mg/mL
film due to the water uptake can also contribute, reducing the number
and strength of bonds between polymer chains and making the chains
easier to detach.

Adsorption of Bone Morphogenetic Protein-2 (BMP-2) onto PLA 0.1 mg/mL
and poly(LLA-co-CL) 0.1 mg/mL

Whan a BMP-2 solution was flushed over crystals coated with PLA
0.1 mg/mL and poly(LLA-co-CL) 0.1 mg/mL, in some cases it was
possible to observe a net frequency decrease, while in other tests only
tiny frequency oscillations around 0 Hz were recorded (Figure 51).

Figure 51: Frequency shift for crystals coated with PLA 0.1 mg/mL and
poly(LLA-co-CL) 0.1 mg/mL and flushed with BMP-2 5 µg/mL,
at 37 °C.

Moreover, Figure 52 points out that for PLA the BMP-2 concen-
tration needed to increase protein adsorption (i.e. 1 µg/mL) is lower
than the value required by poly(LLA-co-CL) (i.e. 5 µg/mL).

On the other hand, both the polymer layers present a minimum
in BMP-2 adsorption when the protein concentration in solution was
10 µg/mL. A possible explanation for this result is related to protein
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folding. In general, the adsorption process of proteins on a surface
involves protein adhesion and unfolding, to create as many bonds with
the surface as possible. If the concentration of proteins in solution is
too high, there is not space enough for all the proteins to be adsorbed
on the surface. So, some of the proteins are completely adsorbed onto
the surface, while others cannot unfold properly and they can only
create a few bonds with the surface. In this case, the flow of solution
in the QCM might detach these loosely tightened proteins (Figure 53).

Figure 52: Absolute value of the maximum frequency shift for crystals
coated with PLA 0.1 mg/mL and poly(LLA-co-CL) 0.1 mg/mL,
flushed with BMP-2, at 37 °C.

Figure 53: Schematic representation of protein adsorption on a surface.
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If a solution of BMP-2 was flushed after nDP, a high decrease in
frequency was monitored, both for PLA 0.1 mg/mL and poly(LLA-co-
CL) 0.1 mg/mL (Figure 54). The trend of the recorded curve was the
same for the two polymers and it represented BMP-2 adhesion onto
nDP and polymer films.

Figure 54: Frequency shift for crystals coated with PLA 0.1 mg/mL and
poly(LLA-co-CL) 0.1 mg/mL and flushed with nDP 5 µg/mL
and BMP-2 5 µg/mL, at 37 °C.

Instead, when BMP-2 was flushed directly onto the crystal, without
flushing nDP before, the decrease in frequency was smaller, for both
the polymers tested. For PLA the presence of nDP significantly in-
creased the frequency shift, while for poly(LLA-co-CL) the difference
in frequency shift was more limited (Figure 55). This can be related to
the fact that low nDP concentrations were chosen for these tests (i.e.
up to 20 µg/mL). For these concentration values, there is more nDP
adhesion onto PLA than on poly(LLA-co-CL). So, the higher BMP-2
adsorption onto the crystals coated with PLA and flushed with nDP is
a further confirm of the greater affinity of BMP-2 for nDP than for the
polymer film, being it PLA or poly(LLA-co-CL). This is also proved
by the higher frequency shift measured with pre-adsorption of nDP
than without, for both the polymers tested.
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Figure 55: Maximum frequency shift for crystals coated with PLA 0.1
mg/mL and poly(LLA-co-CL) 0.1 mg/mL, flushed with nDP
in varying concentrations and BMP-2 5 µg/mL, at 37 °C
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Adsorption of fibronectin onto PLA 0.1 mg/mL and poly(LLA-co-CL) 0.1
mg/mL

Both for PLA 0.1 mg/mL and poly(LLA-co-CL) 0.1 mg/mL, if a
solution of fibronectin was flushed before pre-adsorption of nanodia-
monds, the frequency shift showed a first small increase, followed by
a slower and gradual decrease (Figure 56).

Figure 56: Frequency shift for crystals coated with PLA 0.1 mg/mL and
poly(LLA-co-CL) 0.1 mg/mL and flushed with fibronectin 10

µg/mL, at 37 °C.

Comparing the maximum frequency shift obtained for the two
polymer layers (Figure 57), it seems clear that the value 1 µg/mL is
the optimal concentration of fibronectin to enhance protein adsorption.
This effect can be explained as previously illustrated for BMP-2: higher
concentrations prevent some proteins to bind to the polymer layer and
some of the proteins are flushed away from the crystal chamber.

Figure 57: Maximum frequency shift (absolute value) for crystals coated
with PLA 0.1 mg/mL and poly(LLA-co-CL) 0.1 mg/mL and
flushed with fibronectin, at 37 °C.

Instead, if nDP were pre-adsorbed on the surfaces, a definite de-
crease in frequency was monitored (Figure 58).

If compared to the magnitude of the frequency shift obtained with-
out pre-adsorption of nDP, these variations in frequency are much
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Figure 58: Frequency shift for crystals coated with PLA 0.1 mg/mL and
poly(LLA-co-CL) 0.1 mg/mL and flushed with nDP 10 µg/mL
and fibronectin 10 µg/mL, at 37 °C.

higher (Figure 59). So, this if an additional prove of the fact that
nDP can be functionalized with fibronectin and that nanodiamonds
enhance fibronectin adsorption onto PLA and poly(LLA-co-CL).

Furthermore, the frequency shifts recorded when flushing fibronectin
after nDP is not considerably different for the two polymer films. This
means that fibronectin has a similar affinity for PLA and poly(LLA-co-
CL) when they are enriched with nDP.

Figure 59: Maximum frequency shift for crystals coated with PLA 0.1
mg/mL and poly(LLA-co-CL) 0.1 mg/mL, flushed with nDP
in varying concentrations and fibronectin 10 µg/mL, at 37 °C
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C O N C L U S I O N S

Quartz Crystal Microbalance (QCM) is a technique that exploits the
changes in the resonance frequency of a quartz crystal to evaluate
the mass changes at the interface with the crystal surface. In the
present Master thesis, QCM was proven to be a suitable technique
for analyzing the interactions between selected degradable polymers
and nanodiamond particles (nDP), fibronectin and the growth factor
BMP-2.

During the first part of the project, great effort was aimed to guaran-
tee polymers adhesion on quartz crystal surfaces in contact with water
at 37 °C, to allow QCM measurements. In particular, different strate-
gies of crystals treatments were tested and the polymer films behavior
was found to be dependent on temperature, film thickness and quartz
crystal surface treatments, such as air plasma treatment. Then, par-
ticular conditions of polymer film and crystal surface treatment that
allowed to perform QCM measurements were defined. However, these
conditions held only for a selection of degradable polymers, such as
PLA, poly(LLA-co-CL), poly(TMC-D-LA) and PS. Further researches
should be undertaken in the future to identify a strategy that permits
the analysis of other degradable polymers, like PLA-PEG-PLA, PGA
and PHAs with QCM.

Once the first selection of suitable polymers and conditions for QCM
measurements was concluded, the attention was focused on PLA and
poly(LLA-co-CL), for investigating and comparing the relationships of
these materials with nDP, fibronectin and BMP-2. In particular, these
interactions were proven to be dependent on polymer thickness and
concentration of nDP and proteins in solution. As an example of the
former, a thick and a thinner film of PLA revealed an opposite behavior
in terms of nDP absorption and detachment. These differences can be
explained with the swelling of the thicker layer when in contact with
water and by the strong interactions between nDP.

As for the concentration of nDP and protein solutions, for every
material and protein there is a different optimal concentration that
maximizes protein and nDP adsorption. This value of concentration
must be high enough to allow sufficient interaction between proteins or
nDP and the material. On the other hand, it also has to be low enough
to limit the formation of nDP aggregates and the flow of proteins and
nDP outside the QCM crystal chamber. As a matter of fact, these
events would prevent an optimal adsorption of nDP and proteins onto
the polymer. Moreover, these optimal concentrations are dependent on
the material considered. For instance, poly(LLA-co-CL) was proven to

95



conclusions

require higher values of concentrations of nDP and BMP-2 to maximize
the adsorption, in comparison with the concentrations needed for
PLA. This effect can be explained with the difference in degree of
crystallinity of the two polymers. In the future, a wider variety of
polymers, protein types and concentrations should be analyzed, in
order to find the optimal concentration for every protein and material.
Furthermore, QCM measurements also confirmed that the presence of
nDP enhances the adsorption of fibronectin and BMP-2 onto PLA and
poly(LLA-co-CL). This phenomenon can be related to the small size
of nanodiamonds, that increases polymer surface roughness.

Eventually, a future development of the work performed for this
Master thesis could be the evaluation of the interactions of cells with
proteins, nanodiamonds and degradable polymers, to determine the
conditions that enhance cell adhesion. As a matter of fact, many of
the choices made for this project, in particular about the experimental
setup of the QCM, were aimed to allow future progresses in cell
adhesion analysis.
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abbreviations

AFM Atomic Force Microscope
BMP-2 Bone Morphogenetic Protein-2
DCM Dichloromethane
DMEM Dulbecco’s Modified Eagle’s Medium
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
DSC Differential Scanning Calorimetry
ECM Extracellular Matrix
FN Fibronectin
GF Growth Factor
MSCs Mesenchymal Stem Cells
nDP NanoDiamond Particles
P(3HB) poly((R)-3-hydroxybutyrate)
PBS Phosphate-Buffered Saline
PCL Poly(ε-caprolactone)
PDLA Poly(D-lactide)
PEG Polyethylene glycol
PET Polyethylene terephthalate
PGA Polyglycolide
PLA Polylactide
PLLA Poly(L-lactide)
Poly(LLA-co-CL) Poly(L-lactide-co-ε-caprolactone)
Poly(TMC-D-LA) Trimethylene carbonate-co-D-lactide
PS Polystyrene
PVA Polyvinyl acetate
PVAm Polyvinylamine
QCM Quartz Crystal Microbalance
QCM-D Quartz Crystal Microbalance with Dissipation monitoring
QCM/HCC Quartz Crystal Microbalance Heat Conduction Calorimeter
RGD Arginine-Glycine-Aspartic acid
SEC size-exclusion chromatography
SEM Scanning Electron Microscope
TEA Tryethylamine
THF Tetrahydrofuran
TMC trimethylene carbonate
VEGF Vascular Endothelial Growth Factor
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