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Abstract — Atomic Force Microscopy (AFM) is a powerful tool as
far as surface characterization is concerned, due to its ability to
relate high resolution imaging with mechanical properties.
Furthermore biological samples, such as collagen, can be studied
by AFM with a non-destructive manner. Collagen is the most
abundant protein in mammals and because of its unique
properties is widely used as biomaterial. Due to the human skin
chronic exposure to sun light and since UV-rays are used in
sterilizing and cross linking methods of collagen based
biomaterials, the investigation of the influence of UV light on
collagen, is crucial. The purpose of this paper was to investigate
the topographic features and the mechanical properties of
collagen fibrils prior and post ultraviolet (UV) by using the AFM
indentation method. Hence, load-displacement curves were
obtained on collagen fibrils in order to calculate the Young
modulus for each case. Each curve presented, was the average of
10 curves. The results showed that Young modulus value
increased after 4 hours of UV irradiation from 0.5 GPa to 1.53
GPa. After 8 hours of UV irradiation the Young modulus value
was calculated equal to 3.2 GPa. These experiments yielded a
clear stiffening of collagen fibrils as a result of UV exposure.
Moreover, after 8 hours of UV exposure, collagen fibrillar
structure started to deform and the characteristic D-band of
collagen fibrils deteriorated. The investigation of the alterations
of the modulus under UV irradiation, will contribute to the
clarification of the impact that different physical and chemical
parameters have on the mechanical properties of collagen-based
materials. In addition, this will enable the design and
development of biomaterials with improved properties.
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Indentation is a common technique used in testing
mechanical properties of materials among which and
biological [1-4]. It is based on recording the elastic response
of the material by using an indenter. The quantitative
parameter for the determination of material elastic properties
is stiffness which describes the relation between an applied,
nondestructive load and the resultant deformation. It can be
determined at all scales of a material structure even in
extremely low dimensions by using micro- or nanoindenter,
i.e. nanoindentation. Stiffness can be sensitive to the structural
and mechanical properties of heterogeneous materials and thus
can be used as a probe of hierarchical structure-property
relationships [1]. Atomic Force Microscopy (AFM) is
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increasingly being used to measure the mechanical properties
of the sample with a micro- or nanometric resolution. The use
of AFM for nanoindentation research purposes was mainly
driven by the need of combining high resolution images with
mechanical properties. AFM consists mostly of a cantilever
and a very sharp tip. The tip is mounted at the end of the
cantilever. The surface of each sample is scanned by the tip,
and the whole procedure is recorded by a computer, which is
connected to the AFM. The computer then reconstructs the 3D
topography of the scanned area of the sample using the minute
deflections of the cantilever [5].

AFM stiffness measurements depend on monitoring the
cantilever deflection during the movement of the tip toward
the sample surface. The curve displaying the force applied as a
function of the tip indentation is referred to as a force-
indentation (F-I) curve [4]. Indentation curve can be used for
acquisition of stiffness in order to determine elastic properties
of the sample surface. However, stiffness is not a suitable
parameter for the characterization of a material elasticity
because its value depends on the deformation geometry.
Hence, the material elasticity must be characterized by its
Young modulus value. The Young modulus allows the
estimation of the force, which is required to generate a certain
deformation of the material and it depends only on the
material properties [5].

As it is well known, the most common protein in mammals
is collagen. Most parts of the mammal body, for example
tissue, skin, bone, cartilage, or tendons contain collagen in the
form of collagen fibrils. The results of a number of studies
with collagen films show that the cell response can be easily
determined, if the mechanical properties of the larger collagen
fibrils can be defined [6]. Collagen fibrils, depending on the
tissue, are aligned laterally to form bundles and fibers, which
among other properties offer to the tissue mechanical strength
and stability.

In order to define and measure fibrils mechanical
properties with AFM, collagen thin films can be used. AFM
can be used for characterizing those films surface in nanoscale
[7] and offers qualitative and quantitative information [8].
Furthermore, collagen thin films can be used for investigating
the influence of different parameters and combining them with
other properties like optical ones [9,10].



The purpose of this paper was to investigate mechanical
properties of collagen fibrils prior and post ultraviolet (UV)
irradiation. The influence of UV rays on collagen is crucial
due to human skin chronic exposure to sun light and since UV
light is used in sterilizing and cross-linking methods of
collagen based materials. In this paper Young’s modulus of
collagen fibrils on collagen thin films that were irradiated with
UV radiation for various time intervals was measured. The
investigation of the alterations of collagen Young’s modulus,
under UV radiation, will contribute to the clarification of the
effect of different physical and chemical parameters on the
mechanical properties of collagen. This research will
contribute in both the design and development of biomaterials
with improved properties.

IL.

In practice, the indentation is performed by moving the
sample up and down toward the tip and measuring the
corresponding deflection of the cantilever in order to create a
force-displacement curve [4]. A force-displacement curve is
generated at a single location on the sample surface by
measuring how much the cantilever bends during one or more
up and down movements of the scanner on which the sample
is based. The deflection of the cantilever corresponds to the
applied force on the sample by using the simple equation
F=kd where d is the deflection of the cantilever, k the
cantilever spring constant and F is the applied force. The
force-displacement curve consists of two parts, the loading
curve in which the sample movement is towards the tip and
the unloading curve in which the sample movement is the
opposite, i.e. away from the tip (Figure 1).

Briefly, the far right side of the curve represents the area in
which the scanner tube is fully retracted. This is also the
starting point before a curve is taken. The net force on the
cantilever at this point should be zero (the cantilever is
undeflected). As the scanner tube is extended (moving to the
left in Figure 1), the tip jumps onto the sample due to the
attractive (negative) interatomic force (snap in point in Figure
1). At this point the cantilever bends toward the surface
(negative net force).

The scanner continues to extend, until the cantilever is
bent away from the surface. The net force on the cantilever is
positive (repulsive). After the scanner tube is fully extended, it
begins to retract (moving to the right in Figure 1). The force
on the cantilever follows a different path. The horizontal offset
between the initial and the return paths takes place due to
scanner hysteresis. This deflection of the cantilever is shown
in Figure 1 as region b, where the net force on the cantilever is
strongly negative.

METHOD

Figure 1. Typical loading-unloading curves in case of a hard sample exposed
in air.
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Figure 2. Sample moves toward the tip. The piezomovement of the sample z is
equal to deflection of the cantilever § plus the indentation depth h.

P
B.

r

TR i

Figure 3. A) Retracting load-displacement curves of soft and stiff sample:
Vertical axis (P) represents the applied load and the horizontal axis (z) the
motion of the sample. The region in the right side of the diagram is the non-
touching region, where the sample surface is away from the tip. B) Schematic
illustration of load-indentation curves. The vertical axis represents the applied
load (P) and the horizontal (h) the indentation depth.

In case of soft biological samples, the motion towards the
tip is larger than the deflection of the cantilever and therefore
the applied force is overestimated. Thus the cantilever
deflection, & (the displacement of the AFM tip), is smaller
than the piezo-movement of the sample z, so the relation
between these displacements is z=d+h where h is the
indentation depth (Figure 2). Hence, the difference between
the sample motion and the cantilever deflection is the
deformation of the sample surface, i.e. the indentation depth.

Thus for an AFM indentation procedure, a reference
sample must be first used. This sample must be several orders
of magnitude stiffer than the AFM tip, in order not to be
intended. In this case the piezomovement of the sample is
equal to the cantilever deflection since no indentation occurs.
The force-displacement curve for a stiff sample is linear, since
the indenter force is proportional to the cantilever deflection.
The next step is the acquisition of the force-displacement
curve for the soft sample of interest (Figure 3A).

Load - indentation curve, is used for determining the
material contact stiffness [4,11,12] (Figure 3B). As it has
already been mentioned, the load - indentation curve results
from the difference in the displacement of a stiff and a soft
sample so as to succeed the same deflection of the cantilever
(i.e. the same applied load).

According to the Oliver-Pharr method [4] (which leads to
Young’s modulus calculation), the contact stiffness can be
obtained from the unloading part of the load-indentation curve

which is considered to fit in the following equation:



p=B(h—h,)" )

where p is the indenter load (i.e. the indenter force), h is the
vertical displacement of the indenter, h; is the final unloading
depth, and B, m are fitting factors.
Stiffness is given by the slope of the upper unloading part
of the curve, as follows:
s_a ()
dh

The stiffness value leads to the estimation of the Young’s
modulus, under the condition that the shape of the tip and the
Poisson’s ratio of the sample are known. The formula that
contains both the stiffness and the reduced modulus is:
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where, E; is the reduced modulus, v the Poisson’s ratio, S the
contact stiffness, and A an area function related to the
effective cross-sectional or projecting area of the indenter.

The reduced modulus E, is the combined elastic modulus
of the contacting bodies. The equation that combines the two
is given by:

“4)

where, E; and v;, and E and v, describe the elastic modulus and
Poisson ratio of the indenter and the specimen, respectively.

The reduced elastic modulus takes into account the fact
that elastic displacements occur in both the specimen, and the
indenter. Providing that the tip is several orders of magnitude
stiffer than the sample, the second term of the equation above
is close to zero, so reduced modulus is formed as follows:

1-v
E
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1
E
In practice, the indenter is usually made of a material much
stiffer than the sample. Thus the formula between elastic
modulus and stiffness can be written in the following form:

_Jr S (6)
E—T(l—v )ﬁ

This equation gives a very general relation that can be
applied to any axisymmetric indenter. It is not limited to a
specific simple geometry, even though it is often associated
with flat punch indentation [4, 5, 12]. Although it was
originally derived for elastic contact only, it has subsequently
been shown that it can be applied equally well to elastic—
plastic contact. Regarding small indentation depths (Figure 4),
pyramidal indenters can be analyzed in terms of a paraboloid
of revolution [4].

610

Figure 4. Assumption of a hard pyramidal AFM tip as a paraboloid of
revolution. In the case of small indentation depths it can be approximated by a
sphere.

The depth at which contact is made between the indenter
and the sample during indentation is defined as contact depth
h..

Pmax
— &

S
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where, hy. is the maximum indentation depth and ¢ is a
constant that depends on the indenter’s geometry. In case of a
paraboloid of revolution geometry, the constant is equal to
e=0.75 [4].

In addition, for a paraboloid of revolution, which can be
approximated by a sphere for small indentation depths, the
contact radius is determined by the following equation [3,4]:

1. =~h.(2r—nh,)

where r is the tip radius and h. is the contact depth.
Thus, the projected area can be derived by the following
equation:

®)

€

where, A, is the projected area of the tip-sample contact
surface [3,12].

It must be noted that during an indentation procedure, the
following factors must be considered [4, 11, 12]:

1. The resulted deformation has not only elastic but also

a plastic contribution as well.
The indentation load must be applied to a semi-
infinite half space.
The sample is considered to be homogeneous and
isotropic in order the Young modulus to be
independent from the resulted strain.

2.

III.  MATERIALS

A. AFM and Indenter Tips

AFM experiments were carried out using a commercial
microscope (CP II, Vecco) in contact mode. For both imaging
and indentation tests, pyramidal tips were employed. These
tips have a nominal tip radius approximately (~) 20 nm on V-
shaped cantilevers and a nominal spring constant of 0.5 N/m
(type MLCT; Veeco). In order to avoid any damage of the
sample during the imaging, a low value of the cantilever



spring constant was chosen. All experiments were performed
in air, at room temperature.

The image processing was made by using the image
analysis software that accompanied the AFM system DI
SPMLab NT ver.60.2 and IP-Image Processing and Data
Analysis ver.2.1.15 (Veeco).

B. Collagen Stock Solution

Type I collagen from bovine Achilles tendon (Fluka 27662)
was dissolved in acetic acid (CH3COOH 0.5M) in a final
concentration of 8 mg/ml and stored in 4 °C for 24h. The
solution was then homogenized at 24000 rpm (Homogenizer
IKA T18 Basic) and stored in 4 °C as the stock solution.

C. Collagen Thin Film Formation

The collagen thin films were formed with spin coating
(WS-400B-6NPP/LITE Laurell Technologies spin coater). Part
of the collagen solution (50 pl) was flushed on the substrate,
fresh cleaved mica discs (V1, 9.5 diam., 71856-01 Electron
Microscopy Science) and spin coated for 40 sec at 6000 rpm.
The procedure was repeated five times so as to form films with
multiple collagen layers and in order to avoid measuring
mechanical properties of the substrate.

D. Samples Ultraviolet Irradiation

Collagen films, were irradiated under air using a GL4
germicidal lamp with a maximum at 254 nm (Sankyo Denki
Co. Ltd., Japan) and a distance of 3cm form the light source for
various time intervals was used. The intensity of radiation for
this distance was 1813 pW/cm® i.e. 0.11 J/(cm”.min) and the
dose of incident radiation during the 1 h exposure was 6.6
J/em®. The intensity of the incident light was measured using a
Goldilux™ radiometer-photometer (Model 70234-meter and
70239-probe, Oriel Instruments). All measurements were
performed in the same conditions of temperature to avoid any
influence on the physicochemical and mechanical properties of
collagen.

IV. RESULTS

The films that were formed with spin coating method
consisted of random oriented collagen fibrils (Figure 5).
Moreover, some collagen fibrils present kinks (areas where
collagen fibrils change abruptly direction), which it is believed
to be mechanical deformations of the fibrils under the
influence of the centrifugal forces during the spin coating
process. The diameters of collagen fibrils vary from 100nm up
to 200nm, while the characteristic D-band were clearly
observed (Figure 6). The D-periodicity is a unique
characteristic of the formation of collagen fibrils with natural
characteristics. Furthermore, it has been reported that D-band
plays a significant role in fibrils mechanical strength [13].

The collagen film has been examined, with different levels
of UV exposure each time. The first measurement has been
obtained without any UV exposure (Figure 7a,b), the second
after 4h of UV exposure (Figure 7¢,d), and the third after 8h of
UV exposure (Figure 7e,f). As far as AFM images are
concerned, it is obvious that UV exposure yielded a
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deterioration of collagen fibrils. It is evident that after 8h of
UV exposure, D-band periodicity does no longer exist. On the
contrary the UV-radiation had no effect on the collagen fibril
diameters.

Moreover the load — displacement curves of the sample
have been obtained each time so as to perform the indentation
procedure.

In order to consider that the indentation load is applied to a
semiinfinite, elastic-plastic half-space, the tip apex is placed at
the center of the collagen fibril during the indentation
experiments [11]. The tip apex radius is about 20nm, and this
specific value proves that the assumption mentioned above is
reasonable due to the fact that the values of the collagen
diameters are 5 to 10 times bigger than the tip apex radius.

In order to calculate the stiffness of the collagen fibrils,
load—displacement curves were obtained for the collagen film
prior UV exposure and post UV exposure (Figure 8).
Moreover the stiffness of an infinitely stiff sample (grating)
was also measured and as a result its load displacement curve
is presented in Figure 8. In the case of a stiff sample the
piezo-displacement of the sample towards the tip, is equal to
the cantilever deflection, since no indentation occurs.
Therefore the slope of load-displacement curve for the stiff
sample must be equal to the spring constant of the cantilever

(k=0.5N/m).

Ra: 0.02529 nN
Rg:0.1102nN

Rp: 02143 nN

Height Profile Ry -0.1677 aN
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Figure 6. Characteristic collagen fibril before UV irradiation. The diameters of
collagen fibrils vary from 100nm up to 200nm.



Figure 7. Images of collagen film before and after UV exposure. a, b) 10um

x 10pm and 2pm x 2pum respectively before UV exposure. ¢, d) 10pm x 10pm

and 3um x 3um respectively after 4h of UV exposure. e, f) 10um x 10um and
3um x 3um respectively after 8h of UV exposure.
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Figure 8. Unloading load-displacement curves obtained by AFM
nanoindentation on collagen fibrils, prior UV irradiation (red graph), B) after
4h UV irradiation (magenta graph), after 8h UV irradiation (blue graph).
Black graph represents a load-displacement curve obtained on an extremely
hard sample (stiff reference).
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TABLE L YOUNG MODULUS VALUES IN RELATION TO IRRADIATION

TIME
Time of UV irradiation (h) Young Modulus (GPa)
0 0.5
4 1.53
8 32

The indentation depth in each point can be derived from
the displacement difference of a stiff and a soft sample, so as
to apply the same load in order to create a load-indentation
curve. The load-indentation data are then fitted in equation (1),
and the stiffness is calculated by the derivative of the function
of the maximum indentation depth. The maximum indentation
depth on the sample during the indentation procedure prior
UV exposure was 21.1nm. After 4h and 8h of UV exposure,
the maximum indentation depth of the sample resulted
respectively 9.8nm and 6.1nm. It is obvious that the
indentation depths that were obtained in this experiment had
very small values. As a result the ideal approximation of the
tip is a paraboloid of revolution, since only the tip apex
interacts with the sample.

The contact depth which is derived from equation (7),
leads to the calculation of contact radius and projected area
from equations (8) and (9) respectively.

The Young modulus is estimated from equation (6). For all
calculations, the Poisson ratios were assumed to be 0.2. This
value is consistent with the literature [6]. However, the exact
value of the Poisson ratio is expected to have an insignificant
effect on the calculated modulus. Thus the Young modulus
value (before UV exposure) was calculated E=0.5GPa (table
I). Moreover, the Young modulus values after 4h and 8h of
UV exposure were calculated namely with values E=1.53GPa
and E=3.2GPa respectively (Table I).

V. DISCUSSION

The influence of UV irradiation on topographical features
and mechanical properties of collagen fibrils on collagen thin
films was examined by AFM contact mode and indentation
methods respectively. The results demonstrated that UV
irradiation leads to deterioration of both collagen fibrils
structure and D-band periodicity. Moreover, UV irradiation
had a significant effect on the elastic properties of collagen
fibrils, which was quantified by measuring the Young
modulus values, prior and post UV irradiation. The Young
modulus value before UV exposure is closed to the values that
obtained by A. J.Heim et al. [14]. According to this reference,
the reduced modulus values of collagen fibrils vary from 1



GPa to 2 GPa in air. Moreover, the results demonstrated that
the sample showed a clear stiffening after the 4h of the UV
exposure. However, the rate of stiffening that occurred
between the first 4h of UV exposure (Oh-4h), was a little bit
higher than the stiffening occurred in the last 4h of UV
exposure (4h-8h). The sample became stiffer as the time went
by, but the stiffening was not proportional to the time of
exposure. This result is a consequence of the stiffening of the
sample after its exposure in UV radiation.

As it has already illustrated, UV irradiation induces an
increase in tensile strength because it leads to physical
crosslinking [15]. Hence UV irradiation is used to cause
collagen scaffold polymerization in order to create more
suitable biomaterials for load bearing applications [15]. In
addition, as it has been mentioned by A. Sionkowska et. al.,
who performed tensile experiments in air — dried collagen
films, the increasing duration of UV irradiation leads to an
increase in Young’s modulus [16]. Even though the above
papers are related to tensile experiments, it is evident that UV
irradiation increases collagen stiffness. Therefore, UV
irradiation can be used to improve the mechanical properties
of collagen-based materials [17,18].

VL

In this paper, a quantitative research of the UV effects on
the mechanical properties and on the topographical features of
collagen films in nanoscale and in air environment was
investigated by AFM nanoindentation technique. The AFM
nanoindentation is a powerful technique which enables the
characterization of the mechanical properties of collagen
fibrils in the nanoscale. The mechanical properties of collagen
fibrils, prior and post UV exposure were determined. The
results showed that UV exposure induced an increase of the
Young modulus in collagen fibrils, and in the deterioration of
collagen D-band periodicity after 8h of exposure. The
clarification of the impact that different physical and chemical
parameters have on the mechanical properties of collagen-
based materials will enable the design and development of
biomaterials with improved properties.

CONCLUSION
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