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Mechanics of semiflexible chains formed by poliethylene glyco)-linked paramagnetic particles
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Magnetorheological particles, permanently linked into chains, provide a magnetically actuated means to
manipulate microscopic fluid flow. Paramagnetic colloidal particles form reversible chains by acquiring dipole
moments in the presence of an external magnetic field. By chemically connecting paramagnetic colloidal
particles, flexible magnetoresponsive chains can be created. We link the paramagnetic microspheres using
streptavidin-biotin binding. Streptavidin coated microspheres are placed in a flow cell and a magnetic field is
applied, causing the particles to form chains. Then a solution of polymeric linkers of bis-biotif@{hglgne
glycol) molecules is added in the presence of the field. These linked chains remain responsive to a magnetic
field; however, in the absence of an external magnetic field these chains bend and flex due to thermal motion.
The chain flexibility is determined by the length of the spacer molecule between particles and is quantified
by the flexural rigidity or bending stiffness. To understand the mechanical properties of the chains, we
use a variety of optical trapping experiments to measure the flexural rigidity. Increasing the length of the
poly(ethylene glycol chain in the linker increases the flexibility of the chains.
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[. INTRODUCTION glutaraldehydd4]. In this work, we link paramagnetic par-
ticles using the binding reaction between the protein strepta-
Magnetorheological fluids are suspensions of paramagvidin and the ligand biotin. Additionally, we explore the ef-
netic colloidal particles, which aggregate into chains wherfects of the length of the bis-biotin agent on the chain
subjected to an external magnetic field. In the absence of aiexibility. . o _ .
external magnetic field, the particles remain randomly dis- Chains with controllable stiffness provide interesting mi-
tributed. Linking these particles together while under a magcrostructures having a field response that can be exploited in
netic field creates stable permanent|y linked magnetorespoﬁnicrOﬂUidiC devices. For this reason, we wish to characterize
sive chains. The chains stiffen and align in a magnetic fieldthe mechanical properties of these chains in the field-off
when the magnetic field is removed, the chains fluctuate angtate. Optical traps have become a useful tool for studying
randomly orient due to thermal motion. the micromechanics of colloidal particl¢S]. We present a
Paramagnetic particles are already commonly used in theumber of experiments probing the static and dynamic re-
separation of biopolymers and cells]. Additionally, there ~ Sponse of individual chains to external forces produced by
has been a growing interest for using paramagnetic particle@Ptical traps. Similar experiments have been performed for
to manipulate microscopic fluid floy2,3]. The advantage of ~Other elastic filaments such as actin and microtublBes8].
paramagnetic particles is their ability to interact dynamicallyFrom these experiments, we characterize the chain shape and
with fluids and be actuated by an external field that does ndynamic response with models developed for elastic beams
interfere with other microfluidic processes. Another uniqueand semiflexible polymers. Although we sometimes observe
feature is that the surface of the particles may be functionalchains with defects, kinks, and pivot points, the chains stud-
ized_ One Of the disadvantages in using paramagnetic papd here for the most part behave elastica”y with uniform
ticles is that a continual magnetic field is needed to creat®ending stiffness along the length of the chain.
and control a structure. In this work we bind paramagnetic
particles together to form linked chains which act as dynamic Il. MATERIALS AND METHODS
structures in both the presence and the absence of an external . . . .
magnetic field. A. Preparation of permanently linked paramagnetic chains
There are a variety of linking chemistries that can be used We create linked magnetoresponsive chains by using
to create permanently linked chains of magnetic particles. Istreptavidin-biotin binding chemistry to connect paramag-
order to have a successful linker, a symmetric bifunctionahetic colloidal chains created in a magnetic field. Streptavi-
molecule is needed to react with the complementary funcdin is a tetrameric protein: it consists of four identical sub-
tional group on the paramagnetic particle. Previously, we hadinits, each of which has a biotin binding site for the ligand
synthesized linked chains by forming covalent bonds bebiotin. Though no covalent bonds are formed, the high affin-
tween neighboring amine-functionalized microspheres withty of biotin for streptavidin,K,=10"M~1, is caused by
van der Waals interactions and multiple dipolar and hydro-
gen bonding interactions in streptavidin’s biotin binding
*Electronic address: gast@mit.edu pocket[9]. It is one of the strongest known biological inter-

1063-651X/2003/6€)/0214029)/$20.00 68 021402-1 ©2003 The American Physical Society



S. L. BISWAL AND A. P. GAST PHYSICAL REVIEW E68, 021402 (2003

actions between a protein and a ligand so that the resulting BSETE | P 4
complexes can thought to be irreversibly bouad. f / \ 3 ool

We link the chains and perform all of the characterization q &\ oy g b
experiments in a 5050 mn? by 30 um flow cell made / S~ .9 2
from a bovine serum albumiiBSA) (Sigma Chemicals i ko A ; 4 !
coated glass microscope slide attached to a BSA-coated glass A /,“' % 3 .:'. e .
coverslip with double-stick tape. Coating the glass slides and s ) 4 e i /
coverslips with BSA prevents adsorption of the microspheres &/ fa.) I 9/
to the glass surface. We place a dil@®01% by volumg ’;, ; i ! l_f"-_
suspension of commercially available paramagnetic colloidal
particles with covalently bound streptavidiSeradyne Inc., FIG. 1. Paramagnetic cross-linked chains in the absence of an

Sera-Mag Part 3015-2105, 1 ml, 1% solids by weighta external magnetic field. Particles are 0,86 in diameter. Larger
pH 7 borate buffer containing 1% Tween 2Bigma Chemi-  Particles seen are 3.3@m polystyrene particles serving as tether
caly in the flow cell. The particles are made up of a handles for the optical traps. Scale bar50 um.
carboxylate-modified polystyrene core to which a layer of

magnetite is attached. This magnetic layer is encapsulated by We readily monitor the translation, rotation, and fluctua-
an outer polymer surface, which provides carboxyl groups tdions during linking experiments through video microscopy.
covalently attached streptavidin with a biotin binding capac-Qualitatively, chains linked with the PEG 3400 fluctuate
ity of 5000 pmol/mg microsphergll]. The paramagnetic much more 'than chains linked Wlth the PEG 733, indicating
polystyrene microspheres have a mean diameter @f o that increasing the moleculgr Welght of the PEG spacer mpl-
—0.78 um, confirmed by transmission electron microscopy,Eculé produces a more flexible chain. By contrast, the chains
and contain 40%weight monodomain iron oxidémagne- linked with glutaraldehyde are noticeably much stiffer than

tite) grains. Once the particles are placed in the flow cell, é[hose made with PEG-biotin spacers.
magnetic field of approximately 30 mT with two
neodymium-iron-boron magneté§vicMaster-Carr Corpora-
tion) is applied. Within about 10 min in the field, the par-  The iron oxide grains embedded within each paramag-
ticles have aggregated into linear chains and a linking readietic microsphere absorb and scatter light such that they are
tion proceeds. very difficult to trap optically. For this reason, we attach
To link particles, we react the protein streptavidin with “tether handles”[12] onto the chains. Biotinylated polysty-
polymers carrying the ligand biotin on both ends. Optimalrene microspheregPolyscienceswith a mean diameter of
biotin-binding capabilities can be obtained by using a biotin3.36 um are added to the bead solution and incorporated
derivative that has an extended spacer arm, which reducdgto the magnetic bead chains.
steric hindrance and provides a flexible linker. The bis- Our dual-trap optical tweezers are formed from a 5-W
biotin-poly(ethylene glycol (PEG molecule is ideal because Nd:YAG (where YAG stands for yttrium aluminum garjpet
the PEG length can be adjusted to increase flexibility of the

B. Optical trapping experiments

chain. We test two linkers: bis-biotin-PEG with M#733 »
(Pierce Chemicajsand bis-biotin-PEG with MW 3400 a}\ X
(Shearwater Polymerswhere MW stands for molecular N :
weight. The linker is introduced at a concentration of 10 e,
mg/ml in borate buffer, chosen so that an excess of biotin i
molecules ensures the saturation of the streptavidin mol- :“':t L ‘
ecules coating the paramagnetic particles. Chains are also & -4
linked with glutaraldehyde following a procedure developed ﬁ.,cgtrf'-:-"
previously[4]. - <%
The cell is then sealed with epoxy to prevent evaporation. i
The PEG 733 solution is placed in the flow cell & h at _ T
room temperature while the PEG 3400 solution is placed in b % T ‘ g
the flow cell for 12 h at 33° C. After this time, the field is ; m B
turned off and chain properties are probed using optical S f
tweezers. These chains remain stable in this cell for several ¥ .
weeks and can be recovered and preserved in buffer. = j
Figure 1 shows chains linked with PEG 733 randomly e
oriented due to thermal motion in the absence of an external ‘ 3 :“
magnetic field. As shown in Fig.(d), in the absence of an X e

external magnetic field, the chains can bend and flex. Once

an external magnetic field is applied to the system, the chains FIG. 2. (a) Cross-linked chains curve and flex without the pres-
stiffen in the direction of the magnetic field as shown in Fig.ence of a magnetic fieldb) The chains stiffen in the direction of
2(b). the external magnetic field strength of 31 mT. Scale bdB: um.
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Y Linked chains undergo a variety of deformations depend-

ing on the applied force and the nature of the linker. When

ktrap kchain ktrap forces are applied along the length of the chain, it may either
stretch or compress while forces applied transverse to the

k chain cause it to bend. We approximate the bending and
stretching of these chains with models for elastic rods. The

bending modulus of an elastic rod can be described in terms

of the flexural rigidity, a length-independent measure of re-
sistance to external bending forces. The bending energy per

unit chain lengthU, is related to the curvature as

ksys EIJL(d0>2dS,

NN U=%],lds

FIG. 3. The dual-trap chain system can be modeled as a syste@hereE| is the flexural rigidity,d6/ds is the curvature, and
of connected springs. The traps have stiffnegg, and the chain  sig the arclength along the chain. The flexural rigidity can be
hgs stlﬁnesicham. This system is equivalent to one fixed spring separated into the Young’s modul@&and the moment of
with system stiffnesks. inertia, | = ra*/4, for a rod with a circular cross section of

.. radiusa. The persistence length,=EI/KT is directly pro-
laser at a wavelength of 532 nfCoherent The beam is portional to the flexural rigidity.

_expanded anq plane polarized as it passes throug_h a polariz- The force required to stretch an elastic chain under small
'ng cube.spl]tter. 'I_'he two beams are directed mtol a 6?’extensions will vary linearly with the change in length. The
X /1.2 objective(Zeiss Plan-Neofluarto create the optical stiffness of the systenksys, can be converted into the sys-
traps. The laser beams are translated in two dimensions usi ; b i

Gimbal mirrors. The flow cell is translated relative to therﬂ(grn extension or Young's modulus by multiplying by the

optical traps with a motorized microscope stéjewpor) as length of the chainl, and dividing by the cross-sectional
described beforé12]. areaA of the chain.E=kg,J /A. By measuring the Young's

Images are detected with a charge-coupled device camemodulus of the system and using Ed), the stiffness of the

I . . .
(Hamamatspand continuously recorded with a super VHS @am’l,(‘:hai”a clan ]l?e dﬁte”;]‘"’.‘ed providing a measure of the
video recordenJVC). The video images were taken at 10 oung's modulus for t € chains. .
S . ) ! In the case of a chain that is parallel to thexis under-
frames/s. and digitized using the public domain NIH soft-

ware (Scion Imagé The chain movements are measuredg.Oing small deflectionss~x, the curvaturedé/ds, can be

from a binarized image; pixel coordinates for the centers og nsr?erlliiegafdbg/fgﬁr{ dTl? € ;?f;g?eﬂﬁgtl}':'t :Ee(;)@!t”’ acting on
each particle are found with a modified NIH particle-tracking y 9 '

@

0

program macro. ddy
We calibrate the stiffness of the optical traq,,,, using f=—ElI—. (3
Stokes drad13,14]. We hold a tether particle in an optical dx*

trap while translating the surrounding fluid at a constant ve- o ) ) ) )
locity. From the drag force vs particle displacement, we deYVhen a chain is being manipulated with optical tweezers, a
termined that the trap stiffnesky,, is in the range of single point forceF, is applied to the ends of the chain:
50-100 pNum at a laser power of 40—100 mW. Our experi- 3
ments take place where the optical traps have a maximum F.——El d_y 4)
. . . t_ .
lateral trapping force of 55 pN. It is important to note that the dx3
chains can rotate inside the trap. We are able to monitor this
rotation and analyze the chains independent of this rotationalhe reference frame chosen is for a chain that is fixed at one

motion. end; thereforey(0)=y'(0)=0. While the other end is al-
lowed to translate and rotate, implying thd{(L)=0. Insert-
C. Elastic models ing these boundary conditions into E@l) gives the bent
The optical traps attached to the ends of a chain can b%hape of the chain:
modeled as a simple series of springs shown in Fig. 3. The FLx? Fx3
tether handles are fixed to their positions with springs, each y(x)= >El BEI" (5)

with trap stiffnessk;,,,. The chain connects the tethers and
is represented by a spring with linkage stiffnésg,i,. Fol-
lowing the model developed13,15,18, this system is
equivalent to a single tether connected to a fixed position by When a compressive force is applied along the length of
a spring with stiffneskys: the chain, the chain deforms. This is similar to an elastic rod

1. Chain compression
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undergoing an Euler buckling instability under externally im- . (L
posed compressive forcéd47—19. We have used Euler's y(x,t)=; W (x)e ElK WJ Wi (x)y(x,00dx. (11)
linearized equation of a rod under longitudinal compression 0
to determine its shape. The chain shape can be analyzed %e bending modes are given by*W(x)/dx*=k*/L*,

applying Euler's formula for one fixed end and the Otherwhere the general form of the transcendental solution can be
free: written as

s (—F,+F,)sing
—=(- sing,
dsz H L

where 6 is the tangent angle along the chasis the ar- Applying the boundary conditions yields discrete value& of
clength along the chain, arf andF, are the tangent and ietermined by coscoshk=—1; the smallest value of is

perpendicular components of the force acting on the end g . .
the chain. Again, this equation can be linearized for smal -875. The depay in the shap_e of the forced end of the chain
Is well approximated by the first bending mode:

deflections:

6) W =a; sin(kx/L)+a, cogkx/L) + a5 sinh(kx/L)
+a, coshkx/L). (12

dzy y(l—vt) ~e‘C1t'
E|E=—F||y+FJ_(L—X). (7) y(L,0)

(13

. L where
At the ends of the chains, the deflection is zeyg0)

=y(L)=0. Additionally, we analyze the shape of the com- E Ik
pressed chain such that the end of the chain at the origin has =
y’'(0)=0. Defining k2=FH/EI in Eqg. (7), the deflected
shape of the chain due to a compressive force has a transcen-
dental solution: IIl. RESULTS

1 (14

R

We studied two biotinylated polymer spacers used to link
the paramagnetic particles, PEG 733 and PEG 3400. Linking
paramagnetic particles with the PEG 3400 was more difficult
where the smallest nonzero value bfis determined by due to its higher molecular weight and relative dilution of
tankL=KkL=4.4934. Note that the minimum force needed tobiotinylated ends within the polymer coil. By increasing the

F
y(x)zﬁﬁ([sinkx—kL coskx+k(L—x)], (8)

bend the chain i§;,=2.047%E1/L2. time from 6 to 12 h and reaction temperature from room
temperature to 33 deg, we are able to successfully link them;
2. Chain relaxation however, the increase in temperature increases the thermal

We can also measure the flexibility of a chain by obsery-motion of the chains, causing them to be corrugated. Chains

ing its relaxation dynamics after deformation. Consider anade with the PEG 733 are much longer with average
chain that has been bent using optical tweezers. Once the efg'9ths ranging from 20-20@m, while chains linked with

of the chain that has been translated is released from tHEG 3400 are 5-3@m in length. In each optical trapping
optical trap, the chain straightens. By balancing the viscou§XPeriments, we study 5-12 chains varying in length from
drag force with the elastic forces acting upon the chain, th&0—50xm; the mean flexural rigidity value is reported with
flexural rigidity can be determined from the change in the@ Standard deviation.

shape:
A. Stretching experiments
4
d_y: — d_y (9) We measured the force needed to extend the chain from
dt dx*’ its relaxed configuration. We perform stretching experiments

on several chains linked with PEG 733 and PEG 3400, with
where ¢ is the viscous drag coefficient. From slender-bodyour dual-trap tweezers. Each image of the chain is analyzed
hydrodynamics, a cylindrical body with an aspect ratih to determine the chain length as a function of the applied

>1 has a drag coefficiefi20] force. The plot shown in Fig. 4 is typical of these results;
after an initial extension, the force versus extension plot is
¢ Ay (10) linear and the coefficient of extension is the slope. The initial

extension is due to the tether deflection and rotation within
the optical trap. The coefficient of extension can be con-
where 7 is the viscosity of the solution arglis a constant of  verted into the stretching, or Young’s modulus, by dividing
order unity. Considering a chain fixed at one end and free aby the cross-sectional ar@aof the chain:

the other end, we geg(0t)=0, y'(0t)=0, andy”(L,t)

=0, andy”(L,t)=0. Following the solutions developed LzEA (15)
[17,21,22, the chain relaxation motion is given by AX/L '

- In(L/a)+c’
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£ 124 F/( xL)=252.91=+9.02pN Length alongthe chain, x(pm)
m o
& 8 - FIG. 5. Chain linked with PEG 733 is bent using optical traps at
%) - ° the tether handles attached to the ends. The plot of deflection vs
‘5 4 - 2 position along the chain is fitted to E¢p). Scale bar=5 pm.
w -
0—le force of 0.4 pN. A series of experiments were carried out on
T T T T T T 1 chains of different lengths. The average flexural rigidity val-
0 10 20 30 40 50 60xiG° ues are 3.5 2.1x 10 21 Nm? for the PEG 733 linked chains
Estansion. il and 3.2-1.8x 10 23 Nm? for the PEG 3400 linked chains.
H
FIG. 4. Stretching experiments. Chain linked with PEG 3400 is C. Compression experiments

extend the chain is plotted against extension normalized by th%y holding one end of the chain with a tether, while the other
chain length. Young’s modulus is found from the slope of the linear

response. Scale ba#5 pum.

The stretching experiments with the PEG-linked chain
show a linear response as the chain is lengthened. The stiff-
ness of the system is determined from the modulus and con-
verted intokgp,i, Using Eq.(1). The chain stiffness is then
converted into a Young modulus. For chains linked with the
PEG 733, Young’s modulus is 701.7x 10*Pa, while chains
linked with the PEG 3400 has a Young modulus of 7.0
+2.2x10%Pa.

B. Bending experiments

In order to apply a force transverse to the long axis of the
chain, the laser beams are focused onto tether handles at-
tached to the ends of a chain. One of the beams is translated
perpendicular to the long axis of the chain with motorized
control of the Gimbal mirrors causing the chain to bend in
the focal plane of the microscope. In Fig. 5, a chain linked
with PEG 733 is bent with a force of 2.5 pN. The fit of the  FIG. 6. Chain linked with PEG 3400 shows a greater degree of
resulting chain shape to E(p) provides the flexural rigidity. bending. Once again, the plot of deflection vs position along the
Figure 6 shows a chain linked with PEG 3400 bent with achain is fitted to Eq(5). Scale bar=5 um.

Displacement, y (um)
T

1T T T T T T T 1T
0 2 4 6 8 10 12 14 16
Length along the chain, x(pm)
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certain deflection, the end that has been translated with the
optical tweezers is then released from the optical trap and the
chain relaxes to its starting position. Our experiments take
place at scales with typical speedsin tens of microns per
second, lengths in tens of microns, and the kinematic vis-
cosity v of water of 16 uwm?/s. Therfore the Reynolds num-
ber of our system i¥JL/v~10 #, so both the deformation
and relaxation occurs at speeds where inertial forces are neg-
ligible.

The chains used in these experiments varied in length
between 20-5Q.:m. As Fig. 8a) shows, the PEG 733 chain
relaxation from a bent state is well described by a fit to Eq.
(13). This indicates that the relaxation is due to elastic forces
balancing the drag force of the chain on the buffer. Figure
8(b) shows data acquired from a chain linked with PEG

’E\ 3400. The PEG 733 chain is 50m in length and has been
= deflected 4.8.m with the use of the optical tweezers, while
> 4 the data shown for PEG 3400 chain correspond to @ 24-
-E-“ 3 chain that has been deflected by uB. The exponential
@ o fits are displayed on each plot. The flexural rigidities found
£ 27 from Eq.(14) for these chains are 1220.2x 10 2* Nm? and
&2 4= 2.5+0.3x10 2 Nm? for the PEG 733 and PEG 3400
« chains, respectively.
o 0- ]
) | | | | |
© 5 10 15 20 E. Glutaraldehyde-linked chains

x (pm) The stiffness of the glutaraldehyde-linked chains was too

high to allow measurable changes in chain shape due to
stretching or compression; however, these chains do have a
bending flexibility associated with them. Thus, we focused

on the bending properties of these chains. Figure 9 shows a

end is moved with the optical tweezers parallel to the longeending experiment involving a glutaraldehyde-linked chain.
axis of the chain such that a compressing force is applied t§om the plot of the bending shape, the equation for an elas-
the chain. When the longitudinal compressing force reachetic rod does not fit the data; however, we are able to place a
the critical force given by Euler’s formu]a, the chain beginsbound on the stiffness from the value derived from the fit:
to bow. The compressing force used in these experimentg!™>5.5x10"2° Nm?.
varied from 0.3 pN to 10 pN.

The force with which a chain begins to compress can be IV. DISCUSSION
related to the flexural rigidity; however, it is difficult to ac-
curately observe this critical load point where a chain begins
to buckle. Thus, we have chosen to analyze the resultin

shape of a chain under a known compressive force to derive . . . g
netic particles that are aligned in an external magnetic field

its flexural rigidity. X . .
Figure 7 s%ow)g the shape of a compressed chain. Two Seﬁads to the formation of permanently linked paramagnetic

of compressive experiments were done for each type of ains. In the absence of a magnetic field, these chains fluc-
chain. In each experiment, the chain was compressed uate like an elastic filament. Upon application of a magnetic

lowed to relax, and compressed again. For the chains that a i_gld, they rigidify gnd orient i.n the field direction. The re-
linked with the PEG 733, the average flexural rigidity is moval of the applied magnetic field removes the magnetic
found to be 1.4 0.7x 1072’1 Nm2. and for the PEG 3400 moments in the particles, and the chain becomes flexible

the average flexural rigidity is found to be 2.2.2 agan. . . . .
%10~ Nm2. By micromanipulation with optical traps we can perform

studies of chain elongation, compression, and bending. We
have applied elastic models to quantify the effect of different
linker lengths on the mechanical properties of the chains.
These experiments explore the relaxation of a chain aftefable | gives a comparison of the various elasticity measure-
it is released from a constraint. As described in the bendingnents. The variability from one chain to another leads to
experiments, the chain is either trapped or attached to a sudifferences in the absolute numbers for the flexural rigidity.
face at one end of the chain and is bent at the other end of thEhe models we use assume a uniform bending moment
chain by translating it perpendicular to its long axis. At aacross the length of the chain. This is not always the case for

FIG. 7. Chain linked with PEG 3400 is compressed with a 2.2
pN force. The shape of the compressed chain is fitted to(&q.
Scale bar=5 um.

We have shown that magnetoresponsive chains can be
ynthesized with varying degrees of flexibility. The addition
f biotinylated polymer molecules to streptavidin paramag-

D. Relaxation experiments
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FIG. 8. Relaxation experimenta) Scale bar=5 um. A bent
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displacement, y (um)

0 5 10 15 20
length along chain, x(pm)

FIG. 9. Bending a chain linked with glutaraldehyde. A
25.7.um-long chain is bent by applying a force of 11.3 pN to one
end of the chain using optical tweezers. A plot of the change in
shape of the chain is shown. Scale ba5s um.

sistently find that chains linked with PEG 3400 are more
flexible than chains linked with PEG 733. This indicates that
the chain rigidity can be tuned by adjusting the length of the
PEG chain used between the biotin linkers.

The results of our optical trapping experiments show that
paramagnetic particles that have been linked with PEG are
Hookean for small deformations. The simplest way to imag-
ine this to occur is to consider the geometric constraints of
this system. Given the large number of streptavidin mol-
ecules per particle, there should be many attachment points
between neighboring particles. Once multiple biotin linkages
are made between adjacent particles, the movement of each
particle becomes coupled to its neighbor. Any force along the
chain becomes uniformly distributed along the length of the
chain. In essence, the chain is made up of beads closely
coupled by linear springs.

The average Young’'s moduli measured from the stretch-

TABLE |. Summary of micromanipulation results for both PEG

chain linked with PEG 733 is released by removing the optical trapy33 and PEG 3400 linked chains

and the chain relaxes to its starting position. The movement of the

free end is fit to Eq(13). (b) Fit of Eq. (13) to the position of free

o ; Experiment PEG 733 PEG 3400
end of the chain linked with PEG 3400.

Stretching E=7.0x10" Pa E=7.0x10° Pa
these PEG-linked chains; corrugations in the chains and irBending El=35x10 22 Nm? EI=3.2x10 % Nm?
homogeneous linkages between the particles result iCompression El=1.1x102*Nm? El=2.2x10 2 Nm?
changes in the elasticity along the length of a chain. ThusRelaxation El=1.2x102'Nm? El=2.5x10 22 Nn?

there are large error limits in the flexural rigidities. We con-
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ing experiments are-7x 10* Pa for the PEG 733 and 7
X 10° Pa for the PEG 3400, and are much lower than that
found for microtubules that have a modulus neat P& or
polymer gels that usually have moduli of %010* Pa. One
explanation for the low modulus is that the cross-sectional
area of the chain is not accurately described by the particle
diameter. Though the linker itself may have a large stretching
modulus, the tension applied to the chain is distributed
among the linkers. A useful experiment would explore the
force required to break the chain. Unfortunately, our optical
traps do not have the capability to reach the57 pN[23]
unbinding force between the streptavidin-biotin bond. Know-
ing the force needed to break the chain, we could estimate
the number of linkers between each particle and estimate the
cross-sectional area of the linker connectors.

We can relate the stretching and bending experiments by
making the approximation that the chain is an isotropic rod
with a moment of inertid =2x 1026 m*. By multiplying
by I, we can derive the flexural rigidity from the Young’s
modulus found from the stretching experimentgl
~10"2' Nm? for the PEG 733 and~10 2 Nm? for the
PEG 3400. These calculated values of El correspond fairly
well to those found from the other micromanipulation ex-
periments.

It is important to note that we have seen chains with de-
fect points that are not uniformly attached as shown in Fig.
10. Possible explanations for the formation of these defects
may be the incorporation of particles with poorly distributed
magnetite within the latex particle. The dipole of such a par-
ticle may aggregate onto a chain with poor alignment relative
to the applied field. The surface of some particles may also FIG. 10. Chain linked with PEG 733 without a uniform bending
have poor surface coverage of streptavidin. Additionally, bymoment. The chain kinks as it bends. Scale as: um.
increasing the _ter_nperature of t_he I|nk_|ng reaction Increaseg, adjusted. This ability to selectively choose the flexibility
the thermal agitation of the chains. This may cause corruga e - hain by both th lication of an external maaneti
tion in the chains while they are aligned in a magnetic fielg D' te chain by both the appiication of an external magnetic
For this reason, chains linked with PEG 3400 are more likely'€'d @nd the crosslinking agent makes for unique structures.

' o We characterize the flexibility of the chain by stretching,
to have defects. These defects along the chain introduce . : R .

. o . . ompressing, and bending the chain with the use of optical

points with different bending moments. The cross section o L. A .
o . weezers. This information is important for the understanding
the chain is no longer homogeneous over its length and the

evaluation of the bending energy would be better done usingf the stability of the chain under various forces in order to
a bead-bead model currently being evaluated. reate useful devices. We find the flexural rigidity to be on

the order of~10 21 Nm? for chains linked with a PEG with

In summary, we have synthesized paramagnetic chains b X o .
using functionalized paramagnetic particles cross linked witha/ molecular weight of 733. For the chains linked with a PEG

a PEG spacer molecule. Paramagnetic chains have tlgvéltgeaorgotlﬁglg?é;’:ec;ghltgfgﬁr?{zWe find the flexural rigidity
unique ability to change stiffness with the application of an '

external magnetic field. Additionally, the spacer molecule al- ACKNOWLEDGMENT
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