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While the determination of mechanical properties of a hard scaffold is relatively straightforward, the

mechanical testing of a soft tissue scaffold poses significant challenges due in part to its fragility. Here,
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a b s t r a c t

we report a new approach for characterizing the stiffness and elastic modulus of a soft scaffold through

atomic force microscopy (AFM) nanoindentation. Using collagen–chitosan hydrogel scaffolds as model

soft tissue scaffolds, we demonstrated the feasibility of using AFM nanoindentation to determine a

force curve of a soft tissue scaffold. A mathematical model was developed to ascertain the stiffness and

elastic modulus of a scaffold from its force curve obtained under different conditions. The elastic

modulus of a collagen–chitosan (80%/20%, v/v) scaffold is found to be 3.69 kPa. The scaffold becomes

stiffer if it contains more chitosan. The elastic modulus of a scaffold composed of 70% collagen and 30%

chitosan is about 11.6 kPa. Furthermore, the stiffness of the scaffold is found to be altered significantly

by extracellular matrix deposited from cells that are grown inside the scaffold. The elastic modulus

of collagen–chitosan scaffolds increased from 10.5 kPa on day 3 to 63.4 kPa on day 10 when human

foreskin fibroblast cells grew inside the scaffolds. Data acquired from these measurements will offer

new insights into understanding cell fate regulation induced by physiochemical cues of tissue scaffolds.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Cells in vivo interact with various surrounding cells through
cell–cell and cell-extracellular matrix (ECM) interaction in a three
dimensional (3D) fashion. It has become clear recently that cell
fate is regulated by not only soluble signaling molecules but also
by physicochemical cues such as mechanical properties of an
ECM. Thus, the determination of mechanical properties of an
in vitro constructed ECM, i.e., a tissue scaffold, becomes more
critical for controlling cell growth and differentiation in 3D
environments. A variety of biomaterials have been developed
and adopted for fabricating 3D scaffolds. Collagen and chitosan
are two widely used natural biomaterials for 3D cultures (Chen
et al., 2006; Ma et al., 2003; Yan et al., 2006; Zhang et al., 2006).
Both materials can be readily cross-linked to form hydrogels for
growing soft tissues (von Heimburg et al., 2001; Wang and Ye,
2009; Zustiak and Leach, 2010). Compared to scaffolds made from
hard materials, cells grown inside soft scaffolds respond more
significantly to scaffold’s mechanical properties (Discher et al.,
2009; Engler et al., 2006; Georges and Janmey, 2005; Levental
et al., 2007). Besides, the elasticity of the soft scaffolds can be
altered by cells through their secreted ECM (Mammoto et al., 2009).
ll rights reserved.

: þ1 479 575 2846.
Studies suggest that cells can alter substrate’s stiffness hundreds
of micrometers away from their edges (Winer et al., 2009). The
traction forces that cells apply to their matrix can also refashion
the matrix stiffness of a hydrogel scaffold that exhibits strain-
stiffening behaviors.

Unlike hard scaffolds, the mechanical properties of soft scaffolds
are difficult to be characterized due to its fragility. They usually can
only tolerate nN stress, making it difficult to measure. One solution
is to determine their elastic modulus through indentation. Nano-
indentation has been applied for characterizing many soft materi-
als’ mechanical properties (Doube et al., 2010; Isaksson et al.,
2010). In nanoindentation test, small loads and a small tip can be
used with an AFM (Barone et al., 2010). AFM can measure forces at
the nN level (Chowdhury and Laugier, 2004; Clifford and Seah,
2006; Darling et al., 2007). For example, AFM nanoindentation has
been applied to quantify quasi-static mechanical properties of
newly synthesized cell-associated matrices of individual chondro-
cytes (Lee et al., 2010; Ng et al., 2007). Although AFM nanoinden-
tation shows tremendous potentials for characterizing soft tissues,
its application in determining mechanical properties of a hydrogel
scaffold in liquid has not yet been explored. Here, we present a
new approach of quantifying tensile strength of a soft tissue
scaffold using AFM nanoindentation. A mathematical model was
developed and used for determining the stiffness and elastic
modulus of collagen–chitosan hydrogel scaffolds under various
conditions.
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Fig. 2. Schematic of indentation: indentation of a thin biological sample by a

triangle probe.
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2. Materials and methods

2.1. Scaffold fabrication and cell growth

Collagen–chitosan scaffolds were fabricated, as described previously (Zhu

et al., 2009b). In brief, 0.5% (w/v) rat tail type I collagen and 2% chitosan were

dissolved in 0.1 M acetic acid, followed by freezing at �80 1C for 2 h and then

lyophilized for 24 h. After lyophilization, the scaffolds were cross-linked by cutting

them into small sizes (15 mm in diameter and 2 mm in thickness) and immersing

into 2 ml 40% (v/v) ethanol containing 50 mM MES (ethanesulfonate) (pH 5.0),

33 mM EDC (carbodiimide) and 8 mM NHS (N-hydroxyl succinimide) for 10 h.

After cross-linking, the scaffolds were neutralized with 0.1 M Na2HPO4 (pH 9.1)

for 1 h, followed by repeatedly washing with 40% ethanol and Milli-Q water to

remove excess base until the pH reached 7 to 7.4. The scaffolds were then

lyophilized for 24 h and sterilized under UV.

A human foreskin fibroblast cell line, HFF-1 (ATCC SCRC-1041) was routinely

maintained in 20% defined fetal bovine serum, 2 mM L-glutamine, 1% nonessential

amino acids, 0.1% mM b-mercaptoethanol, and 80% DMEM at 37 1C in a 5% CO2

incubator. Cells were seeded into collagen–chitosan scaffolds at a density of

1�105 cells/scaffold. The scaffolds were pre-washed with PBS buffer and pre-

equilibrated with the culture medium.

2.2. SEM

Scaffolds were mounted on stubs with a double-stick carbon tape and sputter

coated with gold–palladium, and examined using a Joel Field Emission SEM

(JSM-6335F, JOEL) at an accelerating voltage of 5 kV. Distinct sections from each

sample were imaged (4 images per sample), and the pore size was determined

using the Image-Pro Plus software. At least 90 pores were assessed for each

sample. Data are presented as mean pore size 7SD.

2.3. AFM nanoindentation test

The Agilent 5500 ILM AFM was used to perform the AFM nanoindentation test.

A rotated monolithic silicon probe with a spring constant of 0.2 N/m was adopted

for AFM AC mode imaging and nanoindenting test. The probe employs an ‘‘on scan

angle’’ symmetric triangle tip to provide a more symmetric representation of

features over 200 nm and its resonance frequency is 13 kHz in air, which could

vary accordingly in liquid. The tip radius is about 10 nm and its half cone angle is

251. The nanoindentation test was done in liquid. For liquid imaging, the laser is

aligned in air mode after a tip is assembled. This is critical to the controlling of the

distance by which the tip is withdrawn from the sample plate, as the tip and the

sample will be invisible after the liquid cell is mounted on the sample plate. After

alignment, a liquid cell is mounted on the sample plate to create a liquid-sealed

space in which the sample is immersed in a solution. In case the sample floats,

a transparent tape can be used to fix the sample to the bottom of the cell to make

it stable. The assembled sample plate is then moved to AFM for scanning or

indenting. As liquid could cause laser refraction, the position of the detector needs

to be carefully adjusted in order to keep receiving signals. The indentation is very

much straightforward as the distance between the tip and the sample can be

controlled by user. To minimize the chance of producing plastic deformation,

a scaffold sample was indented multiple times to obtain the force information,

consequently a deformation curve. After locating the sample on the AFM, the

sample was indented at several locations within a small neighboring area of the

sample surface. Only one indentation was done at each location. The raw data

were collected and used for the determination of the tensile strength of the

scaffolds.
Fig. 1. SEM images of collagen–chitosan scaffolds. Hydrogel scaffolds were prepar

(collagen–chitosan, v/v). Scale bar: 10 mm.
2.4. Statistical analysis

The mean elastic modulus of a scaffold was determined from its force curve.

Data from each group were expressed as the mean7SD (standard deviation) by

frequency analysis. The Levene homogeneity test indicated unequal variances

(po0.05). Therefore, the means were analyzed by one-way analysis of variance

with a Brown Forsythe test to account for unequal variances, followed by

Bonferroni post-hoc tests using SPSS to evaluate differences between regions.

A p-value o0.05 was considered statistically significant.
3. Results and discussion

Collagen has been widely used in constructing 3D tissue
scaffolds (Badylak et al., 2009; Yannas et al., 2010), while chitosan
is usually used to endow scaffolds with sufficient mechanical
strengths required for cell growth. A number of studies suggest
that the mixing of chitosan with collagen can significantly improve
cell attachment and proliferation (Gong et al., 2010; Ragetly et al.,
2010). Studies further suggest that physicochemical cues of a
collagen–chitosan scaffold are significantly different, affected by
chitosan content in the scaffolds (Zhu et al., 2009b). We found that
a collagen scaffold blended with 20–30% of chitosan provides
better cues for cells to grow (Zhu et al., 2009b, 2010). Thus, in this
work, the ratios of 8:2 (collagen vs. chitosan) (refer to scaf1) and
7:3 (refer to scaf2) were chosen for fabricating the scaffolds. The
SEM images of these two scaffolds are shown in Fig. 1. They both
exhibit interconnected network structures with a high porosity.
The average pore size is 150767 mm in scaf1 and 100748 mm in
scaf2. These interconnected porous structures are suitable for cell
growth, as reported previously (Lin et al., 2009).

We characterized the mechanical properties of the scaffolds in
PBS buffer by the AFM. Fig. 2 illustrates a schematic of the AFM
ed by mixing collagen with chitosan in different ratios: (A) 8:2 and (B) 7:3



Fig. 3. Force curves obtained from indenting collagen–chitosan (at a ratio of 8:2)

scaffolds at multiple locations within a small neighboring area of the sample

surface. Only one indentation was performed at each location.
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nanoindentation test. By measuring an indent caused by an AFM
tip, a force F (nN) versus the indentation distance (nm) curve can
be obtained, from which the Young’s or elastic modulus E (Pa) of
the scaffold can be determined. Force curves were collected by
monitoring the cantilever deflection while ramping the piezo-
scanner in z-direction with the xy scanning disabled, resulting in a
plot of force versus sample position. As depicted in Fig. 2, Dz is the
piezo-actuator translation under user’s control, Dd is the deflec-
tion of the cantilever, and d is the indentation distance on the
sample. Thus

Dz¼Ddþd ð1Þ

According to the Newton’s Third Law, the magnitude of a force
acting on the sample is equal to the force exerting on the
cantilever; thus

F ¼ kcDd ð2Þ

where kc is the spring constant of an AFM tip cantilever, reflecting
the stiffness of the scaffold. On an infinitely stiff sample, the
deflection (d) of a cantilever is identical to the movement of the
piezo in z-direction, i.e., d¼z. For a soft sample, a cantilever tip
will indent the sample. This indentation (d) leads to a smaller
deflection, i.e., d¼z�d, resulting in a flatter force curve with a
smaller slope. d can be determined from the cantilever’s contact
sensitivity (nm/V) which is determined by indenting mica with
the same tip where Dz is equal to Dd (no indentation). The
cantilever deflection during indenting a scaffold sample can also
be determined from the sensitivity. When indenting the scaffold
sample, Dz¼Ddþd, where Dz is controlled by a user, and Dd is
equal to the product of the sensitivity and Amp (V). The Amp can
be read from the indentation curve. Assuming d0¼0, then d¼Dd.

Because Hooke’s Law connects the deflection of a cantilever
and its applied loading force via the force constant k of the
cantilever, the loading force can be given by

F ¼ kd¼ kðz�dÞ ð3Þ

While the elastic deformation of two spherical surfaces touch-
ing under load can be estimated using a Hertz contact theory and
continuum mechanics (Antonyuk et al., 2005), Sneddon mechan-
ical model (Heuberger and Louis, 1996) is more appropriate for a
cone pushing onto a flat sample like the one used in this work.
Based on this model, the relationship between the indentation d
and the loading force F can be given by

F ¼
2

p

� �
E

ð1�v2Þ

� �
d2 tanðaÞ ð4Þ

where a is the half-opening angle of an AFM tip, and v is the
Poisson’s ratio. As

Dz¼ z�z0 ð5Þ

Dd¼ d�d0 ð6Þ

d¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F

½ð2=pÞðE=ð1�v2ÞÞtanðaÞ�

s
ð7Þ

and

F ¼ k d�d0ð Þ ð8Þ

By combining these equations yields

z�z0 ¼ d�d0þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kðd�d0Þ=f2EtanðaÞ=½pð1�v2Þ�g

q
ð9Þ

To determine an elastic modulus from this equation, the zero
deflection (d0) has to be determined in the noncontact part of
a force curve. Because the scaffold obeys rubber elasticity, we
assumed a Poisson ratio of 0.5 (Baldwin et al., 1955). We used
0.2 N/m as a determined force constant and 251 as the half-opening
angle of the cone, based on specifications of the AFM provided by
the manufacturer. Now only two variables, i.e., the contact point z0

and the elastic modulus E are unknown in Eq. (9). These two
variables can be determined independently by taking two different
deflection values and their corresponding z values from a force
curve. These two data points define the range of deflection values,
corresponding to a range of loading force.

Because the AFM tips used are rather sharp cones, the induced
shear stress is on the order of the sample’s elastic modulus with
the danger of producing plastic deformation. Although the cone
could penetrate the surface of a scaffold, resulting in plastic
and/or irreproducible deformations, such effect can be minimized
by taking a reading on one spot a time. We believe that as long as
the indentation approach and retrace plots are the same for one
and the other, and the force curves obtained are linear, the elastic
state would be guaranteed. Fig. 3 presents the force curves from
4 indentations on scaf1. The slopes (nN/nm) are 0.01058 (inden-
tation 1), 0.008055 (indentation 2), 0.02341 (indentation 3), and
0.01845 (indentation 4). They seem to be within a reasonable
range. Next, we investigated whether an indenting approach is
identical to a retraction curve. Fig. 4 shows a typical set of raw
data of one of the indentation experiments performed using scaf2.
It appears that the approach and the retrace curves are not
completely overlapped. There is a 0.4 mm offset between the start
and end height. The effect of this offset, however, is minor, as the
indenting curves are linear. This offset could be due to some
deficiencies, such as elastic hysteresis or water attraction force.
As the measurements were performed in PBS buffer, water can
hold the tip when the scanner is pulled away from the surface,
leading to the offset shown in Fig. 4. A similar phenomenon has
been described in the literatures (Howland and Benatar, 2000).
Based on these measurements, we assumed that the deformation
during indentation is elastic and the indenter is a rigid body. Only
the approach data are used for obtaining force curves of a sample.

On the other hand, the radius of a tip used in AFM indentation
is less than 10 nm, while the features on the scaffolds tested are in
dimensions of 10 mm scale (Fig. 1). Thus, we assumed that the tip
is indenting a flat surface, which satisfies the schematic in Fig. 2
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as well as Eq. (4). It is noteworthy to point out that Fig. 4 presents
a load–displacement curve of a cantilever used for indenting a
scaffold. It was plotted by the load on the cantilever versus the
piezo-actuator translation in the z-direction but not the load on
the cantilever versus the cantilever deflection.

Before plotting a force curve, the sensitivity (nm/V) of the AFM
needs to be determined; thus, we indented a mica surface using
the same tip. The mica surface is hard enough to be considered as
a rigid substrate; thus, the translation distance is equal to the
deflection of the cantilever. From these tests, we resolved the
sensitivity of the AFM. It is approximately 89 nm/V.

Due to the viscosity of hydrogel scaffolds in PBS buffer,
hydrodynamic drag force could add a constant external force to
the loading force of a cantilever. This force can, however, be
separated by reducing the scanning speed of the tip. By indenting
slowly enough, the viscous contributions will be very small.
Fig. 4. AFM raw data of indenting a collagen–chitosan (at a ratio of 7:3) scaffold.

(a) Piezo-movement starts in the z-axis; (b) cantilever begins to contact the

sample; (c) z-axis movement stops; (d) cantilever departs from the sample during

unloading; and (e) piezo-movement stops.

Fig. 5. Force curves of scaffolds determined through AFM nanoindentation test. (A) For

(collagen–chitosan, v/v). (B) Force curves of mouse pancreas and heart tissues used as
Then, the force measurements will only be dominated by elastic
behaviors of the materials. The force curves were obtained in
the contact mode at a lateral scanning speed of 0.5 line/s. While
indenting, there is no speed control, but the indentation distance
and the total number of data points along that distance are
controlled. For example, the indentation distance is 5 mm and
the number of data points, which possess the indenting informa-
tion, is 10,000. The scanning speed was determined empirically
and considered to be slow enough to minimize the amount of
hysteresis, yet fast enough to maximize the number of force
curves that can be captured in a given measurement. We used
50–75% of the approaching curve to calculate the indentation, as
the use of the retracting curve leads to an incorrect measurement
of indentation.

With these settings, we determined the force curves of both
scaf1 and scaf2 scaffolds (Fig. 5). To validate these tests, we
ascertained the mechanical properties of mouse pancreas and heart
tissues prepared from 3 mice. The measurement showed that the
average elastic modulus of mouse heart and pancreas tissues is
about 47.4 and 8.25 kPa, respectively (Fig. 6b). These measurements
are in agreement with others work. For example, one study shows
that the average stiffness of a mouse heart sample is about 49.6 kPa
(http:www.mate.tue.nl/mate/pefs/9706.pdf). Thus, we believe that
the test developed in this work is reliable for characterizing scaffolds’
mechanical properties. After these validations, we determined the
mechanical properties of both scaf1 and scaf2 (Fig. 6a). The elastic
modulus of scaf2 is 11.6 kPa, whereas it is 3.96 kPa for scaf1 (Fig. 6),
suggesting that the addition of chitosan to a collagen scaffold helps
enhance its stiffness. These elastic moduli were determined from six
force curves for each sample.

Next, we investigated whether the tensile strength of a
collagen–chitosan scaffold is altered by ECM deposited from cells
grown inside a scaffold. We seeded the human foreskin fibro-
blasts into both scaf1 and scaf2, as reported previously (Zhu et al.,
2009b, 2010). The elastic moduli of the two scaffolds were
determined at different time points within 10 days of cultures.
As shown in Fig. 7a and b, their elastic moduli decreased
gradually when they were immersed in a cell culture medium
for 10 days. The scaf1’s elastic modulus dropped from 3.69 to
2.63 kPa, while scaf2’s elastic modulus declined from 11.6 to
5.19 kPa after 10 days incubation. It appears that a high content
collagen in the scaffolds helps delay their deterioration. As
documented in literatures, collagen tends to degrade in culture
medium (Serpooshan et al., 2010; Yannas et al., 2010). In contrast,
the tensile strength of collagen–chitosan scaffolds increased when
ce curves of two scaffolds prepared using different ratios: scaf1, 8:2 and scaf2, 7:3

controls for AFM nanoindentation.

http:www.mate.tue.nl/mate/pefs/9706.pdf
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cells were grown inside them. The elastic modulus of scaf1 was
elevated from 10.5 kPa on day 3 to 63.4 kPa on day 10 when the
human foreskin fibroblasts were cultured inside the scaffolds
(Fig. 7c). The deposition of ECM from cells might contribute to
this increase. Although we did not directly observe the cellular
deposition of ECM in this work, our early work using similar
scaffolds demonstrated the ECM deposition from cells grown
inside the scaffolds (Zhu et al., 2009a, 2009b, 2010). Moreover,
we found that the tensile strength of a collagen–chitosan scaffold
is less affected by the cellular deposition of ECM if a high content
chitosan is used for fabricating scaffolds (Fig. 7d). The elastic
modulus of scaf2 was increased only slightly from 3.64 kPa on day
3 to 8.72 kPa on day 10 with cells grown inside the scaffolds.

The cellular enhancement of mechanical properties of a col-
lagen scaffold has been observed by other groups as well. For
example, the deposition of ECM from cells was found to enhance
the tensile strength of a collagen sponge scaffold (Orwin et al.,
2003). The transition of mechanical property has been found in
other scaffolds as well. For example, the protein adsorption to the
alginate during cell culture led to an increase in mechanical
properties of a porous alginate scaffold seeded with hepatocytes
or fibroblast-like cells (Sakai et al., 2005). The effect of scaffold
stiffness on cells has also been characterized extensively. For
example, cell organization, myotube formation, and cell viability
have been found to be affected significantly by scaffold stiffness for
myoblasts grown and differentiated in 3D ploy-lactic acid (PLLA)/
poly(lactic-co-glycolic acid) (PLGA) porous scaffolds (Levy-Mishali
et al., 2009). The elasticity of these scaffolds was controlled by
adjusting the ratio of PLLA vs. PLGA in the scaffolds. They found
that PLLA-containing scaffolds (100–25% PLLA) provide stiffness
that supports myotube formation. It is also noteworthy to point
out that large variation in elastic modulus measurements was
observed in our experiment. We reasoned that these variations
might be due to the nature of porous scaffolds or due to the
different positions where a tip touched the scaffolds during the
measurements. Thus, the procedure needs to be further optimized
in order to generate more consistent measurements. In summary,
we here demonstrated that an AFM tation test can be conducted in
a liquid fashion for characterizing mechanical properties of a soft
tissue scaffold. These data would offer new insights into tailoring
physicochemical cues for enhancing cell growth and differentiation
in 3D environments.
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