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Abstract

Inthis paper we present a microrobotic systemthat integrates micro-
scope vision and microforce feedback for characterizing biomem-
brane mechanical properties. We describe robust visual tracking
of deformable biomembrane contours using physics-based models.
A multi-axis microelectromechanical systems based force sensor
is used to determine applied forces on biomembranes and to de-
velopanovel biomembranemechanical model. By visually extracting
biomembrane deformations during loading, geometry changes can
be used to estimate applied forces using a biomembrane mechanical
model and the deter mined elastic modul us. Forceson a biomembrane
can be visually observed and controlled, thus creating a framework
for vision and force assimilated cell manipulation. The experimental
results quantitatively describe a stiffness increase seen in the mouse
zona pellucida (ZP) after fertilization. Understanding this stiffness
increase, referred to as“ zona hardening” , helps provide an under-
standing of ZP protein structure development, i.e., anincreaseinthe
number of crosslinks of protein ZP1 between ZP2 and ZP3 unitsthat
is conjectured to be responsible for zona hardening. Furthermore,
the system, technique, and model presented in this paper can be ap-
plied to investigating mechanical properties of other biomembranes
and other cell types, which has the potential to facilitate many bio-
logical studies, such ascell injury and recovery where biomembrane
mechanical property changes need to be monitored.

| nvestigating Protein
Structure Change

In the Zona Pellucida
with a Microrobotic
System

1. Introduction

Biomembranes isolate biological cells from their immediate
surroundings and can play a key role in modulating the trans-
port of substances between the cell and its environment. In-
vestigations into the functions and behaviors of various cells
oftenrequire that their corresponding biomembranes are char-
acterized. The most common biomembranes are composed
of lipids and proteins, such as plasma membranes. Mem-
brane lipids are organized in a bilayer that has two closely
opposed sheets. Embedded in and associated with the lipid
portion of the membrane are proteins. There are other types
of biomembranes that have compositions different than lipid
bilayer membranes. The zona pellucida (ZP) is an extracel-
lular biomembrane enveloping an oocyte. It is composed of
three sulfated glycoproteins, called ZP1, ZP2 and ZP3 that
are synthesized by the oocyte (Liang et al. 1995).

In this paper, an understanding of the protein structure in
ZP is pursued through ZP mechanical property characteriza-
tion using a microrobotic system integrating vision and force
feedback. Upon fertilization, the ZP surrounding the oocyte
undergoes a “hardening” process in order to prevent subse-
guent spermatozoon from penetrating. To better understand
the mechanical properties of ZP and the mechanical prop-
erty changes during zona hardening, biomembrane mechani-
cal property characterization is conducted on mouse oocytes

KEY WORDS—zona pellucida proteins, protein crossand embryos.

linking, stiffness, microrobotic cell manipulation, microelec-

A microrobotic system with biomembrane force sensing

tromechanical systems, boundary element, deformable visgapabilities is described in this paper. A deformable cell mem-

tracking, vision-based force sensing
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brane contour tracking algorithm using physics-based models
is presented. Using the visual tracking information, vision-
based biomembrane force estimation strategy is investigated.
Robust tracking of cell deformation is shown, and real-time
determination of applied force fields is demonstrated. The
experimental results quantitatively describe the mechanical
properties of mouse oocyte and embryo ZP. These results help
justify speculation that an increase in the number of cross
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< e 2.1. Microelectromechanical Systems Based Multi-Axis
= i = Capacitive Cellular Force Sensor
£S5 A i . .
7P A 71 The microelectromechanical systems (MEMS) based two-

axis cellular force sensor (Sun et al. 2002) shown in Figure 3is
capable of resolving normal forces applied to a cell as well as
eFzzmgential forces generated by improperly aligned cell probes.
,& high-yield microfabrication process was developed to form
‘the three-dimensional (3D) high aspect ratio structure by us-
ana L . - X

Ing deep reactive ion etching (DRIE) on silicon-on-insulator
(SOI) wafers.

The constrained outer frame and the inner movable struc-
ture are connected by four curved springs. A load applied
on the probe causes the inner structure to move, changing the

ap between each pair of interdigitated comb capacitors. Con-

links of protein ZP1 between ZP2 and ZP3 units is reSpo_rg'equently, the total capacitance change resolves the applied

sible fﬁ r tge qbseged ZPlggf;neﬁ]_increasel_oi_serv_ed ﬂu”ﬂgce. The interdigitated capacitors are orthogonally config-
zona hardening (Green )- This cross-linking is s OWited to make the force sensor capable of resolving forces in

scr;emﬁtlcally n Ii:gure L hni d model both thex- andy-direction. The cellular force sensors used in
urthermore, the system, technique, and model presentg experiments are capable of resolving forces up taiR5

in this paper can be applied to mechanical property investig@ﬁth a resolution as low as 0.QiN

tions of other biomembranes and other cell types. Tip geometry effects the quantitative force measurement
results. A standard injection pipette (Cook K-MPIP-1000-5)
tip section with a tip diameter of sm is attached to the probe
of the cellular force sensors.

Fig. 1. ZP and its protein structure: (a) ZP membran
enveloping a mouse embryo; (b) protein structure before f
tilization (redrawn from Green 1997); (c) after fertilization
The increase of ZP1 cross-links is speculated to cause z
hardening.

2. Microrobotic System for Characterizing
Biomembrane Mechanical Properties

The microrobotic system is composed of two three-degree2- Visually Tracking Cell Deformation Using

of-freedom (3-DOF) microrobots for cell holding and mafPhysics-Based Models

nipulation, a capacitive cellular force sensor mounted on the order to establish the quantitative relationships between
manipulation microrobot, a vacuum unit, and a cell membrarapplied forces and biomembrane geometry deformations so
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such. This assumption of linear elasticity provides robust con-
straints on the visual tracking algorithm and ensures that the
extracted contour properly mimics the underlying physics of
the cell deformation. The 2D plane stress elasticity problem
can be expressed in terms of displacemarity by (Sokol-
nikoff 1983)

1 9 [d 0
Mvzua—l—u( +V) <ﬂ+£>+Fa=o, (1)

1—v) ox, \0x; 0x;
Fig. 3. A cellular force sensor with orthogonal comb drives
detailed. wherex = 1, 2. F(x) is the body force applied to the object,
such as gravity or a force due to acceleration. This equation is
known as Navier's equation of plane stress and is defined over
a 2D domaink with a boundary) R. The shear modulys and

\ o | . Poisson’s ratio completely define the material properties of
. ' eyl an isotropic linearly elastic object.
1 1 [ [ —r"] The boundary conditions for eq. (1) can be expressed as a
S T prescribed traction vectdr} over the boundary R where, in
* Vi ! ’ YA two dimensions, the traction vector has the units of force per

length. This is known as the Neumann problem. Solving the

Neumann problem using the BEM method returns the nodal

displacement$u} which result from the applied tractions.

Once the nodal displacements} are found by solving

e Neumann problem, the displacement at any point on the
boundary can be found by using quadratic interpolation (Beer
2001). The displacement at any point in the interior of the
object can be found using Somigliana’s identity (Rizzo 1967).

In order to track deformable objects, a deformable template

that biomembrane mechanical properties can be determinégdefined that uses the BEM to model displacements. The

a robust deformable visual tracking algorithm is requiredemplate is registered to the image by applying a force field

Gradient-based tracking algorithms such as Snakes (Katisat deforms the template to match the image. This force field

Witkin, and Terzopoulos 1987) were not able to provide robu# found using an energy minimization approach.

tracking performance in the experiments. One of the reasons

is that the free-form algorithm has the generality that allows § 2 2 BEM \isual Tracking

to be used with a wide variety of object shapes. However, this

generality also makes the gradient-based algorithm susceptie deformable template is registered to a binary edge image

ble to noise and local minima since no assumptions are mad@ng a least-squares error measure. The template is repre-

about the object shape being tracked or its material propertisgnted by a list of 2D vertices and the edge pixels in the
current image are represented by the list of 2D vertiges

2.2.1. Boundary Element Method The registration algorithm minimizes the distance squared
between the transformed template verticesand the near-

The boundary element method (BEM) provides a particularkyst image edge vertices,, where the template vertices are

well-formulated approach to physics-based modeling of oltransformed by an elastic transformation and a rigid body

ject deformations based on object contours. Like the finitgansformation.

element method (FEM), the BEM is a technique to model Therigid body portion of the transformation of the template

an elastic solid. The BEM differs from the FEM in that onlyvertices is simply an affine transformation given by

the contour of an object needs to be meshed, as illustrated

by the different meshing techniques in Figure 4, making this ri = A(r) (2)

method attractive for computer vision problems and especiall . i

for tracking object deformations. v?//hereA is defined by

When tracking a two-dimensional (2D) cross-section of a

biological cell, it is apparent that the cell membrane deforms Alr) =X+ [

in a manner that can be approximated assuming 2D plane

stress elasticity, despite the fact that biological cells are cleatiere, 6 is the angle of rotation ani is the translation vector.

not linearly elastic solids and cannot be precisely modeled &ke error function between the transformed template vertices

- -
HER regah FEM mash

Fig. 4. Comparison between 2D boundary element and finittﬁ
element meshes.

©)
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r/ and the image vertices; can be written as

M

E0.X) = |r —w,. (@) £ X
j=1 B “|
wherer; is the position vector of théth edge pixel of the . ’
template transformed by eq. (2), is the position vector of " )
the edge pixel in the image that is closest to the pejnt —
andM is the number of edge pixels in the template. This er- mctics dll ctititicin

ror function sums the square of the distance between each
template vertex and the nearest image edge pixel. Since the ,
transformed template verticesare transformed by the affine Fig. 5. Visual tracking of a deformed cell contour and the
transform A, E will be a function of@ and X. By min- traction distribution{z} applied to template used to track the
imizing E, the values of9 and X that best match in the contour.
image in a least-squares sense will be found. The error func-
tion E is minimized by a gradient-based multivariable min-
imization technique called the Broydon—Fletcher—Goldfarb—
Shanno method (Vanderplaats 1984).

Minimizing eq. (4) will determine the rigid body motion
of the object. The BEM will be used to model the non-rigid

Dioe detteor proke wih an

mend hokling poen mETIm pipciie seciion sischod

F

portion of the objects motion. To do this, the template is de- =T e
formed according to the BEM model before performing the & |~
affine transformation. The transformation becomes J_,.-‘ =

r[/ — A (I’[ _I_ l/l(r,', {t})) (5) detnrmes Renenbrne

whereu(r;, {t}) is the displacement of the template edge pixatig. 6. Force—distance measurement system configuration
r; due to the applied traction distributi¢r} on the boundary (not to scale).

of the object. The displacement veciar,, {¢}) is obtained

from the solution to the Neumann problem. The error function

(4) becomes

M ) force sensor probe was aligned such that tangential forces
E@, X, {1}) = Z ri—wi (6)  were minimized to ensure that only a normal force was ap-
i=1 plied to the membrane.

Since the error function (6) has an additional parameter Figure 7 shows the force and deformation measurement
{t}, minimizing the error function will now give the traction Process. As shown in Figure 8, forces increase nonlinearly
distribution{s} in addition to the position and orientation of@s deformation increases. For mouse oocytes, when deforma-
the object. This algorithm tracks the deformable object bijon reaches about 4am, the ZP and the plasma membrane
finding the traction distributiori} that, when applied to the @re punctured, which results in the maximum forces mea-
template, causes the template to match the image. sured, i.e., the puncturing forces. The puncturing forces are

Robust tracking of cell deformation has been achieved. Ti@Proximately 7.5N. After the force sensor tip punctures the
results of the BEM template matching algorithm applied t@e_mbranes and travels into the cytoplasm, the force decreases
cell contour tracking are shown in Figure 5, where the tractidi@Pidly, almost to zero.

distribution applied to the template is shown on the right. It can be seen that embryo membranes endure much larger
deformations than oocyte membranes before being punctured.

The required forces to puncture embryo membranes are al-
most twice as large as the forces for oocyte membranes.
Mouse oocytes and embryos used in the experiments wdrkese measurement results quantitatively reveal the mechani-
collected in accordance with standard established proceduoas property differences that result from mouse ZP hardening
(Hogan et al. 1994). The system configuration under the mand illustrate differences in manipulating cells of different
croscope is shown in Figure 6. The bent holding pipette tipypes and different stages of development. In order to un-
the cell, and the force sensor probe are horizontally alignedlerstand how cell deformation properties change, it is neces-
Before the force sensor applied a uniaxial point load consary to relate visually observed cell deformations to measured
pressing the biomembrane and measured normal forces, fheces. This requires a biomembrane mechanical model.

2.3. Experimental Results

Downloaded from ijr.sagepub.com at UNIV OF TORONTO on October 7, 2010


http://ijr.sagepub.com/

Sun, Nelson, and Greminger / Investigating Protein Structure Change 215

4
/Q:HT\I: / \H"I

N /

Fig. 9. Indentation of a cell membrane by a micropipette.

Fig. 7. Force—displacement curve measurement: (a), (b)

mouse oocyte ZP (applied force, 7.2ZN; indenter displace- contact mechanics models, including the Hertzian model
ment, 42.2um); (c), (d) mouse embryo ZP (applied force,(Johnson 1987) and Sneddon model (Maugis 2000), treat a
12.7 uN; indenter displacement, 52.8n). deformed object as a solid body; however, encapsulated bio-
capsules are by no means solid bodies. The micropipette aspi-
ration model (Evans and Shalak 1980) assumes that a sucking
pressure is applied to deform a biomembrane while uniaxial
i forces are applied on the mouse cell membranes in our experi-
§F i ments. Thus, these existing models do not apply in describing
i PR L] the mouse oocyte and embryo membrane loading situations.

12} R e
v . 3.1. Biomembrane Point-Load Model
Ml cp 1

; Due to the deficiencies of existing models, a new biomem-
“ 8 brane point-load model is developed, which considers a
b o biomembrane as a thin film and assumes that the inner cyto-
s At plasm provides a hydrostatic pressure on the membrane. The
model assumptions include: (a) the biomembrane encapsu-
o agrE lates liquid (i.e., cytoplasm) that exerts a uniform hydrostatic
..L.a—-:‘.*-..' e e o . sbow pressure on the biomembrane; (b) the cell volume does not
change; (c) the biomembrane has a negligible flexural rigidity,
so that deformation is caused by membrane stretching alone;
n%‘I) the biomembrane is linearly elastic; (e) the cell is free of
initial membrane stress or residual stress; (f) the model starts
with a planar circular area with zero residual stress.

From experimental observations, an indented biomem-
brane shape can be characterized with three geometric param-
3. Biomembrane M echanical Modeling etersa, w, and R, as shown in Figure 9. A micropipette of

radiusc exerts a forceg” on the membrane, creating a dimple

Although the assumption of 2D plane stress elasticity wagith radiusa and depthw, and semicircular curved surfaces
useful for constraining the contour extraction algorithm fowith radiusr.
measuring cell membrane deformation as described in Sec-In deriving the model, first consider force equilibrium at
tion 2.3, this assumption is poor for determining realistic mahe local dimple. As shown in Figure 10, the internal pressure
terial parameters of the ZP, such as the modulus of elasticigroduces a force r2p counterbalancing the applied forée
Instead, a biomembrane mechanical model that more aceuhkere p is the internal pressure. Another counterbalancing
rately describes the actual loading and material conditionsfierce, o, sin62zrh is due to the membrane stress These
required. two forces together balance the applied forceFor small-

The two popular biocapsule models are the contact mangle approximations, ddr ~ sing ~ 6, wherew is the
chanics models and the micropipette aspiration model. Thieformed dimple profile (Wan, Chan, and Dillard 2002). Thus,

e d i
=

Fig. 8. Force—deformation curves of mouse oocyte a
embryo membranes.
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plersr sslepvod st Note that the denominator is simply the area of the annulus,
with ¢ anda the inner and outer radii, respectively.

Linear elasticity requires (Dietrich, Angelova, and
Pouligny 1997; Wan and Liu 2001)

E
6d == éd? (12)

i i i i i i q V wherekE is the membrane elastic modulus anid Poisson’s
ratio.
r Combining egs. (9) and (12) yields

Fig. 10. Force balance and elastic strain analysis at the _ 2nEhw] [ 3—42+¢*+2In¢g?

dimple. Ca?(1-v) [1-¢)(A—¢2+]In Cz)s} 7 (13)

where¢ = c/a.

the force balance equation at equilibrium is 3.2. Determination of Mouse ZP Elastic Modulus

) dw The geometric parametessand w, are extracted from the
F=nr'p+ Udz’”ha deformable tracking algorithn# is the measured force. The
or Poisson ratiay of biomembranes is typically assumed to be
du P or 0.5. The constant values used are Ar_ﬁ in ZP thickness
ogh— = — — =, (7) (7) and 3um in indenter radius (c Using eq. (13) of the
dr  27r 2 biomembrane point-load model, the Young’s moduli of mouse
whereh is membrane thickness. oocyte and embryo ZP are calculated.
Integrating eq. (7) with a boundary condition of = 0 Table 1 summarizes the elastic modulus results, based on
atr = a and approximating = F/(wa?) yield the dimple 34 data points from three mouse oocytes and 31 data points
profile from three mouse embryos. Throughout the ZP loading pro-

F 2 2 cess, the modulus values are fairly constant.
=g | @) Q) |
v A o,h [ a a

8
whichisvalid inc <r < a.

The dimple depth from the maximum height of the deg e yision and force measurements are integrated, the elas-
formed membrane, as shown in Figure 9, is given by tic modulus of a biomembrane can be determined from the
F c\2 c\2 force and visual feedback. Conversely, if the biomembrane
Wi —e = " Axoh [ - (_) +In (;) } - elastic modulusis determined, applied forces can be estimated
from visual feedback alone, a technique referred to as vision-
Within the dimple, each ring element on the membrane ¢f3sed biomembrane force sensing.
radiusr and width dris stretched by the external load to a Figure 11 shows the vision-based biomembrane force esti-
final width of dr/cost, as shown in Figure 10. B < 25  mation results on an oocyte ZP. The geometric parameters are
holds, the small strain approximation is valid. The largest exiracted using the deformable template matching algorithm
in the experiments is less than"2Zhe elastic strain on such g the elastic modulus used in calculation is the mean value

4.\Vision-Based Biomembr ane Force Estimation

w; =

an element is, therefore, given by 17.9 kPa shown in Table 1. Consequently, applied forces are
_ 2 estimated from eq. (13). In Figure 11, the horizontal axis is
_ dr/cost —dr 0
o = dr T2
1 (dw)?
- =z <—w> . (10
2\ dr Table 1. Elastic M odulus of M ouse Oocyte and Embryo ZP
Since elastic strain on a membrane is proportional to area Oocyte ZP Embryo ZP
change (Wan, Chan, and Dillard 2002), one can ignore the  Statistics Modulus (kPa) Modulus (kPa)
second-order terms, and the average strain on the membrane is Mean 17.9 422
_ 1/°(1/2) (dw/dr)?rdr Standard
=3 J . (11) deviation (10 0.8 2.1

b0 =73 [rdr
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Other techniques that can be used for characterizing mouse
ZP mechanical properties include the micropipette suction
technique (Evans and Shalak 1980), the magnetic tweezers
method (Bausch, Mdller, and Sackmann 1999), and the atomic
force microscopy (AFM) technique (Sato et al. 2000). Com-
H“‘x - | pared to other techniques, the technique presented in this pa-

i per is not only capable of measuring membrane forces but
¢ { also suitable for manipulating biological cells with visual and
force feedback. Furthermore, this technique uses an experi-
{ mental setup and conditions consistent with intracytoplasmic
sperm injection (ICSI), thus providing valid measurement re-
sults and information on ZP properties particularly relevant
for ICSI studies.
The system, technique, and model presented in this pa-
veasenal fiosee | M) per can be applied to investigating the mechanical properties
of other biomembranes and other cell types, which has the
Fig. 11. Vision-based force estimation versus measurgmtential to facilitate many biological studies. For example,
forces. in cell injury and recovery studies, it is important to moni-
tor biomembrane mechanical properties to detect membrane
damage and to interpret such reported phenomenon as me-

the measured force from the force sensor in the experimen%aamcal resistance to cellular volume reduction during dehy-

simaiel Boree (i)

al
-

The vision-based biomembrane force estimation uncertainty tion and its relationship to injury.

is 0.389uN (10), assuming zero measurement uncertainté )
for the measured force data on the horizontal axis. . Conclusions

) ) In this paper we have presented a microrobotic system inte-
5. Discussion grating microscope vision and microforce feedback for char-

S . . acterizing biomembrane mechanical properties. Robust visual
Historically, ZP hardening has a twofold meaning. One refers_ . . : ;

. : . tracking of deformable biomembrane contour using physics-
to the increased chemical resistance of ZP to proteolytic

. : ; : ased models has been described. A multi-axis MEMS-
digestion, normally assessed with alpha-chymotrypsin (De- . :
sr=. T hased force sensor was used to determine applied forces on
meestere, Barlow, and Leroy 1997). The second implicatign .
. : . . . lomembranes and to develop a novel biomembrane mechan-
is an increase of ZP stiffness, which until now has been spec- . :
ical model. By visually extracting geometry changes on a

ulation without experimental proof. The experimental resu'%iomembrane geometry changes can be used to estimate ap-

presented in this paper quantitate the stiffness change du”q?ed forces using the biomembrane mechanical model and the
the ZP hardening process, which is a first in molecular biol;

- ; Egtermined elastic modulus. Forces on a biomembrane can be
ogy. The significance of this research, however, goes beyo
revealing the stiffness change.

\r)lsually observed and controlled, thus creating a framework
The most widely accepted ZP structure model was pro-

for vision and force assimilated cell manipulation. The ex-
posed by Wassarman (1988). In this model, shownin Figureﬂ(,e”mem""I rgsults quant|tat|\{ely descrlbg mouse ZP st|ffne§s
) . . increase during zona hardening and provide an understanding
protein ZP2 and ZP3 form filaments and are cross-linked b : : ; .
f ZP protein structure development, i.e., an increase in the

prqteln ZP1. Although ZP stiffness increase during ZP har umber of cross-links of protein ZP1 between ZP2 and ZP3
ening has not been previously proven, it has been speculate . . . :

. . units that is conjectured to be responsible for ZP stiffness
that an increase of the number of cross-links of ZP1 between

ZP2 and ZP3 units is responsible for a stiffness increase,”i}creas.e' Ft_thhermore, the syst.em, tgchnlq.ue,land model pre-
sented in this paper can be applied to investigating mechanical

ZP stiffness increases at all. The experimental results in this . ; :
o ) ) : rgpertles of other biomembranes and other cell types, which
paper quantitatively describe mouse ZP stiffness increase {n . . . . :

L . . ) . as the potential to facilitate many biological studies, such as
help justify the previous speculation on ZP’s protein structurg Il iniury and recoverv studies
change during ZP hardening, which provides an understand- Uy y ’
ing of ZP protein structure development. It should be noted
that reported results on other cell types, such as human foRefer ences
skin fibroblasts and HeLa cells using the magnetic tweezers )
method (Bausch, Méller, and Sackmann 1999) revealed tHagusch, A. R., Méller, W., and Sackmann, E. 1999. Measure-
protein cross-linking is also capable of inducing plasma mem- ment of local viscoelasticity and forces in living cells by

brane hardening (Xu, Tseng, and Wirtz 2000). magnetic tweezer®iophysics Journal 76:573-579.
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