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ABSTRACT These past studies demonstrate the biocompatilwlity
bis-crosslinked gels and its flexibility as a suat with
Hydrogels have been used previously by many easily controllable compliance. This led researsher
investigators as substrates for cell attachment imany investigate the mechanical interaction between ciiés
types of cell culture. The mechanical properties of and the underlying substrate. It was found thattepam
hydrogels as substrates influence cell morphology, the chemical and thermal cues the mechanical pieper
growth, and differentiation. Hydrogels are viscoelatic of the substrate also play an important role in ¢eé

by nature [1] and thus have both elastic and viscau |ocomotion [4], proliferation [4], adhesion and
components. The goal of the present investigatios to differentiation [4].

use non-intrusive methods to quantitatively deternme

the different components of the viscoelastic behasti of In previous studies, researchers have used methads
bis-acrylamide and collagen gels. Magnetic beads vee  as uniaxial compression and tension [7], macroscopi
embedded in microliter samples and a calibrated microscopic indentation [2], rheology [12] and atom
magnetic field was applied to the beads, causingtime force microscopy [2] among many others to evaldhé
dependent displacement. Simoultaneously, images stiffness of the hydrogels. However these are d&hiin
were captured in ten second intervals and used for their ability to work in the presence of cells besa they
analysis. The Young’'s modulus (E) of the gels was are mostly destructive in nature. Because of thesused
computed using established equations [2]. The loaui embedded magnetic beads which can be displacdukin t
and unloading behavior of the hydrogels was also presence of a strong magnetic force. Knowing th#ieqg
studied and it was concluded that, even though the force and the displacement of the beads, closed-for
viscoelastic experiments did not reveal any speaifi solutions were developed to determine the elastidutn
viscoelastic model for the hydrogels, they still dbited of the gels [2]. Similar methodology has been usethe

viscoelastic properties. present study to qualitatively evaluate the visastt
response of two types of hydrogels; namely bis-
INTRODUCTION crosslinked polyacrylamide (PAAm) and collagen.

A polymer gel is defined as a cross-linked, polymerRgl ATED WORK
network, with infinite viscosity, swollen in a ligh
medium. Crosslinks in the gel may form chemically,In a previous study by Dr. Noshir Langrana’s
which are thermo-set, or physically, which are ith@r  group, advanced biomaterials were designed tomregqai
reversible. Hydrogels are polymer gels in which theinjured spinal cord [1]. They have designed andgoered
solvent is water [4, 5]. in-vitro experiments on an implantable bi-functional
) _ _ hydrogel construct for spinal cord repair. The
In this study, we attempt to characterize the meiciah  characterization of the gel confirmed its mechanica
properties and qualitatively evaluate the viscd®as stiffness, as well as revealed its functionalitythweell
properties of polyacrylamide and collagen hydrog8isft  response. Another study was also performed which
hydrogels, which are used in this study, have beeRgcused on the non-destructive measurement ofiitgst
previously studied as substrates for tissue engim@and  of 3 new class of hydrogels named DNA-crosslinkels g
mechanical manipulation of different cell typesgny  [14]. The method of embedding beads was shown to
investigators. Hydrogels are used as substratassist in  correlate with the bulk elasticity properties o temall

stabilizing cells and provide a growth template forgels and supported the application of this methoduir
anchorage dependant cells. Alginate [13], polyatyle  (esearch.

[2], collagen [12] and DNA cross-linked polyacrylai®

gels [2] have been used as substrates for fibrsb[d$, PAAmM hydrogels have applications in drag reduction
macrophages [2], epithelial cells [2] and spinakdco agents, thickening agents, cutting fluids, soibgizers,
neurons [1] among many other cell types. Thesesoaps, textiles, and enhanced oil recovery [10&s€gels
mammalian cells are anchorage dependant and reguireare used in polyacrylamide gel electrophoresis (BA&s
surface to attach, grow and proliferate. a porous supporting medium through which molecules



migrate due to an electric field. In the medicaldi the  The elastic deformatiorexhibited in the hydrogels is one
versatility of PAAm provides vascular applicatiof3; in which the material recovers quickly (or retutasits
10], reconstructive surgery and even bone impldrits initial stage) upon removal of the stress. Thisedin

_ _ _ behavior is present up to the yield limit [7]. Up@aching
Collagen gels have been widely studied previousty b the yield limit, the material tears, permanentljodming
many researchers. During the remodeling of thesseth the sample.

dimensional matrices, the global environment of the

matrix, either restrained or free, determines itsAnother type of deformation iplastic deformation The
organization. If the matrix is restrained, the agdn  material, after a load is applied, will not revb&ck to its
fibrils become oriented in the same plane and ¢ensi original position. At the yield limit, the sampleillmnot
develops within the matrix. If the matrix is frefoéting), revert back to its original position, but rathemsin
then no tension is developed. In compliant, flaatin deformed.

collagen matrices, cells project a dendritic netwof

extensions, which resemble neuronal extensions thdft the present study the mechanical properties of

respond to stimulation [14]. hydrogels were studied to determine their viscdielas
behavior.Viscoelastic materialexhibit both viscous and
ELASTICITY BACKGROUND elastic properties when deformed. Viscous materessst

shear flow and strain linearly with time, wheredastic

In this research, a force was applied to a magrmed, materials do not. In viscoelastic materials, eneggiost
which caused deformation in the geébrceis defined as a \when a load is applied.

push or pull that causes an object to accelerakachw
causes stress on the mater&ttesss the measurement of There are two viscoelastic models that could bel use
average force (F) or load exerted per unit areagAd  describe the nature of these hydrogels: the Maxwedtel

given by equation (1). and the Voigt model. A material that follows the »eell
model will have a sudden displacement with the

o= E application of load, and then gradually creep &sltad

A (1) remains constant. A gel that follows the Voigt mpda

the other hand, will not have a sudden deformatipon
There are various types of stresses suchoagpressive, an increase of load.

tensile, shear, bending and torsicDompressive stress is
applied to the cross-sectional area of the sangdealting
in compaction, whereas tension elongates them. eThes

stresses are found in our research as the steglrbezes '/l_ /\
within the gel, causing the material around it tanpress

or elongate. Shear is a stress applied tangentialthe

plane of materials in opposing directions. E ke
Time Time
(a) (b)

Deformation
Deformation

Force
Force

Strain is the measure of the deformation of materials due
to the applied stress. This is calculated as ttie od the

change in length to the original length and given b Figure 1. (a) Maxwell Model. There is a sudden

equation (2) deformation as soon as the load is applied and then
AL gradually creeps with constant forcéb) Voigt Model.
=— (2) The deformation increases steadily with application
Li load [reproduced from Y.C Fung 11].

Young's modulusis a measure of the elasticity of a
material and is defined as the ratio of stressstrain. For

a spherical bead embedded in infinite space thstiela
modulus was previously derived by Lin et. al. [refece
10] and given by equation (3).

E F
~ 2mRé (3)




As we move away from the magnet the force actinthen
bead decreases. The force applied on the beaffexedt
distances was calculated by the falling bead metiod
brief, the steel bead is placed in a tube contginiater
and the magnet is placed on top of the tube. Theesigu
supplied to the electromagnet is decreased to thet p
where the bead falls owing to gravity. At that parfar
distance and voltage, the force applied by the miagn
equal to the buoyant weight of the bead. This ploceis
repeated for different distances and a calibratiorve is
developed as shown in Figure 4. ImagedJ (US National
Institutes of Health, Bethesda, Maryland, USA) wafie
was used to analyze the images taken by the CCBream

Figure 2. Representation of the Maxwell and Voigt

models of viscoelasticity. In Maxwell model, theslhgzot

and the spring are connected in series, while & Woigt

model they are connected in parallel [reproducednir

Y.C Fung 11].

METHODS

a) Polyacrylamide gel preparation: 200 ul
polyacrylamide gels were prepared in micro-cengefu
tubes with acrylamide/bis-acrylamide stock solut{d@%
WV  37.5:1 Acrylamide/Bis-Acrylamide  mixture,
Sigma.). The polymerization is induced by 5% ofidtor
ammonium persulfate (APS) and catalyst N, N, N’; N’
tetramethylenthylene diamine (TEMED) with 1:5 didut.
Two gels each with concentrations of 3% and 4% were
prepared. The concentration represents the pegemia

bis-acrylamide solution in the gel mixture. ] ] )
Figure 3. Experimental set up showing the magnet and the

b) Collagen gel preparation: Type | collagen gels were micro-centrifuge tube containing the gel with thead
prepared by mixing 20 ul of 1M Hepes buffer, 140ofil embedded in it. A CCD camera captures the displacém
0.1N Sodium hydroxide, 100 pl of 10X PBS, 60 uP&S  of the bead when a force is applied by the magnet.
(Invitrogen, Carlsbad, CA) and 677ul of 3.0 mg/mi

coIIagen (Elastin Products Company, Owensuville, N‘j@) w y = 0.00000004282012072943x2 -0.00053432001809403400x + 1.71111855394907000000
make a 2.0 mg/ml collagen solution. 200 pl of nesdh 05
water is finally added to this solution. The co#éiag 08 A
solution self-assembles into a gel upon incuba#br37 07
°C. 200 ul of this gel is then transferred into &rov o
centrifuge tube for doing the viscoelasticity expemts. " gz
03
c) Experimental Procedure: 800 micron diameter steel 02 3
beads (Small Parts Inc, Miramar, FL) were susperided 01
the center of the micro-centrifuge tube containthg 0 ‘ ‘ ‘ ‘ ‘ ' ‘
hydrogel. The stiffness of the gels is calculategd b 0 10002000 000 400050006000 7000
applying a calibrated force to the steel bead aedsuring Center to Magnet Distance

the displacement of the bead using a USB CCD camer
Figure 3 shows the experimental set up. The maignet
placed as close as possible to the tube to allow fo
maximum force to be applied.

Figure 4. Calibration curve showing the change of the
constant of proportionality, a(x), relating the éar
applied by magnet to the voltage supplied to magritt
respect to the distance of the bead from the magnet



For determining the viscoelastic behavior, similar
procedure as described above was used, the diéeren
being the introduction of time factor for viscodias
calculations. Images were taken in intervals os&fonds
for 2 minutes after applying the force. The displaent

of the bead at the end of each of the 10 seconds wi
measured. An effort was made to observe the change
displacement over a period of time when a condtace
was applied, and to fit this data to the existirpoelastic
models.

In addition, the unloading pattern was also deteeahiby
reducing the force acting on the bead in similaervals
of 10 seconds over a period of 2 minutes. The t@pdnd
the unloading patterns were also compared to daterih
the samples demonstrate viscoelastic behavior.

RESULTS

Table 1 shows the elastic moduli of the 3% and 4%
PAAmM gels and the collagen gels utilized in thesprd
work. 2 samples of each gel were used. The displaece
of the embedded beads upon application of a magnet

force was calculated in each case at the end oh@tes.

Gel # Samples Avg. E (Pa)
3% PAAmM 2 324.47
4% PAAM 2 6843.66

Collagen 2 890.07

Table 1.Elastic moduli of PAAm and collagen hydrogels.

As can be seen from the table, the stiffness ofPth&m

gels increases with the increase in the conceoirati the
crosslinker. The elasticity of the collagen faletween the
3% and 4% PAAm gels.

In Figure 5, the displacement-time and force-timapbs

of a 4% PAAm gel depict the viscoelastic behavior.
Visually, there is a steep slope for the initiaDlseconds,
followed by significantly decreased slopes for thst of
the 600-second experiment. Analyzing the data ptede
in the following graphs allows researchers to gieqdly
compare data to theorized viscoelastic behaviarsh as
Maxwell’ and Voigt's models.
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Figure 5. One sample of 4% PAAm exhibited the accepted
behavior of the Maxwell model of viscoelasticity.
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Figure 5. One of the samples of the 4% PAAm exhibited
the properties of a Maxwell body.
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Figure 6. Loading and unloading behavior of a collagen
gel sample. The blue line represents the loadindewhd
represents the unloading. As can be seen not &l th
energy is conserved, suggesting the viscoelastiexber
of the gels

As shown above, the displacement during the loadmd
unloading of magnetic force caused the bead tawvoll
different paths. The area between the betweenotmirig
and unloading lines is referred to as the hysterkEsip
[12] and indicates the amount of energy lost (aat)he
during the cycle.



DISCUSSION distance, preferably at the center of the micrasdege

tube.
Hydrogels have been used as substrates for célireudf

anchorage based cells like fibroblasts, neurons sa@h
cells by many investigators in the past [13]. Thewgh,
proliferation and the differentiation of these sellests In this investigation two types of gels namely, -bis
largely on the mechanical properties of the undegly crosslinked polyacrylamide and collagen, were zadidi
substrate. The present study focuses on obtairtieg t and an effort has been made to obtain their elastic
Young's moduli of such hydrogels using non-destwect modulus and a qualitative analysis of their visastt
methods and to qualitatively analyze the viscomlast behavior. The elastic moduli of the hydrogels were
behavior of the gels. obtained successfully and the results compared wighl

the existing data. All the samples also demongtrate
A method previously developed by the Langrana groujviscoelastic behavior, although the exact viscadielas
[14] in which spherical beads embedded in hydrogeds model could not be evaluated in this short studg. Wére
displaced by a calibrated magnetic force, waszetli  able to fit one of the samples to the Maxwell vidastic
After analyzing the six samples employed in thisdgt = model while the other five samples did not exhiait
we found that one of the samples exhibited thechange in displacement over time under a consted. |
characteristics of a Maxwell body. When a force wasThe loading/unloading patterns of the hydrogels alas
applied to the beads inside the gel and then kamdgtant, studied which demonstrated the viscoelastic behasfio
the displacement of the bead suddenly jumped frero z the gels.
and then gradually increased with time in a linfeahion.
Each of the remaining samples initially had a saddenp

in the displacement, but then the displacement ireeda _
constant with time, and creep within the gel was noWe would like to thank Dean Brown, Blase Ur, and th

measurable. The techniques used to measure tHeovernor's School Board Overseers. We also want to

displacements and the resolution of the camerdeamne  thank our advisors Dr. Langrana, Uday Chippada and
of the reasons for not being able to measure $erfic Frank Jiang for their expertise on hydrogels, ad a®
displacement over a period of time. The resolutibthe ~ Erin Curcio for her guidance as a mentor. We hadeep
CCD camera was 0.15 pixels per micron which wasdebt of gratitude to our sponsors. Without thems th
sufficient to measure the micron displacements wihen amazing experience for eighty upcoming seniors doul
force was increased, but may not be small enough t§€ver have been possible. Thank you, Prudentiatgio
measure the displacements over a period of timerund Stanley, Rutgers University, The John and MargBueit
constant force application. Although the remaining Foundation, and John and Laura Overdeck.

samples did not demonstrate this trend, a loading-
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