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Abstract

Magnetic twisting cytometry is gaining wide applicability as a tool for the investigation of the
rheological properties of cells and the mechanical properties of receptor-cytoskeletal interactions.
Current technology involves the application and release of magnetically induced torques on small
magnetic particles bound to or inside cells, with measurements of the resulting angular rotation of
the particles. The properties of purely eastic or purely viscous materials can be determined by the
angular strain and strain rate, respectively. However, the cytoskeleton and its linkage to cell surface
receptors display elastic, viscous, and even plastic deformation, and the simultaneous characterization
of these properties using only elastic or viscous models is internally inconsistent. Data interpretation
is complicated by the fact that in current technology, the applied torques are not constant in time,
but decrease as the particles rotate. This paper describes an internally consistent model consisting
of a paralel viscoplastic element in series with a paralld viscodastic eement, and one approach to
guantitative parameter evaluation. The unified model reproduces all essential features seen in data
obtained from awide variety of cell populations, and contains the pure elastic, viscoelastic, and viscous
cases as subsets. .

Keywords: Magnetic twisting cytomét%/; cell rheology; dasticity; stiffness; viscosity; plasticity;
cytoskeleton

1. Introduction
1. 1. Biological importance of rheology

The rheological properties of cells are an important determinant of their intrinsic motions
and of a wide variety of cell responses to mechanical stresses. The intrinsic motions include
cell motility (Vaberg, 1984), cdl spreading (Wang and Ingber, 1995), and phagocytosis
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in macrophages (Bizal et a., 1991). Responses to externally imposed mechanical stresses
include the nature of deformation and sequestration of leukocytes in the circulation (Lien
et a., 1991; Worthen et a., 1989), secretion of surfactant by Type Il pneumocytes (Wirtz
and Dobbs, 1990) and of NO by endothelial cells (Lamontagne et al., 1992). This category
of responses aso includes changes in the levels of some second messengers in response
to mechanical perturbations of integrin receptors at the cell surface (Fong, 1996). One
common feature linking rheologica properties and mechanical function is the cytoskeleton.
Selective disruption of filaments has enabled the partial assessment of the role that individual
cytoskeletal filament systems play in determining intracellular properties (Tagawaet al., 1997,
Valberg and Albertini, 1985; VValberg and Butler, 1990; Wang et al., 1993; Wang and Ingber,
1994). More recently, the importance of the mechanical linkages between the cytoskeleton and
membrane bound receptors and the extracellular matrix is beginning to be appreciated (Wang
et al., 1993; Wang and Ingber, 1994).

1.2. Magnetic twisting cytometry

Magnetic twisting cytometry is an important tool by which rheological properties can be
studied (Vaberg and Butler, 1987; Vaberg and Albertini, 1985; Valberg and Butler, 1990;
Vaberg and Feldman, 1987; Wang et a., 1993). The essence of thistechnology isfound in the
behavior of small ferromagnetic beads, placed intracellularly either through phagocytosis or
injection, or bound to the cell membrane by coupling of ligand-coated beads to specific cell
membrane receptors. It is important to recognize the severa senses of averaging involved in
the magnetic particle probe.

First, there is heterogeneity in size and shape of the particles themselves. For roughly
spherical particles that are internalized, this is probably a minor issue, since the response
is approximately independent of particle size (Valberg and Butler, 1987). The effect of
heterogeneity with surface bound particles is not known.

Second, the physical location within or on the cell will be distributed, and therefore the
mechanical properties of the adjacent milieu will be distributed as well.

Finally, the measurements are made on populations of cells which themselves may exhibit
heterogeneous rheological properties. The final results are an average over al of these sources
of variahility.

Magnetized beads are rotated by a torque generated by a weak external magnetic field.
The magnitude of the applied specific torque (torque per unit volume) and resulting angular
rotation of the beads can be measured. The relationships between torque and angular rotation
obtained as a function of time and twisting field strength are the primary data from which
one attempts to obtain certain rheological properties. While these primary data are relatively*
straightforward, the characterization of these data in terms of specific parameters such as an
elastic modulus (or stiffness) and a viscosity presents serious difficulties in interpretation;
current methods for analyzing these data are not self-consistent.

1.3. The inconsistency

At any given time during the application of the applied torque, the angular rotation and
rotation rate may be supported by any combination of the cells intrinsic elastic, viscous,
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and even plastic properties. Current methodology defines the ratio of initial specific torque
to rotational angle after 1 min or actual specific torque at 1 min to rotational angle after
1 min to be the sample “ stiffness’ (Zaner and Valberg, 1989; Vaberg and Butler, 1990; Wang
et al. 1993). This simple ratio in fact fails to characterize the cells' actua stiffness, insofar
as both yielding deformations as well as viscous contributions can masquerade as stiffness
thus defined. This ratio is thus not equivalent to an “apparent” or “dynamic” stiffness in the
sense of, e.g., the slope of an elliptica force/displacement loop with sinusoidal forcing. In
particular, the notion of stiffness itself does not admit a lack of angular recovery following
the cessation of bead twisting, a significant and very common observation in living cells.
Similarly, in the quantification of viscosity, the use of strain rate cannot be ssimply related to
the applied specific torque, if the torque is in large measure supported by eastic forces. In
other words, the crosstalk among eastic, viscous, and plastic forces makes current methods
of quantification internally inconsistent. This issue has been recognized (Bizal et a., 1991,
Valberg and Butler, 1990) but to date there has been no systematic and self-consistent approach
to the simultaneous estimation of these rheological properties of cells. It is the purpose of
this article to present a modd for intracellular rheology that can be used to estimate certain
elagtic, viscous, and plastic moduli, and that is consistent with much of the magnetometric
data observed.

2. Technological Methods

Here we briefly summarize the essentials of the specific technical methodology used in
magnetic twisting cytometry, discussed elsewhere at length (Vaberg and Butler, 1987; Valberg
and Feldman, 1987). First, ferromagnetic beads of roughly spherical shape, either within the
cell or bound to receptors on the cell surface, are magnetized by a short but strong magnetic
pulse. Second, a weak uniform “twisting” field By, is applied orthogonally to the origina
magnetization direction. This creates a torque on the particles which causes them to rotate.
Third, the twisting field is turned off, and the cell-bead preparation is allowed to recover.

A magnetometer placed near the cells measures the component B(t) of the magnetic field
in the direction of the original magnetization (the so-called remanent field) as a function of
time . As the particles rotate away from that initial direction due to the applied torque, this
component decreases; let By be the field measured in the direction of the initial magnetization
at time zero, then

B(t) = Bsin(v),

where sin(1) is the average value of the sine of each particle's angle of orientation measured
from the direction of the twisting field. (Thus, @ is akind of average angle for the particles,
but is not the simple mean angle. Furthermore, there are problems with the interpretation of
¢ when intrinsic relaxation is present; see Section 6.) Here ¢ = /2 corresponds to the initial
magnetization direction and ¢ = 0 to the direction of the twisting field. Note that the extent of
rotation is then 7 /2 — ¢. The bead angle is inferred from the measurement of B(t);

9 (z) = sin™! (B(t)/By). (1)
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Fig. 1. lllustration of remanent magnetic field B(t) normalized by By (upper panel) and twisting field
B (lower panel) as a function of time during a single twist and recovery. Note that normalized
remanent magnetic field can also be read as sin(¥), where ¢ is the angle between the magnetic moment
of the particle and the direction of Bi. (In particular, the initial ¥ is n/2.) The three periods of the
twist protocol are identified in the upper panel. Essential features of the data curve are indicated by the
circled numbers.

The applied torque is equa to the cross product of the magnetic moment of the bead and
the applied field. Thus the magnitude of the specific torque (torque per unit bead volume) at
timet, denoted by T (t) is given by

T (t) = cByy sin(?) = ¢BwB(t)/Bo, 2

where ¢ is equal to the remanent magnetic moment per unit volume of particle, corrected by a
shape factor to take into account any lack of sphericity of the particles. If ¢ is known, then one
can magnetometrically determine both the rotation of the particles (Eg. (1)), and the * specific
torque (Eq. (2)), each as a function of time. It isimportant to recognize that while the applied
field B, is a step function during the twisting procedure, the applied torque is not; by Eq. (2)
T is time dependent in a manner dependent on the cells' response. It follows that a simple
interpretation of these data by Fourier decomposition of an applied step cannot be done. .

Since inertid effects are negligible, T must be equal to the specific torque conferred by the
cell. This may be associated with some combination of the deformation (elastic or plastic) or
deformation rate (viscosity). These observations lead to a simple method for calibrating the
bead constant c. In particular, ¢ can be easily determined for a given particle type by twisting
the particles in fluid standards of known viscosity u. ¢ is estimated, in effect, by the ratio of
w(d®/dt) to By, B/ By (Wang and Ingber, 1995; Zaner and Vaberg, 1989).

The experimental protocol is divided into three periods (Fig. 1). Period |-Basdline is the
interval between the initial magnetization and the initiation of the twisting field. Period II—
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Twigt is the typicaly one minute period when B, is on. Period IlI-Recovery is the one
minute or longer period when By, has been turned off.

3. Theory

The apportioning of the net stress (Eg. (2)) and net strain (Eq. (1)) requires some kind of
model structure for the underlying rheological elements. There are two extreme cases which
illustrate this problem. (A) To the extent that there are different elements mechanicaly in
paralel, their angular displacements will be equal and their contributions to stress will be
additive. In that case, one can attribute the measurement of particle orientation or angular
rotation (Eq. (1)) to these elements, but without a specific model one cannot attribute the
measured stress unambiguously to any of the individual elements. (B) To the extent that there
are different elements mechanically in series, their stresses will be equal but their angular
displacements will be additive. In this case, the stress measurements (Eg. (2)) can be applied
to the individual elements, but one cannot assign the angular displacements unambiguously.

If there is full angular recovery following the twist, this may be characterized by a
class of models with no internal mechanical degrees of freedom. In such cases, the angular
rotation and the specific torque measured by Egs. (1) and (2) may suffice for the adequate
characterization of the rheological properties of the cells. In sharp contrast, the observation of
a significant amount of irreversible deformation or lack of full angular recovery implies, with
few exceptions, the requirement of internal degrees of freedom for angular displacement.

Our goal then is the identification of a parsimonious model for cytoplasmic or cytoskel etal
rheology that avoids the internal inconsistencies of all current techniques for analyzing
magnetic twisting cytometry data. Specifically, we seek a model that (1) approximately
satisfies al the essentia qualitative features of twisting curves, and (2) simultaneousy
incorporates data both from the periods when the twisting field is on as well as during recovery
with the twisting field off. Figure 1 shows a typical curve of the remanent magnetic field as a
function of time, which has a number of features common to most experimental observations.
The following is alist of the most important of these.

Feature (1). When the twisting field is turned on (a step function), one observes a relatively
sharp drop in B(t)/ By, which, being equal to sin(?), implies an even sharper drop in ¢ from
its initia value of n/2.

Feature (2). By the end of one minute of twisting, B(t)/ By appears to be decaying towards
a kind of plateau. This is true for many cell types and for many interventions, but there are
a number of cells that do not appear to show this behavior; our assumption that there will be
an asymptotic plateau for an indefinitely prolonged twisting period is potentially violated in
these cdlls, athough we will see that one subset of our proposed model is self consistent even
with no plateau.

Feature (3). When the twisting field is turned off, there is a relatively sharp rebound or
recovery of 9 (¢) towards a final asymptote ¥. ¥ IS typicaly significantly less than n/2,
indicating a loss of recovery, although some cdll types and gel preparations show essentially
complete recovery.
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Fig. 2. Structure of the unified model which satisfies the essential
features of the experimentally observed remanent magnetic field vs. time
during twist and recovery. The model consists of a paralel viscoplastic
(_l " element in series with a parallel viscoelastic element. G, = yield stress;
T | e

¢

ip = Vviscosity in pardlel with Gp; G, = elastic modulus; jie = viscosity
L in pardle with G,. The angular displacements of the viscoplastic and

viscodlastic elements are a and ¢, respectively, with a tota angular
A displacement given by ¥ =a+ ¢.

Feature (4). The shape of ¢ (¢) over the entire experimental interval, comprising Period II—
Twist together with Period 111-Recovery, is not smply characterizable, but the shape of 9 ()
during Period I11-Recovery by itself is approximately exponential.

The combined features listed above suffice to eliminate a large class of simple models
with viscous, dastic, and plastic elements (e.g., a paralel viscoelastic material (Voigt body)
always shows full recovery; a series viscoelastic material (Maxwell body) shows infinitely
sharp jumps in angular displacement, etc.). Let x be an angular displacement of one of these
elements (which may or may not be identified with the net angular displacement /2 — ). The
specific torques T, when applied to these elements, satisfy the following: for viscous media
T, -udx/dt , for elastic media Ty = Gex, and for plastic elements dx/dt = 0, for [T, | < Gy,
and | T, | does not exceed the yield stress G, (i.e., the plastic element yields for specific torques
equal to the yield stress, is rigid for torques less than the yield stress, and cannot support any
torque greater than the yield stress). The simplest model (which is to say the one with the
fewest elements) that appears to satisfy the above four conditions is a serid arrangement of a
parallel viscoplastic element and a parallel viscodastic element. This mechanical arrangement
isshown in Fig. 2. Note that this model has elements in common with other rheological models
of biological materials including the standard viscoelastic solid (see, e.g., Schmid-Schonbein
et al., 1981). The elastic modulus and viscosity of the viscoelastic element are denoted G. and
Me, respectively. The yield stress and viscosity of the viscoplastic element are denoted G, and
Mp, Fespectively.

Also shown in Fig. 2 are the angular displacements of the elements, for which we
adopt the following conventions. Let ¢ be the overall measured angle (cf. Eq. (1)), athe
angular displacement of the viscoplastic component, and ¢, the angular displacement of the
viscoelastic component. These components being in series then implies

P = @)+ a).

We choose the origin of time and the zeros of the angular coordinates as follows. The initial
step in twisting field from O to B, occurs at time t = 0. At that time,

?(0)=¢0)=7n/2 and «(0)=0.
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3.1. The equations of motion for the unified model

These fal 1 into the three time periods, reflecting respectively (1) the time before the onset of
the twisting field, (11) the time during which the twisting field is on, and (I11) the recovery time
following the cessation of the twisting field. These periods are divided by the time points t =0
(separating Period I—Baseline and Period 11-Twist) and ¢t =1, (Separating Period 11-Twist
and Period |ll-Recovery).

Period I-Baseline, B, off. t<0. Tis zero, and there is consequently no displacement of
any of the lements. In particular, ¢, a, and ¥ = a+ ¢ are constant at their initial values; thus

a(0) =0,
$(0) = /2, (3)
?(0) = /2.

Period 1I-Twist, B 0On. 0 <t <t Twisting fidd = By, for 0 <t <t.g, and typicaly
toif = 60 sec. The equations of motion for this period subdivide into at most two sub-periods
depending on whether the plastic element is yielding or not. In particular, if ¢ By, sin(?) <Gy,
then there is no dlipping, and da/dt = 0. By contrast, if cB, sin(¥#)> G, then the plastic
element yidlds, and do/dr < 0. Call the two sets of equations of motion respectively “dip”
and “nodlip”. The time interval over which each is applicable is given by, respectively,
0 <t<t, and t; <t <ty The transition time ¢, is determined as follows. If ¢ B,, < G,
then “noslip” applies for 0 <t <t In this case define the transition time ¢, to “noslip” by
t; =0. If ¢By,>G, then “dip” applies for 0 <t <min(?,, t,), followed by “noslip” for
t <t <tog if ty<torr and where ¢, is defined implicitly by 6 (t1)=sin“1(Gp/cB[w). Note that
the computation of ¥ () past t =t need not be done for this implicit determination of z,,
since only min(?, z.¢) is needed; in this case the uncomputed ¢, is taken as > t..

Period II-Twist, “Slip ”: Equations of “dlip” motion (total torque/vol applied is the same
across both the viscoelastic and viscoplastic e ements since they are in series):

cBu sin(?) = Ge(/2 — ¢) — pedep/de,

= G, — ppda/dt, @
V= ¢+a, '
with initial conditions, by continuity, equal to the final conditions above in Eqg. (3). Note that

for a positive T al of the terms contributing to By, sin(¥) are also positive, i.e., d¢/dr and
da/dt are both negative.

Period I1-Twist, “Noslip”: Equations of “noslip” motion (total torque/vol applied is the
same across both the elements as before, but is less than the yielding stress G,) are given by:
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cBy sin(¥) = Ge(m/2 — ¢) — pedep/dr,
da/dr = 0, ©)
v =¢+a,
with initial conditions given by continuity with the final angles from Period |1-Twist, “Slip”:

a(t) = alr), }
dt)= o).

Period Il1-Recovery, B, Off. t, <t. The twisting field is back to zero. The equations of
motions are given by

(6)

0=G(n/2 - ¢) — pedep/dr,
0 = da/dt, (7
P=¢+aq,
the same asin t <0 (Period |-Basdling, Eg. (3)), but with initial conditions being given by
continuity at t =t.¢,
o (torr) = (1), }
@ (tofe) = P (15gp).-

3.2. Solutions to the equations of motion

®)

Period II-Twist. 0 <t <ty There is no analytic solution expressible in terms of the
elementary transcendental functions for the equations of motion given by Egs. (4) and (5).
These must therefore be solved numerically; we used fourth order Runge-Kutta (Press et al.,
1986) technique in two dependent variables (aand ¢).

Period Il1-Recovery. o <t. Here the eguations of motion (Eqg. (7)) are linear, and the
solution is immediate:

a(t) = allof),
¢ (©) = /2 + (¢ (torr) —7/2)e ™ 70/, ©)
P()=a(t)+ ¢ @),

where the time constant t is given by the viscosity to stiffness ratio, 7 = u./ G..

4. Rheological Models and Parameter Estimation-Current Techniques

Stiffness:  The quantitative estimation of stiffness is typically computed as the ratio of the
specific torque at 60 sec, T'(60), divided by some estimate of strain at that time. The strain is
typically taken to be the angular rotation at 60 sec, ¥ (60), relative to the angle at t = 0 (n/2).
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However, the presence of incomplete angular recovery implies that the strain a r = 60 is
ambiguous. That is, there are two angles that may be associated with the zero stress state,
the initia angle (n/2) and the asymptotic angle seen a the end of the recovery period
(¢ (00)), and therefore the angular strain at t = 60 is multiply defined, and could be taken
as either n/2 — 9 (60) or ¥ (0c0) — ¥ (60). The former is nearly universally used, but in order
to compensate in part for the difficulties associated with nonrecoverable deformation, Butler
et al. (1992) also suggested using the latter definition of strain; this was subsequently used
by Tagawa et al. (1997) (see the differences between Figs. 3 and 5, which used the former
definition, and Fig. 4 which used the latter). If there is relatively complete angular recovery,
and if there is an approximate angular plateau, then this is not a problem. Thus, Zaner and
Vaberg (1989) successfully estimated the effect of actin binding proteins on the stiffness
of actin gels. By contragt, if there is little recovery, then the strain computed as the angular
rotation relative to + = 0 (n/2 — ¥ (60)) isclearly in error. In the extreme case of a pure viscous
fluid for which the stiffness is actually zero, the stiffness computed as 7' (60)/(xr /2 — ¢ (60))
istotaly artifactual.

Since the cell’s mechanical response to an externally applied stress is clearly not that of
a simple spring, a second issue is the choice of whether to associate the computed stiffness
at + = 60 with the rotation or stress at particular times in order to characterize the effects
of a variety of perturbations. For example, Wang et a. (Potard et a., 1997; Wang and
Ingber, 1994; Wang and Ingber, 1995) plotted stiffness versus the initial stress T (0). They
showed a systematic change in the stiffness with initial stress from which they inferred the
existence of a stiffening response and the presence of prestress in the cell; however, the
guantitative characterization of such a response is necessarily in error, since the stiffness was
not characterized as a function of the stress at the time the stiffness was estimated. Potard et al.
(1997) plotted stiffness both against T (0) and the rotation at the same time, n/2 — ¢ (60). They
used these data to argue that in confluent epithelial cells, there was little evidence for prestress.

Viscosity: By the arguments presented above, in a purely viscous medium d¢/dr bears a
simple proportional relation to the applied stress. This led severa investigators (Bizal et al.,
1991; Valberg and Feldman, 1987; Zaner and Valberg, 1989) to use the formulation of Valberg
and Butler (1987) to estimate cytoplasmic viscosity. Just as the methods of estimating stiffness
given above ignore the effects of viscosity, so too this method of estimating viscosity ignores
the effects of elagticity. Since there is substantia angular recovery in virtually all preparations
studied, it follows that a correspondingly large fraction of the stress is borne by elastic
elements. Forcing the data into a formulation wherein the stress is borne entirely by viscosity
therefore leads to systematic overestimates, by several orders of magnitude, of the numerlcal
values of the viscosity (see below).

A second method of obtaining estimates of viscosity is by combining an estimate of stiffness
from Period II-Twist with an estimate of the time constant for angular recovery seen in
Period 111-Recovery. This suffices to estimate the viscosity under the assumption of a parallel
viscoelastic medium, since the time constant for the exponential recovery of angle is given by
the ratio of the viscosity to the éastance. This method was introduced in studies of frog oocytes
and eggs (Butler et al., 1992; Kelly, 1992) and of cultured cells (Tagawa et d., 1997; Wang and
Ingber, 1995; Wang and Ingber, 1994). To the extent that there is relatively complete recovery
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Fig. 3. Data digitized from Bizal et a. (1991). Cells exposed to 3 different twisting field strengths;
Panel A, 1.25 mT; Panel B, 2.5 mT; Panel C, 5.0 mT. Results of the 3 different methods of analysis are
also plotted asthe indicated lines. Here, and in Figs. 4 and 5, note that only the VE+V P Fit approximates
the complete data curves, including both twisting and recovery.
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Fig. 4. Data digitized from Tagawa et al. (1997). Hypertrophied myocytes studied at baseline, Panel A
and after exposure to colchicine, Panel B. Results of the 3 different methods of analysis are plotted as

in Fig. 3. Note that for the Stiffness+t method, ¢ (co) has been taken as the zero stress state, and that
therefore the stiffness is computed from the angular strain at one minute given by 9 (co) — 9 (60). This
accounts for the adequate fit during recovery, but at the cost of a very poor fit during twisting, and a
discontinuity at 1 minute. This phenomenon is the complement of similar problems seen in Figs. 3 and
5, where the fit during recovery is very poor.
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Fig. 5. Data digitized from Hubmayr et a. (1996). Results of 3 different methods of analysis are aso
plotted asin Fig. 3.

and that an angular plateau has been approximately reached during the twisting period, then
this method has some merit. However, the continued presence of some stress being borne
by viscous elements at the end of the twisting period and the lack of full recovery in fact
compromises this method.

5. Results

We compared our viscoelagtic-viscoplastic modd to several methods currently in use to
characterize the rheological properties of cells. We chose to analyze data aready in the
literature, comprising three different cell types. macrophages (three separate twisting field
strengths) (Fig. 3 A, B, C), hypertrophied right ventricular cardiocytes (baseline and after
treatment with colchicine) (Fig. 4 A, B), and human airway smooth muscle cdlls (Fig. 5).
Note also that in the case of the macrophage data, the particles have been phagocytized and
are therefore intracellular, whereas the particles in both the cardiocyte and smooth muscle cells
have been ligand coated and are membrane bound extracdlularly. Data for each analysis were
obtained by digitizing the actual published twist (B (¢)) and no-twist ( Biepax (¢), OF “relaxation”)
data curves. Following the ideas of Valberg and Feldman (1987), we then normalized for
relaxation by taking sin ¢ (t) to be the ratio B(t)/ Bi1ax (t). (See Section 6 for problems with
this approach.) These data are shown redrawn as the thin solid line in the figures. For each
data set we computed the following.

Stiffness+t method: In this method (Butler et al., 1992; Kelly, 1992; Wang and Ingber, 1995;
Wang and Ingber, 1994) the stiffness is calculated either astheratio T (60)/(r/2 — ¢ (60)) in
Figs. 3 and 5, or as the ratio T(60) /(¥ (c0) — 9 (60)) in Fig. 4. These choices were made
based on the actual methods used by these authors. The data during Period 111-Recovery are
assumed to be described by a parallel viscodastic element, whose viscosity is estimated by
the ratio of that stiffness to t, where 7 is the time constant for the exponential recovery during
Period I11-Recovery. The solution to the equations of motion for a parallel viscoelastic body
with those values of stiffness and viscosity are plotted as the dotted lines in the Figs. 3-5. Note
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however, that the initial angle for the recovery period in Fig. 4 is determined by the final angle
observed during twisting, and hence there is a discontinuity in the model’s response at 60 sec.

Viscous Slope method: In this method (Bizal et al., 1991; Vaberg and Feldman, 1987; Zaner
and Valberg, 1989) stiffness is not considered. The viscosity is estimated from the average
slope dv/dt over the last 20 sec of Period I1-Twist and the equation defining a single viscous
gement 7, = B, sin(¢) = —ud®/dr. However, because the experimental data approach a
plateau, the dopes are very low and therefore the computed viscosity values are very high.
As a result, the solution to the equations of motion for a pure viscous medium with those
values of viscosity generate curves of B(?)/Breax (t) that are virtualy indistinguishable from
the initial value of unity. These results are plotted as the dashed line in the figures. Bizal et al.
(1991) acknowledged that a portion of the rotation was due to elastic elements in parallel or
to elastoplastic elements in series, but did not quantify it.

VE+VP Fit method: The equations of motion (Egs. (4) and (5) for Period II-Twist and
Eq. (7) for Period I11-Recovery) for the viscoelastic-viscoplastic model proposed here were
numerically solved, and the four parameters were determined by the criterion of minimizing
the sguared residuals of the fit to the data B (?)/ Breax (¢). This best fit curve is plotted as the
heavy solid line in the figures. (It is important to note that the presence of the factor sin(2)
in the egquations of motion during the twist makes the governing equations nonlinear, and no
analytic solution exists in terms of elementary transcendental functions.)

Inspection of the three simulations across all cell types and al conditions reveals severa
common features. First, it is true by definition that the Stiffness+t method, sinceit is a parale
viscoelastic model, must display complete angular recovery following cessation of the twisting
field if the initial angle during recovery is not artificially set. This is seen in Figs. 3 and 5,
where we note that the origina data systematically show a lack of full recovery. The reset of
the initial angle during recovery and the fit to only that portion of the data in Fig. 4 accounts
for the goodness of fit there. On the other hand, having fit the recovery period implies that
the fit during the twisting period is correspondingly very poor. In the case of the Viscous
Slope method, the simulated curves are faithful to the data in neither Period I1-Twist nor
Period 11-Recovery. Unlike the previous method, the Viscous Slope method does exhibit
angular loss. However, the presence of the near plateau in the actual experimental data leads
to extremely high viscosity values, and therefore only a very small amount of angular loss. By
contrast with either of these two methods, it is clear that the VE+VP method proposed here
provides a strikingly good fit to the data curves for al three cell types and under all conditions.
The important feature of this model is that it fits the data adequately and consistently across
the entire experimental time period.

The parameters recovered from the three methods described above are given in Table 1.
Entries denoted by R are those actualy reported in the respective cited reference. The
remaining numbers are values obtained by our caculations using the stated methods as
described above. The following features are of note. First, the numerical vaues of the
viscosities given by the Viscous Slope method are extremely high compared with the
viscosities estimated by the other two methods. Second, note that the changes in macrophage
viscosity with field strength and the change in cardiocyte stiffnesses with colchicine treatment
are similar among the methods.
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I)a:yla?anldence of parameter values on analysis method
Macrophages! Cardiocytes? Smooth
Biw =1.25 mT By, = 25 mT By, = 5.0 mT Basdline Post muscle
colchicine cells?

Biw =3 mT By = 3 mT By = 2.6 mT

Viscous slope

Visc. (poise)  R: 17,500 R:29,000  R: 45,000 6 1,000 4,800 59,000
Stiffness+t

E (dyn/cm?) 70 70 80 R: 20 R 7 R: 140
Visc. (poise) 420 480 510 R: 90 R: 20 860
VE+VP

G, (dyn/cm?) 170 230 330 22 10 160
G, (dyn/cm?) 37 67 110 1 5 66
Ite (poise) 1050 4000 7000 153 55 2700
Itp (poise) 630 330 360 23 77 170

R: Denotes those vaues as reported in the cited references.
Data obtained from: ‘Bizal et a., 1991; Tagawa et a., 1997; “Hubmayr et al., 1996.

6. Discussion

We wish to emphasize that al methods of characterizing rheological data rest on implicit or
explicit models. The extreme cases of pure elastic and pure viscous media have been treated
before, but it is essential that for mediathat display both elastic and viscous properties, and that
perhaps include yielding as well, the models used be self-consistent. Thus, it is problematic to
analyze the exact same set of data with two incompatible models (e.g., purely elastic with
full recovery and purely viscous with zero recovery) to estimate both elastic moduli and
viscosities. Furthermore, even if, e.g., only the viscosity is to be measured, the presence of
cytoplasmic elasticity will tend to retard the strain rate of the medium in response to any given
torque, and so will masguerade as an apparent increased viscosity. Thisis seen in the markedly
elevated estimates of viscosity made by Bizal et al. (1991) (Table 1). Similarly, the presence
of viscous or plastic elements in series leads to the commonly observed lack of full recovery,
and therefore contribute to an artifactually low value of the stiffness, reported by Wang and
Ingber (1994, 1995), and Hubmayr et al. (1996). This is particularly important insofar as
dissipative and energy storage mechanisms are linked at the molecular level, and separating
these effects is made al the more difficult when each can mimic the other within the classical
model frameworks. Specifically, one may examine the effect of a variety of interventions (e.g.,
drugs, temperature, state of cell spreading) in terms of a particular rheological parameter, but
the ambiguities associated with its estimate by current techniques compromise the degree
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to which specific aterations in cytoplasmic or cytoskeletal mechanics can be identified. Our
attempt in this work has been to put forth a model which ssimultaneoudly deals with dl of the
major features displayed in actua data curves, thus avoiding the problem of inconsistency.
There may of course be other models, especidly those with more than four discrete elements
or even with distributed elements, that fit particular data sets equally well or better, but of those
with a maximum of four elements, the model proposed here seems to adequately characterize
the observations.

Inspection of Table | shows anumber of features that link the four parameters of the VE+VP
Fit model with the stiffness and viscosity estimated by the Stiffness+t method. The stiffness
is usualy less than our estimate of G,. Thisis not surprising for two related reasons. First, as
remarked above, the failure to observe full recovery implies a lower value for the estimated
stiffness, and second, our VE element is (by design) in series with an element that can account
for the nonrecovery. Structurally, the non rate dependent features of the VE element and the
VP element are in series, and therefore any estimate of an “equivalent” stiffness is necessarily
lower. Note that this is only a qualitative argument, because the extent to which the plastic
element yields varies with field strength, and so its contribution to the lowered apparent
stiffness cannot be ssimply quantified. Nevertheless, the values seen in Table 1 for stiffness, G,,
and G, do show the expected qualitative relationship. Finally, Tagawa et al. (1997) accounted
for nonrecovery in their analysis of stiffness, using ¢ (oo) as the rotation angle corresponding
to zero stress, and hence ¢ (co0) — ¥ (60) as the angular strain at 1 minute. This is the second
method of defining stiffness described above in Section 4. Since this includes just the recovery
period, during which only G. contributes elastically in our model, it is not surprising that their
stiffness values are nearly identical to our calculated G,.

Similarly, the numerical values of the viscosity (determined by the Stiffness+t method)
aso show the same features when compared with our estimates of . and w,. Thus, al
estimates of the viscosity by using stiffness and t are systematically lower than .. As above,
the extent to which wu,, contributes as a series viscosity depends on the extent to which the
plastic element yields. It follows that, while not simply quantifiable, the relationships among
the viscosity thus determined and i and 1, are what are to be expected when al dissipation
is lumped into a single viscosity manifested through a single time constant. By contrast, as
noted above, the estimates of viscosity given by using the dope di¢/dt over the latter portion
of the twisting period are extremely high due to the presence of an approximate plateau (which
we interpret as being elastically supported). The fact that the smulated B(t)/ B, for a purely
viscous medium with those viscosities show only a very smal departure from 1 .0 strongly
suggests that this method is not appropriate for the estimate of viscosity. Nevertheless, it is
interesting to note that the observation of shear thickening in macrophages with increasing
shear stress, as originaly reported by Bizal et a. (1991), remains valid when the data are re-
analyzed in the sdlf consistent manner proposed here (compare the entries in Table 1 for the
macrophages at different field strengths).

Despite the strikingly good fits displayed by the VE+VP Fit method, shown in Figs. 3-5, it is
nevertheless important to identify at least some of the model’s potential major limitations. The
most important one is that we explicitly assume ideal elastic, plastic, and viscous elements,
characterized by G., Gy, e, and up. If the elements were ideal, then these values would be
constants, and recovered estimates of these would not depend on the probing field strength.
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Table 1 shows that, at least for macrophages, this is not true. This is not unexpected, insofar
as virtually all biological materials display nonlinearities in both their elastic and viscous
properties. Nevertheless, it is true that for a given run in a given preparation, the VE+VP Fit
representation is surprisingly faithful to the data. Another limitation is the possibility of data
for which this model does not give a good fit. While this may indeed occur in some cdll types
or with some interventions, the published curves taken from three different cell types that we
have analyzed by this method do not suggest such alikelihood.

While the general features (1)—(4) listed in Section 3 were the origin of the construction
of the VE+VP Fit modd, it is important to appreciate its versatility in terms of particular
submodels. For example, one submodel may have a zero yidd stress (absence of the plastic
element). In this case, there will be no plateau during twisting, while the presence of partial
recovery is preserved. Thisisindeed observed in some cell populations. In particular, twists of
longer durations can sometimes revea such a failure of a plateau to develop (Butler et al.,
1992; Zaner and Valberg, 1989). As a second example, the studies of Zaner and Vaberg
(1989) on F-actin with and without actin binding proteins showed curves with essentially full
recovery, and with very sharp transitions when the twisting field was turned on and off. This
is the elastic submodel characterized by negligible viscosity and a yield stress greater than the
initial specific torque.

There is one additiona feature of the observed data which needs to be addressed. All cell
types show, in greater or lesser extent, a systematic decline in the remanent magnetic field even
in the absence of twisting. This phenomenon, caled “relaxation”, is well-known, and is due
to particle re-orientation due to a wide variety of possible mechanisms, including intracellular
motion, Brownian motion of thermal origin, cytoskeletal re-organization, internalization of
membrane bound particles, etc. The effect of twisting the particles is thus superposed in some
sense on this continuing underlying biological process. It is unknown how these phenomena
are coupled. Valberg and Feldman (1987) proposed a method for “normalizing” the observed
B(t) curve during and after twisting protocols by arguing that with no twist, the observed
Braax ® Can be thought of as viewing the particles from a rotating coordinate system. They
concluded the ratio B (7)/ Brelax (1) is @ corrected version of the remanent field, and represents
that additional drop in sin(O) directly attributable to twisting. To our knowledge, all previous
work, including this paper, has taken this corrected remanent field B(t)/Bieix(t) as the
measurement of sin(O). However, the argument that the effects of twisting and relaxation
can be superposed in this fashion is not valid, because the distribution of particle orientations
due to relaxation implies that there is a corresponding distribution of torques applied by the
twisting field. Even assuming that the increasing spread of the angular distribution due to
relaxation is unaffected by twisting (which is not known), it is an open question how to recover
the equivalent remanent field behavior due to twisting alone. This is an especialy important
guestion for future progress in the rheological assessment of those cdl types that display a
significant amount of relaxation over the course of minutes.

Despite the fact that the rheological model proposed here shows a remarkably faithful fit to
observed data, the assignment of parameter values to specific cellular elements remains open.
The cytoskeletal polymers F-actin, intermediate filaments, and microtubules will certainly
contribute to the elastic elements in the model, as will the mechanical properties of cell
surface receptors when probed with membrane bound beads, but which of these is associ ated
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with the viscous component and which with the plastic or yielding component remains to
be determined. This could presumably be addressed through the interventions of selective
cytoskeletal disruptors and independent measurements of the mechanical properties of specific
receptors. Of particular interest would be, for example, the possibility that the viscosity is
not a strictly fluid viscosity, but rather represents the re-organization of at least one of the
cytoskeletal polymers through its depolymerization and re-polymerization in response to the
stress conferred by the twisting magnetic particle. This presumably leads to an energy loss,
and is thus alogical candidate for a coupling between the viscosity and elastic parameters .
and G,. This coupling of the parameters at the molecular level of the cytoskeleton can also be
interpreted as one of the origins of the yielding phenomenon in response to externally imposed
strains (Janmey et al., 1991).

In summary, we have developed a self-consistent rheological model that faithfully describes
the observed behavior of both intracdllular and membrane bound extracellular ferromagnetic
particles when twisted magnetometrically, in several different cdl types, with different
twisting torques, and with different drug administrations. It captures al of the essential
features of the complete data set, and provides parameters that can be interpreted in terms of
classica elastance, viscosity, and plasticity. This model now allows us to unambiguously, in
the sense that dissipative and elastic contributions are not confounded, probe the mechanistic
origins of a variety of cel properties including differential functions of the elements
comprising the cytoskeleton as well as their interaction with the extracellular matrix through
specific receptors.
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