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October 9, 1992

Dr. Karen M. Mudry, Director
Program of Biomedical Engineering and Aiding the Disabled
Bioengineering and Environmental Systems Section
Division of Biological and Critical Systems
Directorate for Engineering
National Science Foundation
Washington, D.C. 20550
RE: Request for REU Supplements to Grant No. BCS-9210684
Dear Dr. Mudry:

This letter is to request funds to supplement the ongoing NSF grant (No. BCS-9210684) to provide
continuing research experiences for an undergraduate student
An existing program established by the School of Mechanical Engineering to involve undergraduates
in research has been utilized in the selection process. In this program, lists of available projects and
interested students are regularly updated by a staff member who helps to match the students with the
faculty. A good academic standing is required for a student to panicipate. After interviewing more
than ten prospective students, four were selected to work in the PI's laboratory for a summer, one of
them was later identified as the candidate to be supponed by this REU Supplements.
This student is Stephanie Logan, a sophomore at Georgia Tech (see the attached biographical
sketch). Miss Logan has been preselected because of her strong interest in science and engineering.
She has demonstrated this interest through her enthusiastic panicipation in research as early as in her
flrst year at Georgia Tech, which is very unusual for a freshman. With a Mechanical Engineering
major and a pre-med option, she fmds bioengineering research to be an experience most likely to
. impact her future career.
Miss Logan's involvement in the newly funded NSF grant referenced above will be to continue and
to expand her previous panicipation in the research. Stephanie was responsible for developing the
capability of culturing cells on microcarrier beads in the past summer. During the acaderrtic year, she
also worked voluntarily in the data acquisition in the studies of cell deformation and cell adhesion.
These experiments were designed to provide data to validate the mathematical models for transient
processes in cell adhesion currently being developed in the NSF project. Using the computer
provided by the NSF grant, Stephanie will assist Tom Williams, a Ph.D. student working in the
NSF project, to automate the data acquisition process (which was done manually by them last year).
Working with Mr. Williams, she will also be involved in numerical computations and parametric
analysis which will compare the theoretical predictions of the models with the experimental results.
The suppon for a two-year period is requested. This will parallel the duration of the ongoing NSF
grant and Miss Logan's tenure as a undergraduate student at Georgia Tech. Included in the budget is
stipends for Miss Logan to work full-time in summers and 15% of time during academic years.
Sincerely,

Cheng !flu, Ph. D.
Principal Investigator

David B. Bridges
Contracting Officer
-----

-- - · - . .

Georgia Institute of Technology
.~rlanta. Georgia 30332..(405

January 12, 1993
Dr. Karen M. Mudry, Director
Program of Biomedical Engineering and Aiding the Disabled
Bioengineering and Environmental Systems Section
Division of Biological and Critical Systems
Directorate for Engineering
National Science Foundation
Washington, D.C. 20550

RE: Request for REU Supplements to Grant No. BCS-9210684
Dear Dr. Mudry:
As per our phone conversation today, I am writing to provide the following two pieces of
additional information in suppon of the above referenced Request for REU Supplements.
The PI's previous experience with undermduate research activities. In the past summer, I
supervised four undergraduates who worked in my laboratory on separate research projects.
Stephanie Logan cultured cells on microcarrier beads. She is the preselected student for the present
REU proposal. Eric Fracke conducted cell morphological studies. Prior to the summer of 1992,
both Stephanie and Eric already participated in the research in my lab by assisting data acquisition.
Lance Ferguson measured the adhesion force between two individual cells using a micropipette
system. He also used this project for academic credits (as a special design course) and received an
A. Jim Hathcock built a temperature control unit for the micropipette system. He continues to work
in my lab in the present academic year.
Plans of student supenrision and research environment. The undergraduate student and I will
meet every week to discuss her project. On a daily basis, she will receive direct supervision from a
Ph. D. student, Mr. Tom Williams, since her project will be closely related to his work. As part of
the research team, the undergraduate will regularly attend lab meetings in which students will repon
progress of their own projects and will provide critiques to the presentations by the others. She will
also participate in journal clubs in which technical anicles relevant to the research 'Will be presented
and discussed by the students. The undergraduate student will be required to write a formal repon
and to present it in a lab meeting by the end of the project period.
As per your request, I have enclosed a revised budget (of the total amount of $5,000 for one
year only) and a revised cover sheet
Sincerely,

c

Cheng Z~,
D.
Principal Investigator

Enclosures

Ph.

~

THE GEORGE W. WOODRUFF SCHOOL OF
MECHA..~CAL ENG[.?\'EERL'iG
---------

Georgia Institute of Technology
Atlanta. Georgia 30332-0-105

September 13, 1993
Dr. Karen M. Mudry, Director
Program of Biomedical Engineering and Aiding the Disabled
Bioengineering and Environmental Systems Section
Division of Biological and Critical Systems
Directorate for Engineering
National Science Foundation
Washington, D.C. 20550

RE: Request for REU Supplements to Grant No. BCS-9210684
Dear Dr. Mudry:
This letter is to request continued support of REU supplements to the ongoing NSF grant (No. BCS9210684). In this past summer, the REU (proposal No. BCS-9346731) enabled an outstanding
undergraduate, Miss Stephanie Logan, to gain first-hand research experiences by working in my
laboratory at Georgia Tech as well as in my collaborator's laboratory at Emory University. As
indicated in Miss Logan's report for her summer work (attached), the continued support for another
summer will provide her with the opportunity to independently conduct the experiments of her own
project. This is in contrast to the past summer during which she learned various laboratory techniques
while assisting a graduate student Experience of independent research is more valuable because it
helps the student to develop the ability of critical thinking.
The selection of a particular research project for Stephanie was based on her interest and on the
availability of projects in my laboratory. She was presented with topics of the currently funded NSF
grants in my research program: BCS-9210684 which supported mathematical modeling of transient
processes in cell adhesion and BCS-9350370 which supported experimental work in cell adhesion and
cell locomotion. On the basis of her preference, Miss Logan was given the opportunity to be involved
in a project which employs bioengineering approaches to study the adherence, killing, and phagocytosis
mediated by interactions between inununooglobulin and its receptor in immune response. Specifically,
she was responsible for developing a non-radioactive adherence assay using biotinylation and to
quantify cell adhesion via colorimetric measurements. Due to the training time required for her to learn
the cell culture and other laboratory techniques, she was only able to get her own project staned at the
end of the past summer. The continued REU support should allow her to finish the biotinylation
experiments next summer.
The criteria for selection of students, the qualification of the pre-selected student (biographical sketch
attached), the PI's previous experiences with undergraduate research activities, the plans for student
supervision, and the research environment have been documented in the previous REU application
(proposal No. BCS-9346731 ). Copies of the relevant pages (my letters to you dated respectively from
October 9, 1992 and January 12, 1993) are enclosed. Also enclosed is the budget
Sincerely,

Cheng Zhulf3h. D.
Principal Investigator

David B. Bridges
Contracting Officer

Enclosures
Reprot of the past summer's research experiences by Stephanie Logan
Biographical sketch of Stephanie Logan
Copies of my letters to you dated respectively from October 9, 1992 and January 12, 1993
Budget and cover s_heets
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Biomechanics
Summer Quarter Report
1994

Stephanie A. Logan
Dr.C.Zhu

Thanks to the Research ExperieDces for Uudergraduate Supplement pant from the National

Science Foundation, I was able to complete my third successful summer as an undergraduate research
assistant in the Biomechanics laboratory of Dr. CheDg Zhu at the Georgia institute of TechDology. I was
able to work iDdepeDdently this AJJDmer with the aid 8Dd the advice of Dr. Zhu, Dr. Yubua Li, 8Dd the
graduate students in the labs.

The first snmmer, JuDe 1992 through September 1992, was a lesson in laboratory orientation. I

learned the nutimentary fimdamentals of working in a cell culture atmosphere. I bad the project of setting
up a microbead system in the lab and culturing fibroblasts on the beads. This provided a more three

dimensional view of the cells as viewed on the side of the bead instead of the two dimensional view
provided in a 1lask culture. I was introduced to the graduate students in the labs in the Space Science and
Technology building and was assigned small tasks such as making media and other solutions.

The second summer, June 1993 through September 1993, my responsibility was increased and I

was placed with a specific graduate student, Scott C~ to assist in experiments and organize a few of
my own. I began the project of Biotinylation during this period. This was an excellent lesson in the trial

and error of developing an assay. I worked both at Emory and Georgia Tech. This gave me the
opportunity to compare and contrast the different laboratory styles and methods found in each lab and to
create a better understanding of why certain cell culture techniques are used.

This past summer, the third aJmmer, was the most valuable to me. I was given even more

responsibility considering tbe experience of my past snmmers and was given two projects of my own,
development of a uon radioactive bioassay to count cells and the culturing of c:ells on textured silicon
surfaces.

(

I had already begun tbe non radioactive bioassay the previous summer with Scott Chesla. My

assignment was to label Chinese Hamster Ovarian Cells with Biotin. After the cells had a chance to bind

with the Biotin, I added Avidin-HRP and then a solution ofTMB. If each link in the chain connected
there would be a color change proportional to the quantity of cells in the sample. For reasons unknown to

me the Biotinylation aever worked There were cases when I actually got a color change but this was by a
variation in the washing technique which made the result invalid. The excess (unbound) reagent was not
entirely removed, resuJting in a color change.

This snmmer I attacked the problem again from a more expcriCDCCd and lalowledgeable

perspective. I tested each individual step of the whole assay to determine the problem and determiDed that

the biotin was not binding to the cell. I tried raising the pH to 8.2 to no avail. I tried variations in
temperature, in addition to running it at room temperature, although the literature cited room temperature.
This did not work either. Changing the cell (3 million IS mL media) and biotin (1.0 mg IS mL media)

concentration did not produce any results. So after many times of repeating and varying the experiment
and getting no acceptable results I changed my approach. I tried MIT.

MTI' is a water soluble tetrazolium salt Dissolved MIT is converted to an insoluble purple

formazan by cleavage of the tetrazolium ring by dehydrogenase enzymes. This formazan which is water
insoluble is soluble in Isopropanol. Only active mitochondrial dehydrogenases of living cells can cause
this conversion. Therefore, the resulting color change is directly proportional to the quantity of living
cells present

As before, with the bio~ I had a vague protocol to begin the development of the assay. After a
very short time I was able to get a color change. Even though I was able to get a color change, a

precipitate was forming which prevented a good reading on the ELISA plate reader. 1bis problem was
eliminated when I discovered that the Isopropanol was reacting with the serum in the cell solution.
Washing with plain RPMI gave clear results, and I was able to get a good color gradient I read the plate
at several difemt wavelengths and determined that S40 nm was the optimal wavelength. I had to order a

new filter for the ELISA reader, but it is worth the results. With the data, I was able to create a

calibration curve that can be used to determiDe the cell concentration of actual samples given the ELISA
plate reading.

The other project was to culture cells on textured slliccm surfaces. Tbc hypothesis was that the

cells would have a different adherence force to the textured surface as opposed to the smooth surface.

Oemson university supplied some samples of the silicon disks approximately one and a half centimeters
in diameter. The textured disks were etched with a pattern of pits that ranged from lJUD in depth to lOJUD
in depth. I built glass chambers and placed both half of a smooth control disk and half of one of the

textured disks in the bottom. I cultured human fibroblasts at high concentrations in the chambers. We
wanted to take advantage of the Antiflex objective and the contour maps that it generates to get a good

picture of the surface but the surface thickness was to large to focus with the lens. I was able to focus both

the pipette and the cell monolayer with a 40X objective. This allowed me to see what happened as the
pipette pulled the cell from the surface. Time did not permit me to run any quantittative experiments in
this project but I did observe that after a week of incubation the cells preferred the textured surface to the

smooth.

I am very grateful for the experiences I have had in this lab. I feel that this summer has prepared

me for my research in graduate school. I came up with my own schedules and my own plans and
therefore felt more responsible for my successes and my setbacks. Dr. Zhu and Dr Li provided definate
support in the development of my projects. I R:ally leamed through hands on experience how to approach,
reaseMch, and solve a problem in Biomechanics .

Basic Biotinylation Without Adherence
Materials and Reagents
Biotin
Avidin-HRP
TMB
Acetone

Procedure
1. Prepare 100 mL media at pH 8.2 using the pH meter in Rm 308
2. Remove cells from a confluent t25 flask with EDTA
3. Spin the cells down, resuspend in 10 mL prepared media, count cells
4. Split into two equal volumes ofS mL
S. Add I. 0 mg Biotin to target cells
Incubate 1 hour at RT vortexing periodically
6. Prepare 10 mL (1/1 000) Avidin, wash both tubes twice in PBS, add Avidin
Incubate 20 minutes at RT in the dark
7. Wash tubes twice in PBS, resuspend in 1.0 mL PBS
8. Plate wells using a two fold serial dilution
9. Add 200 ~Uwell TMB
Let develop 5-1 S minutes
10. Stop the reaction with 2.5 M sulfuric acid at SO JLUwell
11. Read at 450 nm
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MTT Cell Loading
* MTI is a water soluble tetrazolium salt. Dissolved MTI is converted to an insoluble
purple formazan by cleavage of the tetrazolium ring by dehydrogenase enzymes. This formazan
which is water insoluble is soluble in Isopropanol. Only active mitochondrial dehydrogenanses of
living cells can cause this conversion.

Note: M1T is a mutagen and can affect cells. Gloves, mask and labcoat should be worn when
handling the powdered form.
Materials and Reagants
M1T Stock Solution (5mg/ml) ftltered through 0.2mm filter and stored at 4 oc
Isopropanol
Media with and without Serum

Procedure

(

-

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Remove cells with EDTA
Bring volume up to 10 ml with media and Count cells
Spin down, Aspirate supernatant
Add 5 m1 media and 0.5ml stock MTI solution
Incubate for 2-4 hours@ 37oC vortexing every 15-20 minutes
Wash once in media without serum
·
Run adherence assay using media without serum
Add 100).11 per well Isopropanol
Incubate 1 hour-overnight @RT
Read in microplate Reader at 540 nm

* Technical Information taken from 1994 SIGMA catalog
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In the grant year 1992-93 our project has been progressing in accordance with the research
plan outlined in the original proposal, as summerized below.
In the proposal, we greatly simplified the mathematical problem by decoupling two levels
of models based on the difference in length scales. At the scale of the cell body (microns), the
analysis is based on continuum mechanics analysis of bulk cellular deformation; while at the scale
of the boundary layer at the edge of the adhesion area (submicron), the analysis is based on the
molecular dynamics of the adhesive receptors.
Major progress has been made in the modeling at the cellular level. We have analyzed the
adhesion of a cell to a surface and its detachment from that surface by micrompipette aspiration or
by centrifugal forces. The objective is to evaluate the histories of adhesion force and energy during
the entire processes of conjugation and detachment. Based on the idea that the cell itself can be
used as a mechanical transducer, we seek a scheme to simultaneously calculate the adhesive
properties, such as binding force and energy, and the mechanical properties, such as the
viscoelastic constants, from the observed cellular deformation under controlled applied loading.
The cortical shell-liquid core model has been adapted for the cell as indicated in the proposal. A
sequence of constitutive equations with increasing order of approximation and level of complexity
are employed in the analysis. For the cortical shell, these include a uniform and isotropic prestress
tension, the shear and area elasticity, and the bending elasticity. For the liquid core, these include
incompressible inviscid fluid and incompressible Newtonian fluid. Depending on the complexity
NSF Form 1328 (2192)
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of the governing equations, the boundary value problems have been solved using an exact
analytical method, an approximate analytical method based on small strain linearization, and a
regular perturbation method based on the difference between the shear and area elastic moduli.
This work is described in a chapter of a book, entitled "Cell Mechanics and Cellular Engineering,"
to be published by Springer-Verlag (attached). It will also be presented, respectively, at the
Keystone Symposium, "Biology of Physicochemical Interactions at the Cell Surface," to be held at
Taos, NM, February 20-26, 1994 and at the 2nd World Congress of Biomechanics to be held at
Amsterdam, the Netherlands, July 10-15, 1994 (meeting abstracts attached).
The results of the analysis at the cellular level are to provide the "outer solution" to be
matched by the "inner solution" from the boundary layer analysis of the molecular dynamics of the
cell adhesion molecules. Some work has been done in this area. Several techniques have been
tried to find solutions in the slow growth time scale for the problem of spontaneous adhesion.
These include series expansion method based on the similarity solution, moment equation method
based on integration over spatial variables, and singular perturbation method. However, the
results have not been satisfactory so far.
Progress also has been made in the area of experimental validation of the theory. Due to
the progress in other experimentally oriented research projects, micropipette manipulation data and
centrifugation assay data are available for comparison with our model predictions. This has been
done for the analysis at the cellular level (see the attached manuscript).
As planned in the proposal, we also have performed parametric analysis using the model at
the cellular level to examine the relative importance of mechanical property constants, such as the
prestress tension, shear elastic modulus, and area elastic modulus (see the attached manuscript).
We anticipate that the remaining work of cellular level modeling will be completed in the
early part of the grant year 1993-94. As far as the mechanical property models are concerned, this
includes the incorporation, and examination of the effects, of the non-uniformity of the prestress
tension and the bending elasticity for the cortical shell and of the cytoplasmic viscosity for the
liquid core. As far as the boundary value problems are concerned, this includes spontaneous
formation of conjugation, separation by micropipette aspiration, and detachment by centrifugal
forces.
Majority of our work for the grant year 1993-94 will be modeling at the molecular level. In
addition to the proposed possible mechanism of adhesion area growth driven by the diffusion of
adhesive receptors into the contact area, we will consider other possible mechanisms, such as cell
spreading due to softening of the cell cortex. We will seek a scheme to relate the physical qualities
obtained from the cellular level model, such as the adhesion force and energy, to the average
properties of the molecular variables. We will try to avoid excessive numerical computations of the
detailed molecular dynamics of adhesive receptors within the boundary layer at the edge of the
adhesion area. Instead, we will treat the boundary layer as a curve of discontinuity and will bridge
the slow varying quantities across the boundary layer by integral methods. The integral
relationships will be compared with the numerical results for the boundary layer molecular
dynamics obtained by Dembo et al. (1988) using a fmite element method. After being validated for
this one-dimensional, simple geometry case, we will apply our approach to more complex cases
pertinent to the proposed work.
We expect that our research will proceed even faster in the grant year 1993-94, because the
PI and the graduate student working in this projec4 Mr. Tom Williams, have gained considerable
experience through the work done in the grant year 1992-93. Moreover, Mr. Williams will be able
to devote nearly full time to this project because he completed most of his course work and passed
the Ph. D. qualifying examination in the past year. He is expected to present his thesis proposal in
the Spring of 1994 and to granduate after completing the work in this project.

A MODEL OF CELL ADHESION FOR 1liE ANALYSIS OF MICROPIPE I IE EXPERIMENTS
C. Zhu. T.E. Williams, J. Delobel, D. Xia and M.K. Offennann•

School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332-0405
~inship Cancer Center, Emory Univezsity School of Medicine, Atlanta, Georgia 30322, USA
The physics of cell adhesion can be separately analyzed at two different length scales. Such separate treaanent is possible
because spatial variations of key physical quantities occur very rapidly within a thin zone at the edge of the adhesion area but
relatively slowly outside (Zhu, C., 1991, J. Theor. Bioi., 150:27-50). Therefore, the sttucture of the governing equations
resembles that of the boundary layer problem, which greatly simplifies the mathematical analysis. At the scale of the cell
body (microns), the analysis is based on the continuum mechanics of the bulk cellular deformation; while at the scale of the
thickness of the boundary layer at the contact edge (tens of nanometers), the analysis is based on the molecular dynamics of
the adhesive receptors. We present a detailed mechanical analysis of cell adhesion as observed in miaopipette manipulation
experiments. In these experiments, individual pairs of cells were manipulated by two micropipettes through aspiration to
adhere to one another and to be detached from one another aftf'Z conjugation had been fooned. In the present model, the cell
was modeled mechanically as a liquid drop with a uniform pestressed conical tension. The boundary value problem were
solved analytically. The exened force resultant normal 10 the adhesion area, the surface adhesion energy density, and the
prestress tension of the cell cortex at various stages throughout the entire adhesion and separation processes were calculated
simultaneously from the aspiration pressures and pipette displacements (which were independently controlled) and from the
resulted deformations of the cell shape (which were measured from the images of direct observations). Micropipette
experiments using HL-60 promyelocytic cells and cultured Kaposi's sarcoma cells were perfonned to test the validity of the
model The cortical tension T0 of the HL-60 cells evaluated using the present model was comparable to those published fer
leukocytes (Dong, C. and Skalak, R., 1992, J. Theor. Bioi., 158:173-193). T0 depended very weakly on the pipette
displacement but strongly on the aspiration pressure. These results ):I"Ovide the •outel' solution• 10 be malched by the •inner
solution" from the boundary layer analysis. Studies for the miaomechanics of the adhesion molecules at the boundary layer
within the contact edge are currently underway. (Supported by NSF Grant Nos. 9210684 and 9350370, Whitaker
Foundation Biomedical Engineering Research Grant, and Emory,{Jeorgia Tech Biomedical Technology Research Grant)
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MECHANICAL ANALYSIS OF CELL ADHESION
IN MICROPIPETIE EXPERIMENTS
Cheng Zhu, Tom E. Williams, Jean Delobel and Dongchun Xia
School of Mechanical Engineering, Georgia Institute of Technology,
Atlanta, GA 30332-0405
Detailed mechanical analysis is required in order to understand the
stress distribution within the contact area of two adherent cells and the
work done to separate them at each stage of the detachment process. The
knowledge of adhesion force and energy provides the global constraints
for the study of the molecular dynamics of the adhesive receptors, as the
continuously distributed stress and energy must be derived from the
statistical means of the binding force and energy of the adhesion
molecules. We present a continuum mechanics model for the analysis of
cell adhesion in micromanipulation experiments. In these experiments,
individual cells are manipulated by two micropipettes through aspiration to
adhere to one another and to be detached after conjugation has been
formed. Since the aspiration pressure and the pipette displacement are
controlled and the cell deformation is measured, it is possible to derive the
adhesion force and energy as well as the mechanical properties of the cell.
In the present study, the cell is modeled mechanically as a liquid drop with
a prestressed cortical tension. Analytical solutions have been obtained for
the cell deformation due to adhesion and separation under micropipette
aspiration. Explicit expressions for the adhesion force and the surface
adhesion energy density have been derived as functions of the mechanical
properties and the geometric parameters of the deformed cell. Experiments
were performed to test the validity of the model, which showed that the
liquid drop model was a good approximation for soft cells under slow
micromanipulation. The model was utilized to analyze experimental results
of separation of individual adherent HL-60 promyelocytic cells from
cultured Kaposi's sarcoma cells by micromanipulation. The adhesion
force and energy as well as the prestress cortical tension at various stages
of the adhesion/separation process were calculated from geometric
measurements from sequential images of the micropipette experiments.
Studies for the micromechanics of the adhesion molecules are currently
underway to incorporate the information obtained from the present
continuum model. (Supported by NSF Grants Nos. 9210684 and
9350370, Whitaker Foundation Biomedical Engineering Research Grant,
and Emory/Georgia Tech Biomedical Technology Research Grant)

A Cell-Cell Adhesion Model for the
Analysis of Micropipette Experiments
Cheng Zhu, Tom E. Williams, Jean Delobel,
Dongchun Xia and Margaret K. Offermann

Introduction

,.·

Cell-cell adhesion is a fundamental biological phenomenon, and it
plays an important role in the function of cells in many physiologic
and pathologic processes (Alberts et al 1989). For about a decade, the
research interest on cell adhesion has been rapidly increasing. More
and more cell adhesion molecules (CAMs) (surface receptors by
which specific cell-cell interactions are mediated) have been identified
and characterized. The CAMs are expressed on the surface of specific
cell types at variable densities, recognize and bind to their ligands on
other cells with cenain binding affinities, may move laterally on the
cell membrane by diffusion, and are regulated by various biological
response modifiers (Springer 1990a; Springer 1990b).
The mechanical strength of adhesiveness is an important parameter
qualifying the adhesive interactions. A number of experimental
techniques have been developed to quantify the adhesive strength
between cells and/or to use adhesive sttength as a measure to compare
the effects of various factors influencing the adhesion. One of these is
the micropipette manipulation teclmique. In this technique, a pair of
cells are brought into contact by two micropipettes to allow adhesion
to occur. The cell pair are then pulled apart by applying a sequence
of incrementally increasing pipette suction pressures. The minimum
aspiration pressure required to completely separate the cell pair is
designated as the critical pressure. The maximum force the adhesion
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can sustain is computed as the critical pressure times the crosssectional area of the pipette. This technique was initially used to
measure the adhesive strength between membrane vesicles and
between erythrocytes (Evans and Buxbaum 1981; Evans and Leung
1984; Evans 1988; Evans et al 1991a; Evans et ai 1991b). Recently, it
has been applied to the study of other cell types, including the
conjugation of aT-lymphocyte and a target cell (Sung et al 1986), the
adhesion of a helper T -lymphocyte to an antigen presenting cell
mediated by ICAM-1/LFA-1 receptor-ligand pair (Sung et al 1992),
the binding of a T -lymphocyte to a glass-supported lipid bilayer
mediated respectively by CD2/LFA-3 (Ttszeren et al 1992b) and by
ICAM-1/LFA-1 molecules (Ttszeren et a1 1992a), the adhesion of two
CHO cells mediated by fibrinogen and gpllb-IIIa molecules (Sung et
a1 1993), and the bindmg of leukocyte cell lines to Kaposi's sarcoma
cells (Delobel et al 1992; Delobel 1992; Zhu et a1 1993).
The analysis of the micromanipulation data is greatly enhanced
when coupled with mathematical modeling. Not only can a single
end-point value of the critical force of detachment be found, but also
the histories and distributions of a variety of physical quantities
become determinable. More importantly, these quantities are
interrelated quantitatively by fundamental principles. 1bis helps to
elucidate the mechanism of cell-cell adhesion and enables us to
understand this biological phenomenon in physical, chemical, and
molecular terms.
The physics of cell adhesion can be separately analyzed at two
different length scales. At the scale of the cell body (microns), the
analysis is based on continuum mechanics of the bulk cellular
deformation; while at the scale of the thickness of the boundary layer
at the contact edge (tens of nanometers), the analysis is based on
molecular dynamics of the adhesive receptors. Such a separate
treatment is possible because spatial variations of key physical
quantities occur very rapidly within a thin zone at the edge of the
adhesion area but relatively slowly outside (Zhu 1991; Dembo 1994).
Therefore, the structure of the governing equations resembles that of
the boundary layer problem, which greatly simplifies the
mathematical analysis.
Previous work focusing on the "inner problem," i.e. on the peeling
of the cell membrane under molecular bonding forces within the
boundary layer, required the solution in the outer region as boundary
conditions and known a priori (Evans 1985a; Evans 1985b; Dembo et
al 1988; Dembo 1994). Among the published work on the "outer
problem," the deformed shapes of erythrocyte rouleau in suspension
has been computed using a finite element method (Skalak et al 1981).
The detachment of adherent cell pairs by micropipette manipulation
has been analyzed based on an approximate global force balance
(Evans and Leung 1984; Ttszeren et al 1989). Solutions to the
micromanipulation problem were mentioned and drawn graphically
by Ttszeren et al (1992a), however, no detailed equations or solution
procedures were presented in their paper.
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In this paper, we present a mechanical analysis of cellular
deformations due to adhesion and due to separation by externally
applied forces. 1be objective was to evaluate the histories of adhesion
force and energy during the entire processes of conjugation and
detachmenL Based on the idea that the cell itself could be used as a
mechanical transducer, we sought a scheme to simultaneously
calculate the adhesive p~nies, such as binding force and energy,
and the mechanical properties, such as the viscoelastic constants, from
the observed cellular deformation under controlled applied loading.
The cortical shell-liquid core model was adapted for the cell (Dong et
al 1988; Yeung and Evans 1989). A sequence of constitutive
equations with increasing order of approximation and level of
complexity were employed in the analysis. For the cortical shell, these
included a uniform prestress tension, the shear and area elasticity, and
the bending elasticity. For the liquid core, these included
incompressible inviscid fluid and incompressible Newtonian fluid.
Depending on the complexity of the governing equations, the
boundary value problems were solved using an exact analytical
method, an approximate analytical method based on small strain
linearization, and a regular perturbation method based on the
difference between the shear and area elastic moduli. These results
provide the "outer solution" to be matched by the "inner solution"
from the boundary layer analysis of the molecular dynamics of the
cell adhesion moleculest.

Theory
Governing Equations
Cortical Shell
Figure 1 shows the geometries and coordinate systems of the
conjugation of a cell to a flat plane and its detachment from that plane
by micropipette aspiration. Since the thickness of the cell conex is
much smaller than the two radii of principal curvature of the cell
surface, the mechanics is that of a thin shell problem. The internal
stress resultants at every point on the plane of the cell conex include
the membrane tension T and bending moment M, which satisfy the
following equations of equilibrium (Evans and Skalak 1980):
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Figure 1. (A) At the beginning of the cantact. the originally undefonned shape of the
cell iJ a sphere of radius rc· In the meridional plane. the position of a point on the
cell 111rface can be described by the angle fP. (B) After conjugation. the
axisymmetrically deformed shape of the cell can be described either by R( f) in the
spherical coordinate system or by a(s) in the natural coordinate system. (C) and (D)
The cell shape can also be described by T(z) in the cylindrical coordinate system.
Geometric parameters include the conjugation radius, r f' the maximum latitude radius,
r,... and its position. '~"' the ~ipette radius, r,.. and its tJp position, l, and the length of
the cell tongue, d, bemg upll'ated into the pipeue. Also shown are the two principal
radii of curvature, R1 = lds/dal and R1 = lr/ainal, in meridional and circumferential
directions, respectively. (C) represents phase I. or light upiration. i.e. the case of
d < r,; and (D) represents phase D. or heavy aspiration. i.e. the case of d > r,.
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where the subscripts s and 8 denote, respectively, the meridional arc
length and circumferential directions. The externally applied loads
have two components: p, is normal to the membrane and is equal to
the transcortical pressure difference, while p, is tangential to the
meridional contour and is to be matched by the wall shear stress of the
cytoplasmic flow.
The cortical shell is assumed to be elastic, obeying the following
tension-sttain and moment-curvature relationships (Skalak. et al 1973;
Dong and Skalak 1992):
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where ~ and Ae are, respectively, the principal stretch ratios in the
meridional and circumferential directions. To is the prestress tension.
E., E" and E6 are, respectively, the shear, area, and bending elastic
moduli. Since the stretch ratios and radii of curvature can be
expressed in terms of the functions R(') or r(z), Eqs. 1 and 2 allow
one to calculate the deformed shape of the cell provided that the
external loads p, andp. are given.
Liquid Core
To determine the shear stress and pressure applied to the cortical shell
one must solve for the cytoplasmic flow of the liquid core. In the
present axisymmetric, incompressible case, a Stokes stream function 1/f
exists (Happel and Brenner 1986). For low Reynolds number flow of
a Newtonian fluid, the equation of motion can be converted into a biStokes equation on 'Y'· In spherical coordinates, the equation reads
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the solution of which can readily be obtained as an infinite series of
products of the powers of R and associated Legendre functions of
cos,. The coefficients in the series can be determined using the no
slip boundary conditions at the interface of the cortical shell (c) and
the liquid core (1), i.e. at the boundary
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The pressure Pc and shear stress 'rRI of the cytoplasm at the
interface provides the normal and tangential loads for the conex.
Thus, at the boundary,
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where Jl is the cytoplasmic viscosity. £2(•) is the Stokes operator (cf.
Eq. 3) (Happel and Brenner 1986). The pressure Po outside the
cortical shell may either be the pressure of the suspending medium
(assumed to be zero), the pressure inside the aspirating micropipette,
or the contact pressure inside the conjugation region. The tangential
traction applied from outside the cortical shell is negligible except at
the pipette tip and inside the contact area.
The cell volume remains constant during the adhesion process if
one assumes that the cytoplasm is incompressible and that the mass
exchange across the cell membrane is negligible. The equation for the
volume conservation is

4n ~
rdz=-r:
3 c

l+d 2

J;0

n

(6)

where the geometric parameters ret l, and dare defined in Fig. 1. Eq.
6 allows for determination of the integration constant resulting from
Eq. Sa.

Solutions
Uniform tension conex-unifotm pressure core model
The mechanics of the cortical shell can be decoupled from that of the
liquid core if the cytoplasm is in static equilibrium. For slow
deformations, such a quasi-static assumption could be a realistic
approximation because the pressure gradient and shear stress of the
liquid core may be negligible. The contribution of the liquid core can
then be represented by a uniform intracellular pressure, Pc• so that p,
becomes zero and p,. becomes a piecewise constant function.
If the bending elasticity Eb is neglected, the tensions of the cortical
shell under a piecewise constant normal loading p,. become statically
determined. Direct integration of Eq. 1 (after setting M, M 1 0) in
the cylindrical coordinate system yields
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where the primes indicate differentiation with respect to z. The
integration constant f has the physical meaning of the axial force
resultant at any cross section normal to the z axis. This can easily be
shown by considering a force balance at the cross section through z =
z,.., at which r reaches its maximum, r ,.., and r'(z,.) 0 (Fig. 2).
If one assumes that either the meridional tension T1 (or the
circumferential tension T 1) is uniform at each static equilibrium
configuration, Eq. 7a {or 7b) becomes solvable in closed-form. Upon
substimtion of the solution into Eq. 7b (or 7a), it can be shown that T,
must be equal toT,. On the other hand, if one assumes that the cortical
tension is isotropic at each static equilibrium configuration, the
deformed cell shape can be solved by equating the right-hand sides of
Eqs. 7a and 7b. Upon substitution of the solution back into Eqs. 7a
and 7b to calculate T1 and T,. it can be shown that the cortical tensions
are uniform. Thus, the uniform tension assumption is equivalent to the
isotropic tension assumption, which can be obtained from, but not
limited to, the assumption of negligible shear and area elastic moduli,
i.e. T1 T, T0 (after setting E, Ea 0 in Eqs. 2a and 2b). Under
the uniform tension assumption, the deformed shape of the cell can be
expressed in terms of an elliptic integral,
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= =

= =

lz-z,..f=

J.

r

where

'"'[(2Trp,. +_L
)-2
2nrT
0

-1

l-V2dr

(8a)

0

,'" [(
)z,.= f.'• i~ + 2~To -1
2

]- 112

(8b)

dr

(8c)

and

For the case of spontaneous adhesion without externally applied
loads (Fig. IB), Eq. 8 reduces to an indented sphere of radius 2To/Pc
the value of which can be determined from the volume conservation
condition of Eq. 6. The result is
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Figure 2. Free body diagram of parts of an rdherent cell 1Ubject lo micropipette
upiration. Only the balance of axial forces is shown because the radial forces are
telf-balanced for the present ax~etric problem. Also due 1o axilymmetry, only
the upper half of the diagram u lhown. The DOrmal 1treaa di5tribution on the
dla1on area is drawn ~ ID our model JnC,tic&ion. i.e. a, • - Pc for r < r • md CJ1
-+ ((/+ "'•2Pc)/(2JCT.)]6{r- '•) u r-+ '•· What prevents one frOm~ able lo
directly measure the adhesion force I ia that the iDdc:ntation force!, by the p1pettc tip
il UIUally DOt known. Only when the cell il about 1o •lip out from abe pipeue
will
I, vanish and hence can I be calculated &om the upiration pressure throup 11111ple
Ioree balance.
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For the case of detachment of an adherent cell from a flat plane by
micropipette (Figs. IC and 10), Eq. 8 describes the deformed shape
of the cell between the adhesion plane and the pipette tip as well as the
shape of the "cell tongue" inside the pipette. The latter is either a
partial sphere (Fig. 1C) or a circular cylinder plus a hemisphere (Fig.
1D), so that the radius of the sphere, the cortical tension, and the
transcortical pressure difference are related by the law of LaPlace,
(10)

where pis the aspiration pressure inside the pipette.
The surface adhesion energy density, y, defined as the mechanical
work done to detach a unit area of adhesive contact, can be calculated
using the Young equation when bending is neglected (Adamson
1976; Evans 1993), as follows:

r= ~(1 - cosa~~) =T0 (• - J r'

,2

1 +r

=To[•-siw(r'L-o

)l

•0

•-r;~tr

]

(11)

where a 11 is the angle between the r axis and the tangent of the
meridional contour at the edge of the adhesion area (z 0, r r 11), as
shown in Fig. 2 and sign(•) denotes the sign function. Note that Eq.
11 applies to both cases of spontaneous adhesion and detachment by
micropipette aspiration. For the former case, the net axial force f = 0,
while for the latter case,/> 0.

= =
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The distribution of stress normal to the contact disk (Fig. 2) is
compressive (due to indentation from the original spherical shape)
except within a thin zone at the edge where it is tensile (to provide
adhesive forces) (Zhu 1991). The more flexible the cell cortex, the
thinner the tensile zone (boundary layer). When the bending rigidity
of the cortical shell is neglected, sudden jumps in the surface
curvatures are allowed, the boundary layer becomes infinitesimally
thin, and the tensile stress distribution approaches a Dirac delta
function. The strength of the stress concentration can be derived by
considering the force balance at the conjugation area (cf. Fig. 2). It
has the physical meaning of adhesive force per unit length of
boundary. Thus,
(12)

where {( •) denotes the Dirac delta function.
Elastic conex-uniform pressure core model

To examine the effect of elasticity, the problem of spontaneous
formation of adhesion (Figs. lA and lB) was solved using the model
of elastic cortical membrane and liquid core with uniform intracellular
pressure. In contrast to the model of uniform presttess cortical tension
m which the solution outside the adhesion region is independent of
that inside, for the model of elastic cortex, the cell shape outside the
conjugation area is coupled to the membrane deformation inside the
adhesion region. Since the governing equations become highly
nonlinear once elasticity is included, approximate analytical methods
were used. These included small strain linearization to solve for the
cell shape outside the conjugation area and a regular perturbation
method to solve for the deformation inside the adhesion region.
For the outer region, two functions were inttoduced: R(t;} rc[l +
£(;)] to describe the deformed shape of the cell in spherical
coordinates and f(4J) ;[1 + e(;)] to specify the mapping between
the deformed and undeformed coordinates. Substituting Eqs. 2a and
2b into Eqs. 7a and 7b respectively and expressing 11 , A., r, and z in
terms of £, e and their derivatives with respect to ;. two coupled
ordinary differential equations can be obtained. Assuming that £ and
e are small and hence nonlinear terms on e and e can be neglected,
solutions to the linearized equations can be found,
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Upon substitution of Eq. 13a into R(;) = rc(1 +e) it can be seen that
this is a linearized elliptic equation in the polar coordinate system.
Thus, the deformed cell shape is approximated by an indented
ellipsoid rather than an indented sphere when membrane elasticity is
included in the model. The integration constant c bas the geometric
meaning of the eccentricity. The semilatus rectum of the ellipse,
rc[(2EJio- l)/(2EJTo- PcrJ2To)], depends on the ratio of the area
elastic modulus, £ 11 , to the prestress tension, To- 1be cortical tension is
still uniform and isotropic, but has a value different from To and
depends also on the ratio E,JTo(14)

To determine the integration constant c from Eqs. 13a and 13b one
must solve the deformation within the contact area. Only one equation
of equilibrium, Eq. Ia, suffices for determination of the axisymmetric
deformations of a flat membrane, because Eq. 1b is automatically
satisfied. Eqs. 1a (after setting M 1 =Ms= 0 and s = r), 2a and 2b were
solved by a penurbation method using the ratio of shear to area elastic
moduli or its reciprocal as perturbation parameters. For the case of
E,/E11 << 1, the zeroth order solution for the mapping between the
deformed coordinate r and undeformed coordinate tp is

-1 *')'c (Pc'c
2

tp=COS

1+

2

-

-+2E•)/(Pc'c
2E- 2
2T0 T0
11

--270 T0

)]

(15a)

For the case of EJE. >> 1, it is

-1{,'•

tp= 2 tan

-

41 .-t(''c·

(15b)
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The boundary condition that the meridional tension be continuous at
the edge of the contact (r r 11 or ;
has already been imposed to
obtain the solutions given by Eqs. 15a or 15b. The geometric
boundary conditions, i.e., tp(r11 ) =;"[I + e(;")] and '• = rc[l +
l:(;")]sin;"' plus the volume conservation condition of Eq. 6 allow for
for
determination of the constant c and the intracellular pressure
any given configuration of adhesion (as specified by the radius of the
adhesion area r .). The surface adhesion energy density, y. can be
calculated using Eq. 11 (after setting I= 0 and replacing To by T1
given by Eq. 14).

=

=;")
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Experiment
Cells
Kaposi's sarcoma (KS) cells were obtained from punch biopsies of
skin lesions of Kaposi's sarcoma of HIV-infected AIDS patients
(whose informed consents were obtained) and cultured using
conditions that favored endothelial cell growth (Yang et al 1994). KS
cells (passage 4 - 10) were detached from tissue culture flasks by O.S
mM EDTA (Gibco, Grand Island, NY) and washed twice before being
used in the adhesion experiment The promyelocytic leukemia cell
line HL60 was obtained from American Type Culture Collection
(Rockville, MD). HL60 cells were used as a model because many of
their propenies resemble those of granulocytes and because they
adhered avidly to KS cells (Zhu et al 1993). As far as the bulk
cellular deformation is concerned, the KS cell-HL60 cell system
appears to behave similarly to many other cell systems whose
adhesion have been studied using the micropipette method (e.g.,
(Sung et al 1986; Sung et al 1992; Sung et al 1993; TOzeren et al
1992b; TOzeren et al 1992a), although the cell adhesion molecules
underlying the interactions are different in different cell systems. 1be
molecular mechanisms mediating the strong KS cell-HL60 cell
adhesion are currently being explored.

Experimental Protocol
Our micropipette apparatus has been described (Delobel 1992;
Delobel et a1 1992; 2llu et a1.1993) The methods used to manipulate
adhesion of individual cell pairs are illustrated by the sequential
photomicrographs in Fig. 3. Briefly, two micropipettes with inner
diameters of 4-6 JJ,m at the tip were prepared usmg a pipette puller
(Kopf, Tujunga, CA) and a microforge (built in house). The wide end
of each pipette was connected to a hydraulic pressure regulation
system (built in house). The movement of each pipette was controlled
by a hydraulic micromanipulator (Narishige, Tokyo). Cells were
suspended in a small chamber mounted on the stage of an invened
microscope (Olympus, Tokyo) which was placed on an anti-vibration
table (Kinetic Systems, Boston, MA). A KS cell and a HL60 cell were
respectively captured by two pipettes, aligned, and brought to close
proximity. The HL60 cell was released by removal of the aspiration
pressure from its pipette (manipulating pipette) and allowed to interact
freely with the KS cell which was held in a fixed position for
observation by its pipette (holding pipette) (Fig. 3A). After a
predetermined period (10- 30 minutes) of incubation, the HL60 cell
was recaptured with a small suction pressure (- 2 mm H20) (Fig. 3B)
which was increased stepwise in increments of 0.25 - 1 mm H 20. At
each level of aspiration pressure, the HL60 cell was pulled away
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Figure 3. Six aequential photomicrographs of a typical micropipeue manipulation
experiment. The tape-recorded images were digitized and proceased usin& the
Macintosh Quadra 950 to allow for direct prin!ina from alaserwriter. The larger cell
on the left wu a KS cell held by the holding pipette. The smaller cell on the ri&ht
wu a HL60 cell held by the manipulatina pipette. The two cells were aligned ll1d
brought to contact. The HL60 cell first wu releued (A) to allow for adhesion to the
KS cell free of 1pplied forces and then recaptured (B) ala later time. The two cells
then were gradually pulled away from each other (C). The HL60 ceD slipped out from
the manipulating pipette when the 1uction pressure wu 1mall (D). At larJer
aspiration pressure, 1be Ja60 cell wu 1tretched ID elon&ale (E). AI the manipulatin&
pipette wu •lowly mmeuvered ID the riJht. tbe two ceD bodies were ~ep~raled (F).

gradually by maneuvering the micropipette (Figs. 3C and 3E). To
ensure the detachment process to be quasi-static as required by the
model, the pipette was moved at an extremely low velocity of about
0.5 J.UDisec. At low levels of aspiration pressure, lhe HL60 cell slipped
out of the pipette tip when the manipulating pipette was moved too far
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right (Fig. 3D). Above a certain level of suction pressure, the body of
the HL60 cell was detached from the KS cell body (Fig. 3F). As can
be seen in Fig. 3, the HL60 cell deformed into a series of elongated
shapes in response to aspiration and micromanipulation. By contrast,
the KS cell showed no detectable deformation suggesting much more
rigid mechanical properties. The manipulation process was viewed
through the bottom of the cell chamber with an lOOX objective
(numerical apenure of 1.25, oil immersion) and a 20x eyepiece. The
moving images with digital time were continuously recorded through
a charge coupled device camera (Dage MTI, Michigan City, IN), a
video timer (For.A, Boston. MA), and a Super-VHS video cassette
recorder (Mitsubishi, Cypress, CA) and displayed on a video monitor
(Panasonic, Secaucus, NJ) at a final magnification of approximately
2.SOOx as calibrated by a stage micrometer.

Image Processing and Data Acquisition
At a later time, the recorded images were played back in a computercontrolled video cassette recorder (NEC Technologies, Wood Dale, n..)
and processed using a Macintosh Quadra 950 equipped with an image
grabber (Neotech, United Kingdom). At various levels of aspiration
pressure p, and at time intervals of 1-2 seconds, the following
geometric measurements were made from the processed images: the
contact radius, r 11 , the inner radius, r P' and the location, l, of the
pipette, the cell tongue length, d, the radius of the maximum latitude
circle, r,.., and its location, z,.., and a set of coordinates on the cell
meridional contour, (z;,

rv.

Results and Discussion
We shall illustrate the results for the problem of detachment of
adhesion by micropipette aspiration (Figs. lC and lD) using the
simplest mechanical property model: a thin shell with uniform
cortical tension and a liquid core with uniform intracellular pressure
(i.e. quasi-static process). The effect of conical elasticity will be
examined using the results for the problem of spontaneous formation
of adhesion (Figs. lA and I B).

Model Validation
For the problem of detachment of adhesion by micropipette
aspiration, two approaches were utilized to test the validity of our
model by comparing the observed with the predicted shapes of the
deformed cells. In the first approach (Fig. 4), the adhesion radius, r11 ,
and the cell tongue length, d, were measured for each controlled
pipette pressure, p, and location, l. These were used as model inputs to
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Figure 4. (A) Computer-proceued image of an adherent Jfi..60 cell recorded &om a
typical experiment overlain by the outline of the cell lhape predicted from our model
(dashed curve). Measured ~ameten used u input for lhe calcula1i011 of the deformed
ahape of the cell were the mitial radius of the undeformed spherical cell. r t:t the radius
of the circular adhesion area. r.. the inner radius. r the location. l, and the upiration
pressure, J!• of the pipette. and the cell tongue fmgth. d, being upirated into the
pipette. (B) Comparison of the theoretically predicted and experimentalJy measured
radius of the maximum latitude circle, r•· u a function of the pipette location, I, at
upiration pressure p • - 7 mm H20 for the HL60 cell ahown in (A). The curves
connecting the open l)'lllbols are predicted r calculated from either the upper or
lower bounds of the r• values estimated to the ~t of our ability &om the diffraction
band of the imaae. wbereu the clcud symbols are tbe clliectly meuured r•.

n

calculate the adhesive properties (/and and mechanical propenies
(To and p c>· The predicted cell shape was then compared with the

experimental observation.
In the second approach (Fig. S), the shape of the cell ponion
between the adhesion plane and the pipette tip (i.e. 0 < z < 1) was
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FigureS. (A) Computer-processed image of the 11me ID..60 cell u lhown in
4A
overlain by the computed cell shape to best fit a aet of measured cylindrical
coordinates, (z;, r;) (i
1 - 6), of the cell outline (dots). Additional measured
parameters used u model input included the initial radius of the undeformed spherical
cell, r e- the maximum latitude radius, r •· the inner radius. r,. lhe location, I, and lhe
aspiration pressure, p, of the pipette, and the cell tongue length, d, being upiraled
inlo the pipette. (B) Companson of the theoretically p-edicled and experimentally
measured radius of the adhesion area. r , for four kvell of aspiration pressure, p, and
various values of the pipette location, for 1be ID..60 cell shown in (A). The solid
curves represent upper and lower bounds measured to the best of our ability from the
diffraction band of the image.
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measured by a set of cylindrical coordinates, (z;, r;). To, Pc·f· and r
were computed for various values of p and I. The computation was
based on a nonlinear regression method such that a best fit was
obtained between the theoretically predicted and the experimentally
observed cell shape. It should be noted that, in contrast to the first
approach, the contact radius, r•• was not required as a model input, but
rather, was a computed result from the model.
·
It can be seen from Figs. 4 and S that the model predictions
compare fairly well with experimental data, both visually (Figs. 4A

IS

and SA) and numerica1ly (Figs. 4B and SB). The second approach is
deemed to be more reliable because the best fit method utilizes more
data points to minimize the errors between the predicted and
measured cell shape, which helps to smooth out some of the
observational noise inherent in a single measuremenL. The first
approach requires less data points, but one of the required data points,
the adhesion radius r,, is usually difficult to measure and the
measurements are of larger uncertainty (see Figs. 4 and S). Also, the
exact fit method used by the first approach is often more susceptible
to the accuracy (or the lack thereof) of the input data. In addition. for
higher aspiration pressures and larger deformations of the cell, the
numerical scheme used by the exact fit method becomes illconditioned resulting in a very slow rate of convergence.

Model Predictions
The theoretically predicted axial force resultant,

I

(scaled by

2trrcTo), and the surface adhesion energy density, y(scaled by To) are

respectively shown in Figs. 6A and 6B as funcuons of the pipette
location, l (scaled by rc), for several levels of aspiration pressure, p.
Note that the present model works for both cases of pulling (/ > 0) the
cell away and pushing (/ < 0) the cell toward the adhesion plane (Fig.
6A). Combirung Figs. 4B and 6B, it can be seen that, during the
process of detachment by micropipette aspiration, the surface
adhesion energy density r increases while the conjugation radius r,
decreases. By contrast, r increases with the increasing r, during the
process of spontaneous adhesion (see Fig. 7 below). Moreover, the
adhesion energy is much larger during the detachment process than
the conjugation process. These results suppon the notion that cell-cell
adhesion is a thermodynamically irreversible process.
To predict I and r for the entire processes of adhesion and
detachment requires the use of the cell itself as a force and energy
transducer. The validity of such an application, and the accuracy of
the mechanical transducer, depends on an appropriate mechanical
model for the cell and reliable values of the mechanical property
constants. In the present study, the mechanical property constants of
each individual cell were solved simultaneously with the adhesive
properties of that cell in order to minimize the influence of variations
in mechanical properties among cells on the evaluation of the
adhesion force and energy. Fig. 7 shows our model predictions of the
cortical tension T0 and the intracellular pressure p c· 1be predicted
cortical tension agrees well with those reported by others for
leukocytes (Dong et al 1988; Yeung and Evans 1989; Needham and
Hochmuth 1992; Dong and Skalak 1992).
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Figure 6. Dimensionleu axial force resultant. D(21CTiJ'o) (A), and surface adheaion
energy denlity. )fio (B), u functions of the dinlensJonleu pipette location. Ur at
various levels of aspiration pressure, p (in mm H20). Each data point in FJ.II.
or
6B wu computed from meuuremenlS from one image of a delonned c:eD. auch u thole
abown in Figs. 4A or 5A. Data for three cells were shown. and ttm of deformation

6A

atalel were analyzed for each cell. The continuous curves in (A) repreae:nt quadratic
curves ID best fit the data for each ceD.
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In tbe previous studies, a single micropipette was utilized to aspirate
the cell into the cylindrical pipette (Dong et al 1988; Yeung and
Evans 1989; Dong and Skalak 1992) or to push the cell along the
tapered pipette (Needham and Hochmuth 1992). Only could a single
variable, the pipette pressure, be controlled by the experimentalist In
the present work, the lfi..60 cell was allowed to adhere to a KS cell on
one side and to be aspirated by a micropipette on the other side. Such
an experimental design enabled us to deform the cell into various
configurations by independently controlling two variables: the pipette
position and the aspiration pressure. Tbe cortical tension. To, can be
calculated from each equilibrium configuration as a function of the
pipette location, l, and the aspiration pressure, p, as shown in Fig. 7.
According to Eq. 8 and the preceding discussion, To in Eq. 8 must
be the uniform and isotropic cortical tension independent of the
spatial strain variations. However, since Eq. 8 is derived for static
equilibrium, it allows for different To values for different equilibrium
configurations. In such a case, To may not be a ttue constant but may
depend on the bulk deformation of the cell, as has been suggested by
Dong and Skalak (1992) and Needham and Hochmuth (1992). The
increase of the computed To values with increasing p (Fig. 7) might
reflect the limitation of the present model rather than the real change
of the mechanical properties, since from direct observation, it was seen
that changing I caused much more bulk deformation of the cell than
changing p. One of the possible model limitations may be due to
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18

the assumption of nepigible tangential load, p 1 , acting on tbc cell
surface. 1bis assumption is unlikely to be valid at the ring where the
tip of the pipette indents onto the cell surface. If there exists a
concentrated tangential load there, then there will be a disoontinuity in
the cortical tension. An increase in the aspiration pressure would
induce an increase in the tension of the cell tongue inside the pipette
but probably has little effect on the cortical tension of the cell portion
outstde. Another possible model limitation may rise from the quasistatic assumption. Although the time rate of change in l was
controlled in our experiment to be sufficiently small, after a sudden
change in the aspiration pressure, there might not be enough time to
allow the cytoplasmic flow into the pipette to reach the equilibrium
state. We are currently examining these issues.

Effects of Elasticity
The effects of shear and area elasticity of the cortical shell on
adhesion energy were examined using the problem of spontaneous
adhesion (Figs. lA and lB). Compared in Fig. 8 are YfTo vs. r.frc
curves computed based on the models without (prestress tension
alone) and with cortical elasticity. For the latter model, two extreme
cases were solved: the case in which the shear elastic modulus was
much smaller than area modulus and the case in which the shear
modulus was much larger than area modulus.
Since only linear terms were kept in the governing equation for the
region outside the conjugation area and only the leading term of the

1~--------------------------------------~

C>

~

~

0.9
0.8

-

-

EGIT0 = 10, E$ IEG >> 1

0.7

-

• -

EIJIT0 • 10, E$ IEG << 1
EJ T0
EIJI T0

0.6

0.5
0.4

=0,

=0,

EJE, >> 1
E$ IEG << 1

ex~et 10ln with 110 elasticity

0.3
0.2
0.1

0~~~~~====~~~~-----J
0

0.1

0.2

0.4

0.3

0.5

0.6

0.7

0.8

r /r
Q
c

,rr

Figure 8. QmJputed
ovs. r.frc curves for the problem of lpODlaMOus fcmnatkm of
adhesion. The pedictions or two models are compared: one with md the other
without cortical eluticity. For the elutic model. both cuea of EJE. << 1 and EJE.
>> 1 are shown for two values of E.flfi. 0 and 10.

19

perturbation series was used to approximate tbe solutions inside the
adhesion region, the accuracy of the approximate solutions must be
examined. This was done by setting the elastic moduli to zero in the
approximate solutions (obtained from the equations with elasticity)
and comparing them with the exact solution (obtained from the
equation without elasticity). As can be seen in Fig. 8 (curves 3, 4 and
S), the two approximate solutions coincide very closely with the exact
solution.
As can be easily understood intuitively, the effects of cortical
elasticity increase with the degree of deformation and with the ratio of
tbe elastic modulus E, to the prestress tension To- 1be only published
cortical elasticity values for leukocytes that we know of are To • 0.12
dyne/em, £, • 0.01 dyne/em, and E. • 0.14 dyne/em (Dong and
Skalak 1992). We have examined the elasticity effects for a much
wider variety of E.fT0 values. The case of EJTo = 10 is shown in Fig.
8 (curves 1 and 2). For smaller EJTo values, the effects of elasticity
on the adhesion energy are minimal.

Conclusion
Of all existing methods for the measurement of the physical strength
of cell-cell adhesion, the micropipette manipulation technique is
probably the most quantitative one, because it allows for
determination of the absolute value of the force required to separate a
single pair of adherent cells. However, because of the unknown
indentation force exerted to the cell by the pipette tip (cf. Fig. 2), only
can the end-point value of the force required to separate the cell pair
be directly measured. In the present work, a model has been
developed to analyze the deformation of an adherent cell in the
micropipette experiment. The model allows us to obtain detailed
information regarding the adhesion force and energy, namely, their
histories during the entire processes of adhesion and detachment.
Moreover, the model allows us to obtain such information using less
experimental manipulations, say, a single pull of the adherent cell at a
moderately-high aspiration pressure. This will help to minimize the
undesirable mechanical disturbances to the cell during repeated
pulling at multiple levels of aspiration pressure. The information
obtained from the present model can be used as input for the
modeling of the dynamics of the cell adhesion molecules.

Acknowledgment
This work is supported by NSF Grants Nos. 9210684 and 9350370,
and Whitaker Foundation Biomedical Engineering Research Grant to
CZ, and Emory/Georgia Tech Biomedical Technology Research Grant
to CZ and MKO.

20

References
Adeznson, A. W. Physical cbemistry of mrfacea. New Ymt: Jo1m Wiley A S0111, Inc.;
1976.
Albetts, B.; Bray, D.; Lewis, J.; 1Wf. M.; Roberta, K.; Watson. J. D. Molecular
biolol)' of the cell. New York: G•llnd Publilhin&.IDc.: 1989.
Ddobel, J. Quantification of the ldbelion force between iDdividual pomyelocytic
ceo. and Kaposi's an:oma cellJ uaiD& a micropipeue tecbnique. Ge:ropa Institute
of TedmoloJY. 1992.
Delobel, J.; Yq. J.; Offermazm. M. K.; Zhu, C. Mechmical popertia of membrme
tethen mediatiDa the cell adhesion of Kaposi's aarcomL Bidcz, M. W., eeL 1992
Advmca in Bioengineerina: poceedinas of ASME Winter Amma1 Meetina: BEDVoL 22; November 8 - 13, 1992; .Anaheim, CA. American Society of Mechanical
Enaineen; 1992: 391-394.
Dembo, M. On peeliDa m adheral1 cell from a mrftce. In: Goldstein. D.; Wouy, C.,
ecla. Some mathematical problema in bioloJY. Providence, RI: American
Malhematical Society; 1994, (in press).
Dembo, M.; Tomey, D. C.; Suman. K.; Hammer, D. A. Tbe reaction-limited kinetica
of membrme-to-IU!face adhesion and detachment. Proc. R. Soc. Lond. B. 234:5583; 1988.
Dcma. C.; Skallk. R. Leukocyte deformability: Finite element modelin& of large
•ilcoelutic deformation. J. Tbeor. Bioi. 158:173-193; 1992.
Dona. C.; Skalak. R..; Sung, K.-L P.; Schmid-SchOnbein, G. W.; Chien. S. Passive
deformation malysil of human leukocytes. J. Biomech. f.na. 110:27-36; 1988.
Evans, E. A. Detailed mechanics of membrane-membrane ldhesion mel aep~ration. L
Continuum of molecular cross-bridges. Biophys. J. 48:175-183; 1985a.
Evans, E. A. Detailed mechanics of membrane-membrane adhesion and ~ep~ration.
Discrete kinetically trapped moleculiZ' cross-tridges. Biophys. J. 48:185-192;
1985b.
Evans, E. A. Micropipette atudies of cen md vesicle adhesion. In: Bongrmd. P.. ed.
Physical bui.s of cell-cell adhesiOn. Boca Raton: CRC Press; 1988:p.173-189.
Evans, E. A. Physical .ctions in biological adhesion. In: Lipowski. R.; S.cbnmn.
E., eds. Hmdbook of biophysics. Amsterdam: Elsevier; 1993, (in press).
Evans, E. A.; Berk. D.; Le\Dlg, A. Detachment of agglutinin-bonded red blood cells:
I. Forces to rupture molecular-point attachments. Biophys. J. 59:838-848;
1991&.
Evans, E. A.; Berk. D.; Leung, A.; Mohandas, N. Detachment of aggJutinin-bcmded
red blood cells: n. Mechanical Energies to aeparale large contact areas. Biophys.
J. 59:849-860; 1991b.
Evans, E. A.; Buxbaum. K. Affinity of red blood cell membrane for pcticle nrfaces
measured by the extent of particle encapsulation. Biophys. J. 34:1-12; 1981.
Evans. E. A.: Leq, A. Adhesivity md fi&idity of aythrocyte membrane in relation
t.o wheat germ agglutinin binding. J. Cell Biol. 98:1201-1208; 1984.
Evans. E. A.: Skalak, R. Mechanics aDd thermodynamics of biomembrmes. Boca
Raton, FL: CRC Press; 1980.
Happel, J.; Brenner, H. Low Reynolds number hydrodynmnics. Dordrecht: Mutinus
NiJboff: 1986.
Needham, D.; Hochmuth. R. M. A NDSitive measure of surface atreu in the ratbJa
uutrophil. Biophys. J. 1992.
Sblak, R.; Tozeren. A.; Zarda. P. R..; C1ic:n. S. Strain CDe1JY fuDction of.red blood
cell membrmes. Biophys. J. 13:245-264; 1973.
Skalat. R.; Zlrda. P. R..; Jan, K.-M.; Chien. S. Mechmics of rouleau fcmnalion.
Biophys. J. 35:771-781; 1981.

n.

21

Springer, T. A. Adhesion recepcon of the immune system. Nature. 346:425-434;
1990&.
Springez, T. A. The sensation and regulation of inleractiODJ with the extr~eellular
environment: The cell bioloJY of lymphocyte adbesioD receptors. ADDu. Rev.
Cell Bioi. 6:359-402; 1990b.
Sung, K.-L P.; Frojmovic. M. M.; OToole. T. E.: Zhu. C.: Oinsberg. M. H.: CUal.
S. Determination of adhesion force between single cell pain aenerated by
IICtivaled Opllb-IDa receptors. Blood. 81:419-423; 1993.
Suna. K.-L P.; Kuhlman. P.; Maldonado, F.; LoUo, B. A.; Chien. S.; Brian, A. A.
Force contribution of the LFA-1/lCAM-1 complex toT ccllldheaMm. J. Cell Sci.
103:259-266; 1992.
Smtg, K.-L P.; Suna, L A.; Crimmins, M.; Buntoff. S. J.; Chien. S. Detaminadon
of junction avidity of cyt.olytic T cell and target cell. Scieuce. 234:1405-1408;
1986.
Tozcren. A.; Mackie. L H.; Lawrence. M. B.; Chin. P.-Y.; Dustin. M. L; Sprinaez,
T. A. Micromanipulation of adhesion of phorbol 12-myristate-13-acetateatimulated T lymphocytes to planar membranes containing imncellular adhesion
molecule-1. Biophys. J. 63:247-258: 1992L
Tozeren. A.; Sung, K.-L. P.; Chien. S. Theoretical and experimental ltUdies on crossbridge migration during cell disaggregation. Biophys. J. 55:479-487; 1989.
TGzeren. A.; Sung, K.-L. P.; Sung, L.A.; Dustin. M. L.; Chan. P.-Y.; Springer, T. A.;
Chien. S. Micromanipulation of adhesion of a Jurkat cell to a planar bilayer
membrane containing lymphocyte function-usociated antigen 3 molecules. J.
Cell Bioi. 116:997-1006; 1992b.
Yang, J.; Xu. Y.; Zhu. C.; Hagan. M. K.; Lawley, T.; Offermann. M. K. ReJUI.ation of
adhesion molecules expressed in Kaposi's aarcoma cells. J. lmmunol. 152:361373; 1994.
Yeung, A.; Evans, E. A. Conical &bell-liquid core model for passive Dow of liquidlike 1pherical cells into micropipene. Biophys. J. 56:139-149; 1989.
Zhu, C. A thermodynamic and biomechmical theory of cell adhesion. Pan 1: General
fonnulism. J. Theor. Bioi. 150:27-SO; 1991.
Zhu, C.; Delobel. J.; Ferguson. L. A.; Offezmann. M. K. Qumtitation of adhesion
forces of cultured Kaposi's sarcoma cells for leukocyte cell lines. Tarbell, J. M .•
ed. 1993 Advmces in Bioengineering: proceedings of ASME Winter Annual
Meeting; BED-Vol. 26; November 28 - December 3, 1993; New Orleans, LA.
American Society of Mechanical Engineers; 1993: 3Sl-3S4.

22

'

Cheng Zhu

Mechanical Engineering
GA Tech Res Corp - GIT
Atlanta

~A

30332

1. Program Officiai/Org.

2. Program Name
3. Award Dates (MM/YY)

From:

To:

Tech Res Corp _ GlT
Ad•inistration Building

4. Institution and Address6 A

Atlanta

GA

5. Award Number
ProiQCt Title

ode.r 1ng of Transient Processes in Cell Adhesion

30332

PART IV --FINAL PROJECT REPORT-- SUMMARY DATA ON PROJECT PERSONNEL
(To be submitted to cognizant Program Officer upon completion of project)

The data requested below are important for the development of a statistical profile on the personnel supported by
Federal grants. The information on this part is solicited in resonse to Public Law 99-383 and 42 USC 1885C. All information provided will be treated as confidential and will be safeguarded in accordance with the provisions of the Privacy Act
of 1974. You should submit a single copy of this part with each final project report. However, submission of the requested
information is not mandatory and is not a precondition of future award(s). Check the "Decline to Provide Information"
box below if you do not wish to provide the nformation.
Please enter the numbers of individuals supported under this grant.
Do not enter information for individuals working less than 40 hours in any calendar year.
Senior
Staff
Male

Fern.

PostDoctorals
Male

A. Total, U.S. Citizens
B. Total, Permanent Residents

Fern.

Graduate
Students
Male

Fern.

UnderGraduates
Male

Fern.

\

l

l

\

\

I

Other
Participants 1
Male

Fern.

\

U.S. Citizens or
Permanent Residents 2 :

I

American Indian or Alaskan Native ....
Asian ............................

1

Black, Not of Hispanic Origin .........
Hispanic ........................
Pacific Islander ...................
White, Not of Hispanic Origin ........

C. Total, Other Non-U.S. Citizens
Specify Country
1.
2.
3.

D. Total, All participants
(A+ B +C)

\

Disabled 3

D

Decline to Provide Information: Check box if you do not wish to provide this information (you are still required to return this page
along with Parts I-III).

1

Category includes, for example, college and precollege teachers, conference and workshop participants.

2

Use the category that best describes the ethnic/racial status fo all U.S. Citizens and Non-citizens with Permanent Residency. (If more

than one category applies, use the one category that most closely reflects the person's recognition in the community.)
3

A person having a physical or mental impairment that substantially limits one or more major life activities; who has a record of such
impairment; or who is regarded as having such impairment. (Disabled individuals also should be counted under the appropriate
ethnic/racial group unless they are classified as ·other Non-U.S. Citizens. •J

AMERICAN INDIAN OR ALASKAN NATIVE: A person having origins in any of the original peoples of North America and who maintains cultural identification through tribal affiliation or community recognition.
ASIAN: A person having origins in any of the original peoples of East Asia, Southeast Asia or the Indian subcontinent.
includes, for example, China, India, Indonesia, Japan, Korea and Vietnam.
BLACK, NOT OF HISPANIC ORIGIN: A person having origins in any of the black racial groups of Africa.

This area

HISPANIC: A person of Mexican, Puerto Rican, Cuban, Central or South American or other Spanish culture or origin, regardless of race.
PACIFIC ISLANDER: A person having origins in any of the original peoples of Hawaii; the u.s. Pacific territories of Guam,
American Samoa, and the Northern Marinas; the U.S. Trust Territory of Palau; the islands of Micronesia and Melanesia; or the
Philippines.
WHITE, NOT OF HISPANIC ORIGIN: A person having origins in any of the original peoples of Europe, North Africa, or the Middle East.

NSF Form 98A (Rev. 10/90)

TECHNICAL INFORMATION
We have analyzed the adhesion of a cell to another cell or to a surface and its detachment from that
cell or sutface by micrompipette aspiration or by centrifugal forces. The objective is to evaluate the
histories of adhesion force and energy during the entire processes of conjugation and detachment. Based
on the idea that the cell itself can be used as a mechanical transducer, we seek a scheme to simultaneously
calculate the adhesive properties, such as binding force and energy, and the mechanical properties, such as
the viscoelastic constants, from the observed cellular deformation under controlled applied loading. The
cortical shell-liquid core model has been adapted for the cell as indicated in the proposal. A sequence of
constitutive equations with increasing order of approximation and level of complexity are employed in the
analysis. For the cortical shell, these include a uniform and isotropic prestress tension, the shear and area
elasticity, and the bending elasticity. For the liquid core, these include incompressible inviscid fluid and
incompressible Newtonian fluid. Depending on the complexity of the governing equations, the boundary
value problems have been solved using an exact analytical method, an approximate analytical method
based on small strain linearization, and a regular perturbation method based on the difference between the
shear and area elastic moduli.
The major findings include the appropriate rheological model for nucleated cells in the cell-cell
adhesion experiment using micropipette manipulation. The adhesion force and energy to be evaluated are
scaled by the mechanical properties of the cell, since it is the cell that is being used as the mechanical
transducer to measure the adhesive properties. For this reason, it is critical to used a proper rheological
model and eveluate from experimentally measured cellular deformations the intrinsic mechanical properties
and adhesive properties simultaneously. We found that the deformed shape of the cell can be predicated
extremely well by a simple model of a quasi-static liquid core enclosed in a cortical shell with a uniform
and isotropic prestress tension. We showed that the inclusion of cytoplasmic flow is not necessary for the
accurate prediction of the cell shape. We demonstrated that the friction between the cell and the pipette
mount is critical and can significantly affect the model prediction. We also found in our system the
increase of adhesion strength during the process of detachment, is in consistent with the published results
in other systems.
Not only do the experimental results provide a validation, and point to the limitations of the theory,
but the mathematical models also suggest new experiments. We have already identified a lipid vesicle
system as an ideal model for studies of the diffusive molecular behavior described in one of the PI's
mathematical models for transient cell adhesion. Experiments with this new design is underway.
Some of the work has been published (see list below). Others are at various stage of preparation.
One Ph.D. student and one undergraduate student have been working under the support of this grant.
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