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Abstract. This paper describes an approach to manipulate the stiffness of extracellular matrix, and reports
the experimental results obtained from the atomic force microscopy to demonstrate the effectiveness of this
proposed approach. The experimental results demonstrate that, by embedding magnetic beads in an ECM
sample through bioconjugation between the streptavidin-coated beads and the collagen fibers, the stiffness of
the ECM can be actively manipulated by the application of an external magnetic field. These results
demonstrate the possibility of creating desired stiffness gradients in the ECM in to influence cell behavior.
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1. Introduction

The stiffness of the ECM (an insoluble cue) is known to influence many types of cellular behavior [1, 3].
It regulates the degree of cell-matrix adhesion, the size of the focal adhesion, as well as the stiffness and
tension developed by the cell itself [2, 4]. Motility and cell alignment are associated with ECM stiftness,
manifested in the tendency of cells to migrate from soft to stiff environment [5]. Although the mechanisms
of many of these effects are still unknown, it is clear that the mechanical properties of the ECM influence
protein expression [6].

A number of methods have been proposed in the literature for changing the stiffness of collagen for the
purpose of observing in vitro cell behavior in an ECM sample. One involves changing collagen
concentration. Helary et a/ showed the relationship between the collagen gel stiffness and collagen
concentration [8]. Another method involves varying the pH value in a sample, since solution acidity during
fibrillogenesis affects collagen stiffness [9]. Changing the temperature of an ECM sample can also lead to
change in its stiffness [10]. These currently known methods mainly rely on manipulating soluble cues.

Manipulating the stiffness of ECM by mechanical means offers an alternative. In our previous work [7],
we proposed an approach for active uniaxial manipulation of the stiffness of ECM samples. This approach
works by embedding magnetic beads in an ECM through bio-conjugation between the streptavidin-coated
beads and the collagen fibers, then applying an external magnetic field to exert forces on the beads in order
to manipulate the stiffness of the ECM. In [7], the changes in the apparent stiffness of the ECM samples
were observed at macroscale, where the ECM was treated as a lumped model whose stiffness was evaluated
through stretch testing. The questions of how and to what extent the beads (when under the influence of the
external magnetic field) affect the stiffness of the ECM locally at microscale remain to be explored.
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In this paper, we describe the design of an experiment to investigate the local stiffness of ECM samples
using an Atomic Force Microscope (AFM). We then present an analytical model describing the change in the
stiffness of a bead-embedded ECM sample due to the influence of an external magnetic field. Lastly, we
report experimental results demonstrating the effectiveness of this approach for active manipulation of ECM
stiffness and the validity of the analytical model.

2. Experiment Design and Procedure

We embedded superparamagnetic particles in ECM samples (via bioconjugation between the beads and
the ECM fibers) and then apply an external magnetic field to actively manipulate the ECM stiffness. The
beads are attached to the ECM fibers by bioconjugation. When the AFM indents at a location in the ECM
near a bead, applying an external magnetic field produces a force on the beads. The forces acting on the
beads are transmitted through the fibers to produce in the ECM a resistance to the indentation of the AFM.
The change in the Young’s modulus of the ECM sample, when switching on or off the magnetic field, is
determined by the AFM. We investigated four scenarios listed in Table 1.

Table 1: Scenarios in Experiment

No. 1 2 3 4
Bioconjugation Yes Yes No No
Magnetic field Off On Off On

For Scenarios 1 and 2, we used beads coated with streptavidin since streptavidin will affix to collagen-
rich areas [12, 13]. For Scenarios 3 and 4, we need to embed beads in the ECM such that there is no binding
between the beads and the collagen fibers. The collagen was prepared according to the recipes listed in Table
2. A holder was designed to contain the magnet and the collagen in close proximity to each other. A 4 mm’
cube, grade N50 Neodymium Iron Boron permanent magnet, procured from Liftonmagnet, was to be housed
in this holder. Fig. 1 shows a solid-model image of the holder and the actual item fabricated by using an
Eden 350 3D printer, and a JPK NanoWizard II AFM module, incorporated with a tip-scanning concept for
long-time position stability was used in conjunction with a 4-pm-diameter microsphere as the probe.

Table 2: Recipes for Collagen Preparation

Components Without magnetic beads With magnetic beads With magnetic beads
(Streptavidin coated) (PEG coated)
Collagen (4.62 mg/mL) 0.216 mL 0.216 mL 0.216 mL
Water 0.137 mL 0.131 mL 0.131 mL
PBS (10x) 0.040 mL 0.040 mL 0.040 mL
NaOH (0.5 N) 0.007 mL 0.007 mL 0.007 mL
Beads (5 mg/mL) 0 mL 0.006 mL 0.006 mL
Total 0.400 mL 0.400 mL 0.400 mL

Fig. 1: Solid model and actual holder.

Under the conditions that the sample are considered as an isotropic and linear elastic solid occupying an
infinitely extending half, that the indenter is non-deformable, and that there are no additional interactions
between indenter and the sample, the Young modulus (£) of the sample can be fitted and calculated using the
Hertz model, which has the form [11]:

4ERY/2 2a 4q2 8 472 16a 32
F=ioom 0 (1= 2+ n = (0 + 55 Bo) 1 + 252 (ad + 55 o) 2 M
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with the Poisson’s ratio set at v = 0.5 for soft biological samples, ag = —1.2876 — 1.4678v + 1.3442v*/(1 — v)
and B = 0.6387 — 1.0277v + 1.5164v*/(1 — v), where x = VRS / h, d is the sample indentation, 4 is the
sample height, R is the radius of the indentation sphere, and £ is the Young’s modulus of the sample, as
indicated in Fig. 2.
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Fig. 2: Schematic of the AFM spherical probe tip during the indentation experiment.

When compared to the depth of indentation which is to be limited to a maximum of 5 Zm in this
experiment, the sample height of # =800 #m can be considered as infinitely large. With x — 0, the force-
indentation relationships, as shown in Equation (1), reduce to F = A6° In particular, for an AFM with a
spherical tip, A = 4E R/ (3(1 — v%)). Therefore, F = 4E R"* 57/ (3(1 — v*)). By measuring F and
experimentally, we can estimate £ for a given ECM sample.

For each sample associated with a scenario specified in Table 1, a set of force and indentation depth
measurements were obtained along Line 1 in the y-direction as shown in Fig. 3. Another set of measurements
will be taken along Line 2, which is separated from Line 1 in the x-direction by about 50 1 m. Two reference
points were chosen along each line and fifteen to twenty measurements were taken at random positions. Fig.
3 illustrates the details of the indentations.
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Fig. 3: Illustration of indentation areas and bead locations.

3. Analysis of Change in ECM Stiffness

The magnetic field equation along the x-axis (as is indicated in Fig. 3) for a cuboid permanent magnet is
given by [15],

_& -1 ab _ -1 ab
Be(x) = [ta“ (mm) tan (z<c+x)¢4(c+x)z+az+bz)] 3)

where a = b = ¢ =4 mm are the height, width and thickness of the permanent magnet, respectively. With B, =
1.5 T, a bead approximately 5 mm away from the magnet will experience a magnetic field of B = 0.05 T.
According to the magnetization curve (provided by Bangs Laboratory, Inc.), such a bead has an induced
auxiliary magnetic field of H = 40 emu/g. The force experienced by a bead is [14]: F = V(m * B), where the
magnetic moment can be obtained as m = p » H « V, with p = 5.24 kg/m’ is the density of iron oxide, and V/
the volume of a bead with a radius of 1 gum. A numerical simulation for the case of a bead located at a
distance of x =5 mm away from the magnet shows that the force acting on the bead is approximately 16 pN.
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With the AFM indenting the region of the sample near a bead in the —z direction and the magnetic force
exerting on the bead in the —x direction, as is illustrated in Fig. 3, the strain generated by the stress tensor of
the indentation force is ¢.. = (I/E) [-v —v 1] [0« 0y, O'ZZ]T. For this case the shear stress can be ignored. When
the magnetic field is absent, we have o, = g,, = 0. Using the contact model of a sphere and a half space, o..
can be expressed as 0., = —F;/ mRd, where F is the force applied by the AFM. Consequently, ¢’,,=—F;/n E
R d. When present, the magnetic field contributes to the stress tensor in the x direction so that g,, = —F,/ 7
R,?, where F,, is the magnetic force exerted on bead, and R, is the radius of bead. Thus, the strain in the z
direction is reduced to ¢ .= (0., - vo..)/E = (—F;/ nmRd + vF,/ & sz)/E . Therefore,

E;, = — F/nRde,, = — EF;R}/(VE,Rd — F;R}) 4)

4. Results and Discussion

Fig. 4 shows one pair of results (for samples embedded with streptavidin-coated beads and with PEG
coated beads) that were obtained in the absence (Fig. 4a) and the presence (Fig. 4b) of the magnetic field.
The average readings of the Young’s modulus for Line 1 and Line 2 were calculated and the line that gave
the least standard deviation was chosen for comparison. The average stiffness associated with the four
scenarios are shown in Table 3. Using Equation (4) and under the condition that there is a bead closest to the
indentation site that generates the dominant resistant to the indentation (as illustrated in Fig. 3), the new
Young’s modulus can be calculated (by setting £,, = 16 pN and using the Young’s modulus for the case of
no magnetic field) to be 41.58 Pa. This represents an (analytically predicted) 13.63% increase in the Young’s
modulus of the sample when the magnetic field was applied, and is comparable with the experimental result
(of a 16.23% increase) as shown in Table 3.

From Table 3, it can also be seen that the Young’s modulus of the sample embedded with PEG-coated
beads decreased by 9% upon the application of the magnetic field. This decrease can be explained by the fact
that the PEG-coated beads had no strong attachment to the ECM fibers. When the magnetic force was
applied, the individual beads were pulled and dislocated slightly from their original surrounding. This
created space around a bead for it to move around easily. When the sample was indented by the AFM, there
was then less resistance (due to the beads) against the movement of the AFM tip, resulting in the observed
reduction in the value of the Young’s modulus.
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Fig. 4: AFM indentation results.

Table 3: Summary of results

Sample Magnetic field [Stiffness (Pa)] Percentage change (%)
ECM with beads embedded but no binding off [14.96], on [13.59] -9.12
ECM with beads embedded with binding off [36.59], on [42.53] 16.23

5. Conclusion
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We have presented the design of an experiment to investigate the local stiffness of ECM samples using
an Atomic Force Microscope, and have developed an analytical model to predict the change in the stiffness
of a bead-embedded ECM sample due to the influence of an external magnetic field. We have also reported
experimental results demonstrating the effectiveness of this approach for active manipulation of ECM
stiffness and the validity of the analytical model. Our experimental results have demonstrated that the
binding between the embedded beads and the collagen fibers plays a significant role in affecting the overall
stiffness of ECM. This is due to the fact that beads attached to the fibers via bioconjugation create substantial
additional resistance to deformation in the fibers when an external magnetic field is applied. These results
demonstrate the possibility of creating desired stiffness gradients in an in vifro extracellular matrix to
influence cell behavior.
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