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Mechanical Properties of Cellularly Responsive Hydrogels 
and Their Experimental Determination
By   April M.   Kloxin ,    Christopher J.   Kloxin ,    Christopher N.   Bowman , and    Kristi S.   Anseth  *  
 Hydrogels are increasingly employed as multidimensional cell culture 
platforms often with a necessity that they respond to or control the cellular 
environment. Specifi cally, synthetic hydrogels, such as poly(ethylene glycol) 
(PEG)-based gels, are frequently utilized for probing the microenvironment’s 
infl uence on cell function, as the gel properties can be precisely controlled in 
space and time. Synthetically tunable parameters, such as monomer struc-
ture and concentration, facilitate initial gel property control, while incor-
poration of responsive degradable units enables cell- and/or user-directed 
degradation. Such responsive gel systems are complex with dynamic changes 
occurring over multiple time-scales, and cells encapsulated in these synthetic 
hydrogels often experience and dictate local property changes profoundly 
different from those in the bulk material. Consequently, advances in bulk 
and local measurement techniques are needed to monitor property evolution 
quantatively and understand its effect on cell function. Here, recent progress 
in cell-responsive PEG hydrogel synthesis and mechanical property charac-
terization is reviewed. 
  1. Introduction 

 Physiological processes are generally guided by interactions that 
occur between cells and their local tissue environment, i.e., the 
extracellular matrix (ECM). Recent research has demonstrated 
that this interrelationship between cells and their local envi-
ronments stretches far beyond native interactions, such as cell 
integrin binding to ECM and cellular response to soluble fac-
tors, and plays a signifi cant role in dictating cellular behavior in 
culture as well. More specifi cally, there is a growing, insightful 
body of literature demonstrating that signifi cant differences 
in cell phenotype arise when cells are cultured on petri dishes 
or material surfaces with unnaturally high stiffness, polarity, 
and surface to volume ratio as compared to their native tissue 
microenvironment. [  1–3  ]  For example, mammary epithelial cells 
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cultured in 3D, in contrast to those cultured 
in 2D, exhibit cellular responses similar to 
those observed in vivo. [  1  ]  As a result, tissue 
engineers and biologists are often faced 
with the need for a more physiologically 
relevant 3D culture environment, which 
has led to growing interest in hydrogels as 
a means of creating custom 3D microenvi-
ronments with highly controlled biochem-
ical and biophysical properties. Hydrogels 
based on native proteins (e.g., Matrigel, 
collagen) have been explored extensively 
for applications in 3D tissue culture and 
regenerative medicine. Protein gels provide 
a plethora of biochemical cues and reca-
pitulate numerous aspects of the natural 
ECM, but unfortunately, they also pose 
diffi culties for precisely controlled cell cul-
ture. Protein-based gels are often complex, 
variable, and ill-defi ned compositionally, 
making the responses of cells embedded 
within them diffi cult to deconvolute and 
control. In contrast, typical synthetic hydrogels promote engi-
neering of well-defi ned material mechanics and structures, 
but often lack biological epitopes to interact with soluble or 
cell-surface proteins. Thus, synthetic hydrogels often provide 
little more than a blank slate that permits, but does not con-
trol, cellular function in the absence of contextual instructions. 
Consequently, the need for matrices that combine the benefi ts 
of natural and synthetic hydrogels has become more apparent, 
along with the need to identify the necessary and suffi cient 
time-dependent biophysical and biochemical signals to incorpo-
rate within these synthetic extracellular matrix analogs. To com-
plicate the situation further, the native ECM is far from static, 
so hydrogel ECM mimics must also have dynamically tun-
able properties that direct and respond temporally to complex 
cellular behavior. 

 Towards the goal of developing ECM mimics, especially cel-
lularly responsive hydrogel systems, several approaches have 
been taken. Self-assembled peptide systems are formed under 
physiological conditions (i.e., temperature and pH) and have 
been shown to direct neural progenitor cell differentiation [  4  ]  
and permit human mesenchymal stem cell (hMSC) chondro-
genesis in 3D. [  5  ]  In addition, self-assembled artifi cial protein 
systems promoted endothelial cell attachment and proliferation 
in 2D towards the development of improved vascular grafts. [  6  ]  
These gels provide elegant approaches to engineer the presen-
tation of selected biological epitopes and capture many aspects 
of the architecture/fi brillar structure of native ECM proteins. 
m Adv. Mater. 2010, 22, 3484–3494
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While these materials fi ll an important niche, the nature of the 
physical crosslinking limits their mechanical properties, which 
often necessitates that they cannot be placed under physiologi-
cally relevant loads. Thus, self-assembled systems have a lim-
ited range over which one can tune the network elasticity and 
evaluate the infl uence of mechanotransduction on cell behavior. 
As a result, covalently crosslinked gels, including artifi cial 
protein-based [  7  ]  and synthetic polymer-based [  8  ,  9  ]  hydrogels, pro-
vide several distinct benefi ts, including tailored presentation of 
biological epitopes, controlled gel formation and degradation, 
and robust mechanical properties that allow gel loading and 
mechanotransduction. One class of covalently crossinked hydro-
gels are based on poly(ethylene glycol) (PEG). PEG is widely used 
in human medicine and resists protein adsorption, imparting 
unique nonfouling properties. The crosslinking of PEG through 
one of a variety of methodologies provides a basis from which 
to manipulate gel material properties, whereas chemical func-
tionalization of PEG provides a means to systematically intro-
duce biological signals. These biological signals include ligands, 
which allow one to determine the relationship between specifi c 
biological material interactions and cell function, as well as cell-
cleavable sequences, which promote local cellular remodeling 
of their material environment. Functionalized PEG gels can be 
formed via either chain or step growth polymerization (  Figure 1  ), 
depending on the functional, polymerizable moieties that are 
incorporated pendant to the PEG molecules. These types of 
PEG gel systems for 2D and 3D cell culture and strategies to 
characterize their unique mechanical properties are the focus 
of this review.   

  2. PEG-Based Hydrogel Formation 
and Characteristics 

 A common and robust approach to synthesize PEG hydrogels 
is the photoinitiated chain polymerization of macromolecular 
PEG chains modifi ed on either end with acrylate or methacry-
late moieties. [  10  ]  This photoinitiated reaction enables hydrogel 
formation under physiological and cytocompatible conditions, [  11  ]  
while also affording temporal and spatial control of the network 
evolution. [  12  ]  The resulting network structure consists of a distri-
bution in the crosslinking density with long poly(meth)acrylate 
kinetic chains crosslinked by PEG ( Figure 1 ). [  13  ]  It is important 
to note that the macromolecular nature of the crosslinking mol-
ecule, which is often homopolymerized in aqueous solutions, 
renders many classical theories insuffi cient for hydrogel char-
acterization. For example, the Flory–Rehner theory [  14  ]  requires 
knowledge of the molecular weight of the network polymer 
chains in the absence of crosslinks (  Mn ).   Mn  is generally 
unknown for these in-situ-formed gels and only measurable fol-
lowing degradation. More importantly, the nature of the macro-
molecular monomers themselves leads to crosslinks that are not 
point junctions, dramatically infl uencing the calculation of the 
average molecular weight between crosslinks (  Mc ). Further, net-
work imperfections, such as cycles and dangling chain ends, are 
highly prevalent, form to vastly different extents depending on 
the reaction conditions, and make calculation of related network 
properties diffi cult and often inconsistent with experimental 
observations. Towards the creation of more biomimetic and 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 3484–3494
responsive hydrogel systems, adhesive ligands and proteolytic 
degradation sites are readily incorporated by copolymerization 
of the crosslinking macromers with acrylate functionalized 
peptides, [  15  ]  permitting cells to interact with and/or remodel 
their microenvironments. However, the nature of the chain 
polymerization and its associated formation of a carbon–carbon 
backbone polymer necessitates that cleavable groups for gel 
degradation must be introduced within the crosslinks. The clas-
sically observed polydispersity in the kinetic chain length and 
crosslinking density is both an advantage (e.g., rapid and robust 
gel formation) and disadvantage (e.g., non-uniform degradation 
products and heterogeneous nanoscale structure) of this type of 
gel system. 

 As an alternative to the widely used PEG-di(meth)acrylate 
systems, step growth polymerizations have emerged. PEG gels 
are readily synthesized by the reaction of comonomer solutions 
containing complementary reactive groups. The resulting hydro-
gels possess more homogeneous network structures ( Figure 1 ), 
which often lead to superior mechanics when compared to chain 
growth networks of similar crosslink density. [  16  ]  Such hydro-
gels have been synthesized using base-catalyzed Michael-type 
addition reactions between thiols and conjugated unsaturated 
3485bH & Co. KGaA, Weinheim
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   Figure 1.     PEG hydrogels.  Two common methods of forming PEG-based hydrogels are chain 
growth and step growth polymerization of multifunctional PEG monomers. A) PEG di(meth)
acrylate monomers (left, gray PEG chain with red (meth)acrylate end groups; PEGDMA) are 
polymerized by free radical chain polymerization, forming coiled poly(methacrylate) chains 
(right, red coils) connected by PEG (gray linkers). Here, the molecular mesh size of the 
network ( ξ ) is dictated by the length of the PEG chain and the concentration of PEGDMA 
in the gel-forming solution. In addition, the crosslinking density of the network ( ρ  x ) is con-
trolled by the concentration of PEGDMA, dictating the resultant gel modulus, equilibrium 
water content, and solute diffusivity. Degradation is easily introduced within these gels by 
incorporation of a degradable moiety (purple and orange hexagon; water, enzyme, or light 
degradable group) within the PEGDMA crosslinking monomer. B) Multifunctional PEG mono-
mers (gray 4-arm PEG with red box reactive end group) are reacted stoichiometrically with 
degradable linkers (orange linker with open red box reactive end groups and purple hexagon 
degradable group) to form nearly perfect networks by step growth polymerization. The reac-
tive end groups may include acrylates and thiols polymerized by base-catalyzed Michael-type 
reaction, norbornenes and thiols by free radical initiation, and azide and alkynes by copper-
based or copper-free click reaction. Here, the mesh size is again dictated by the length of the 
PEG chain, whereas the crosslinking density is dictated by the length and concentration of 
the PEG crosslinker.  
functional groups, [  17  ]  radical-mediated thiol-ene photopoly-
merizations, [  18  ]  and even copper-free huisgen cycloaddition (‘click’ 
reaction) between azide and alkyne-functionalized PEG precur-
sors. [  19  ]  For the thiol-ene and Michael addition, the step growth 
polymerization provides a simple strategy for incorporating pro-
teolytically degradable peptides through the inclusion of cysteine, 
which readily copolymerizes in these approaches, on one or both 
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
ends of targeted peptide sequences. Hydrogels 
that promote cell spreading and migration in 
a fashion similar to natural biomaterials have 
been synthesized with this approach. [  20–23  ]  

 While these covalently crosslinked gels pro-
vide many benefi ts from an applications per-
spective, especially their enhanced mechan-
ical properties, the covalent interactions also 
impart many complications. First, protein dif-
fusion is hindered. Long mass transfer time-
scales infl uence the delivery and distribution 
of important cytokines or other growth factors 
to encapsulated cells, as well as the ability of 
cells to secrete and elaborate their own extra-
cellular matrix, which is important for tissue 
engineering processes. For example, trans-
forming growth factor-β 1  (TGF-β 1 ) delivery to 
encapsulated hMSCs enhances chondrogenic 
differentiation, [  24  ]  and diffusion of growth 
factors such as this one can be hindered 
in a densely crosslinked gel or in a thick 
gel construct. [  25  ]  In addition, encapsulated 
hMSCs that differentiate into chondrocytes 
secrete collagen type II and glycosaminogly-
cans; elaboration of these secreted proteins 
within the gel construct has been shown to 
be largely dependent on gel crosslinking 
density and degradation rate, affecting the 
mechanical properties of the regenerated 
tissue. [  26  ]  Second, the molecular nature of the 
crosslinking density and related mesh size 
renders cells (∼10 μm diameter) effectively 
immobile. As a result, degradation of the 
material environment must be incorporated 
and controlled to enable cell migration for 
studying cancer metastasis, [  27  ,  28  ]  angiogen-
esis, [  29  ,  30  ]  and wound healing [  31  ]  and to facili-
tate cell–cell interactions for controlling cell 
function and directing tissue morphogen-
esis, [  32  ,  33  ]  amongst other applications. While 
this degradation can mimic certain aspects 
of natural cell migration and ECM remod-
eling, by allowing cell-dictated degradation 
through the incorporation of enzymatically 
degradable sequences, [  20  ]  deciding which 
degradable sequences to use and knowing 
how cells are degrading their local environ-
ment is a complex problem. Enzymatically 
degradable sequences utilized in PEG-based 
hydrogels include GGLGPAGGK degraded by 
collagenase; [  34  ]  AAAAAAAAAK, [  34  ]  AAPVR, 
and AAP(Nva) [  35  ,  36  ]  degraded by elastase; 
and GPQGIWGQ, GPQGIAGQ, and GPQGILGQ, which are 
degraded by collagenase and various matrix metalloproteinases 
(MMPs), such as MMP-1, -2, -3, -7, -8, and -9. [  18  ,  37–38  ]  Cell deg-
radation of hydrogels containing these sequences is cell-type-
dependent, and because of this feature, tailoring the gel degra-
dation properties to a particular cellular system is still largely 
empirical.  
heim Adv. Mater. 2010, 22, 3484–3494
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   Figure 3.     Cell response to mechanical stimulation in 3D.  Cells encapsulated within a gel 
respond to applied mechanical strain non-uniformly (top). Specifi cally, individual chondro-
cytes show varying degrees of deformation in response to increasing strain, as observed with 
confocal microscopy, where cells in gels under 20% strain deform between 1 and 32%. While 
the gel structure is heterogeneous on the nanoscale, the cellular response to gel structure and 
mechanics is heterogeneous on the micro and macroscale. Reproduced with permission. [  46  ]    

   Figure 2.     Complexities of the cell environment and cellular response to substrate mechanics.  
A) Cells respond to multiple signals within their microenvironment. Studies often focus on the 
effect of soluble factors (integrin-bound red circles) and genetics (green DNA strands in the 
nucleus) on cell function while less attention is given to the structure and mechanics of the gel 
with which the cell is interacting, where the cell binds to ligands tethered to its microenviron-
ment (purple coils) and pulls on the surrounding structure. To address this issue, 2D studies of 
cell–gel interactions have been undertaken. B) Cells cultured on low modulus substrates exhibit 
a diffuse cytoskeleton (orange actin fi bers), whereas cells cultured on high modulus substrates 
exhibit a dense actin cytoskeleton, leading to different differentiation pathways for hMSCs, 
e.g., neurogenic (∼1 kPa), myogenic (∼10 kPa), and osteogenic (>25 kPa) pathways, through 
mechanotransduction. [  40  ]  C) Similarly, cell shape has been shown to infl uence cytoskeletal 
organization and cell fate, where cells cultured on small islands of fi bronectin (green) undergo 
apoptosis (left) while cells on larger islands (>10 μm) undergo proliferation (right). [  42  ]    
  3. Interplay Between Gel Mechanics 
and Cell Function 

 To date, experiments with cell-laden hydrogel 
constructs have contributed to our under-
standing of stem cell differentiation, tissue mor-
phogenesis, and pathophysiology. However, 
the fi eld has been largely dominated by the 
paradigm that the primary regulators of cell 
function are genetic and chemical factors, 
and the critical, dynamic interplay between 
ECM ligands and cell surface receptors as 
well as cytoskeletal organization (  Figure 2  A) 
are often overshadowed. Seminal 2D experi-
ments emphasized the relationship between 
cell function and mechanical signals in the 
cellular microenvironment and implicated 
integrin binding, focal adhesion formation, 
and the actin cytoskeleton as transducers of 
these signals. [  39  ]  Specifi cally, Discher and his 
colleagues demonstrated that the differentia-
tion of hMSCs is dependent on the mechan-
ical stiffness of the 2D culture platform 
( Figure 2 B). [  40  ,  41  ]  Further, Ingber and his col-
leagues have shown that the degree to which 
a cell is mechanically extended by adhesive 
ligands on a 2D scaffold can dictate relative 
growth and apoptosis rates ( Figure 2 C). [  42–45  ]   

 Beyond these 2D studies, Bryant et al. 
encapsulated chondrocytes in PEG gels and 
examined how cells responded to dynamic 
loading. [  46  ]  An interesting aspect of this work 
points to further complexities in the cell 
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2010, 22, 3484–3494
microenvironment. Namely, cells respond in 
a nonhomogeneous fashion to macroscopic 
gel deformation/strains. Chondrocytes encap-
sulated within nondegradable PEG gels were 
cyclically compressed with different strain per-
cents, and the resultant cell deformation was 
observed with confocal microscopy (  Figure 3  ). 
While gel deformation on the macroscopic 
scale was uniform, microscopic cell deforma-
tion varied from cell to cell and nonlinearly 
with applied strain. These studies indicate 
that, not only is the gel structure heteroge-
neous on the nanoscale, but cellular response 
to gel structure and mechanics is heteroge-
neous due to variations within the cell popula-
tion and life cycle. Understanding and control-
ling cellular response to mechanical forces in 
3D is complex, as non-uniform gel properties 
and hetergeneous cell populations can lead to 
non-uniform cellular responses to stimuli, [  47  ]  
and introducing degradability within the gel 
further complicates this analysis.  

 Despite the signifi cance of these 2D and 
3D examples, they only probe the cellular 
response in static, nondegrading material 
systems. An important aspect of numerous 
3487eim



3488

www.advmat.de
www.MaterialsViews.com

P
R
O

G
R
ES

S
 R

EP
O

R
T

   Figure 4.     Dynamic modifi cation of the microenvironment.  Cells encapsulated within PEG gels initially exhibit a rounded morphology (left). Within an 
enzymatically degradable gel, cell-secreted enzymes (purple coils) begin to breakdown the local matrix surrounding the cell, enabling cell spreading 
and movement (middle) and subsequently cell division (right). Monitoring these dynamic and local changes in gel mechanics in response to cell 
degradation is challenging.  
other ECM-hydrogel mimics is that they degrade in response 
to cell-secreted proteases. This process is often local, and typi-
cally observed by changes in cell morphology and movement 
(  Figure 4  ). For example, cells encapsulated within PEG gels ini-
tially exhibit a rounded morphology. To promote spreading and 
movement at different points in their life cycle, cells secrete 
enzymes to degrade the local matrix, initially extend small proc-
esses to probe the surrounding environment, and subsequently 
migrate and/or divide. [  18  ,  29  ]  However, understanding the mech-
anisms by which cells are receiving information from their 
material microenvironment combined with how the material is 
responding to cellularly dictated changes becomes increasingly 
complex. Monitoring these dynamic processes is important to 
answer biologically important questions, as well as improve 
on the design of hydrogel carriers for cell delivery and tissue 
engineering.   

  4. Real-Time Monitoring 

  4.1. Cell Motility and Function 

 Researchers routinely employ real-time cell tracking to monitor 
changes in cell morphology and quantify the speed and persist-
ence of migrating cells. [  31  ,  48  ]  Migration is particularly important to 
characterize in 3D, as the mechanism is quite different for cells 
migrating on a surface as compared to those embedded in an 
ECM-like environment. To provide molecular-level information, 
reporter-based systems and intracellular mechanical measurement 
techniques have been developed to elucidate real-time changes 
in cell function and cytoskeletal organization. In the reporter-
based systems, gene and protein expression are linked with the 
production and localization of reporter proteins, such as green 
fl uorescent protein (GFP), allowing non-invasive monitoring of 
changes in cellular processes via fl uorescent imaging. [  49  ,  50  ]  For 
example, cells can be engineered to produce GFP-labeled pro-
teins, such as β-actin labeled with GFP for in situ monitoring 
of actin fi ber formation and cytoskeletal organization, [  51  ]  and 
© 2010 WILEY-VCH Verlag Gm
fl uorescence resonance energy transfer (FRET)-labeled proteins, 
such as protease-sensitive linkers labeled with cyan fl uorescent 
protein (CFP) paired with yellow fl uorescent protein (YFP) for 
measuring caspase activity during apoptosis. [  52  ]  More specifi c to 
capturing microenvironmental remodeling, MMP localization 
by engineering cancer cells (HT1080s) to express GFP-labeled 
MMP-1 and cell-dictated restructuring of collagen gels have been 
observed with dynamic multimodal microscopy. [  53  ]  

 In addition, microscopic changes in intracellular mechanics 
are monitored with micromechanical measurements, such as 
microrheology and atomic force microscopy (AFM). [  54  ]  For 
example, Baker et al .  recently used microrheology to observe 
that prostate cancer cells show increased intracellular creep 
compliance, a measure of cytoplasmic modulus, with increased 
matrix modulus in 3D culture, whereas no correlation was 
observed in 2D culture, which may account for phenotypical 
differences observed in cancer cells when cultured in 2D versus 
3D. [  55  ]  Forces exerted by the cell on their microenvironment 
are monitored using particle tracking, specifi cally traction 
force microscopy (TFM), where it was recently observed that 
fi broblasts migrating on poly(acrylamide) surfaces exert forces 
in 3D. [  56  ]  Cell–cell mechanical communication has also been 
examined with TFM, where transmittance of traction stresses 
between cells was found to vary with substrate modulus. [  57  ]  

 Many tools for studying dynamic cell functions are currently 
available, including cell-reporter-based systems, microrheology, 
AFM, and TFM, techniques covered in detail in several other 
reviews. [  49–50  ,  54  ,  58  ]  Taken together, a substantial toolbox for 
monitoring cellular processes and mechanics exists and con-
tinues to grow with fl uorescent-probe and micromechanical 
measurement systems.  

  4.2. Localized Gel Degradation 

 While real-time techniques for measuring cellular processes 
have been developed and successfully applied, fewer methods 
have emerged for in situ characterization of changes in the mate-
rial microenvironment during cellularly dictated degradation 
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3484–3494
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   Figure 5.     Detection of local gel degradation.  FRET-based linkers within gels provide a means 
to locally detect cell-directed gel degradation. As the cell degrades crosslinks within the gel 
(left, orange hexagon degradable blocks cleaved by purple cell secreted enzymes), increased 
fl uorescence is observed (middle, green hexagon fl uorescent groups). Cells can subse-
quently extend processes and move within the degraded gel, leaving tracks of increased 
fl uorescence (right, scale bar 20 μm). Reproduced with permission. [  59  ]  Copyright 2007, El 
Sevier.  
and remodeling. One qualitative approach to detect local 
degradation in gel systems uses the incorporation of a FRET-
based linker within the gel-forming macromers. For example, 
Lee et al. incorporated a FRET-based dye system into a col-
lagenase degradable linker within a PEG-based gel. [  59  ]  Upon 
local gel degradation by encapsulated fi broblasts, increased 
fl uorescence was observed, allowing visualization of the 
degradation tracks generated by migrating cells (  Figure 5  ). 
Simultaneously, Kong et al. developed a FRET-based reporter 
system for monitoring polymer chain conformation as a func-
tion of gel crosslinking density in alginate-based gels towards 
real-time measurement of gel degradation. [  60  ]  While these 
techniques are each useful for monitoring local changes in 
the network structure, complementary techniques are needed 
for measuring local material properties in real-time and ena-
bling quantifi cation or semiquanitifi cation of properties, such 
as modulus and crosslinking density, to understand more 
completely how they are evolving during local, cell-dictated 
degradation.    

  5. Importance of Understanding Gel Crosslinking 
Density for 3D Cell Culture 

 From the perspective of the cellular environment, the impor-
tant biophysical and biochemical properties of hydrogels 
include, but are not limited to, i) physiological water con-
tent for transport and cell survival, ii) tissuelike elasticity 
for mechanotransduction, iii) diffusivity of important cell-
secreted molecules and/or delivery of cytokines and mor-
phogens from the culture media, iv) ligand presentation for 
promoting cell adhesion and function, and v) degradability for 
matrix remodeling and ECM elaboration. All of these factors 
depend on and are strongly coupled through the crosslinking 
density of the network. Because of the complex changes that 
occur in both the structure and chemistry of crosslinked 
hydrogels during degradation, rheological characterization is 
an extremely powerful tool to characterize the gel properties, 
specifi cally modulus, and through it, crosslinking density. 
Initial and time-dependent properties are readily measured 
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2010, 22, 3484–3494
in both the bulk and local gel. Here, bulk 
property measurements will be reviewed 
fi rst, and beyond allowing characterization 
of the initial properties of gels, these meas-
urements often enable mechanistic under-
standing of changes occurring in gels that 
degrade homogeneously. Subsequently, the 
importance of local property measurements 
and the development of techniques for 
quantitatively measuring them, including 
AFM and microrheology, will be addressed. 
Such techniques are quite useful for charac-
terizing gels that are undergoing cellularly 
dicated degradation and remodeling, which 
can lead to local microenvironmental prop-
erties that are signifi cantly different from 
the bulk.  
  6. Bulk Gel Mechanical Measurements 

 The network architecture of a hydrogel is responsible for holding 
cells in place, as a scaffold, while also providing diffusional 
access for cell-signaling cues, nutrients, and other moieties 
introduced into the cell culture environment. The key structural 
parameter dictating the material modulus, as well as the diffu-
sional characteristics, is the network crosslinking density. Many 
of the techniques employed to characterize nonhydrated, neat 
polymer networks, such as mid-IR spectroscopy and differential 
scanning calorimetry, are problematic when applied to hydrogels 
owing to their large water content (typically >90%). Whereas 
small angle neutron and light scattering have been used to char-
acterize the network architecture, dynamic mechanical analysis 
(DMA) is a facile method for characterizing the bulk mechanical 
properties and the underlying crosslink density of the hydrogel. 
In particular, rheometry (i.e., defi ned here as shear-mode DMA) 
is a convenient method for in situ fabrication and characteriza-
tion of hydrogels, while reducing practical experimental diffi cul-
ties such as sample clamping and dehydration. 

 Amongst the more successful theories relating bulk prop-
erties to the underlying microscopic structure of a material is 
rubber elasticity theory, roughly stating that the rubbery mod-
ulus scales with the crosslinking density and the temperature 
( E  ∼  ρT ). [  14  ,  61–65  ]  The basic assumptions underlying rubber elas-
ticity theory are that crosslinked polymer strands are connected 
at points and are represented by a Gaussian distribution. The 
exact form of this relationship depends on a number of fac-
tors, including the material’s compressibility (Poisson’s ratio) 
and anisotropy, the network architecture model (i.e., the affi ne 
or phantom model), network defects (i.e., loops and dangling 
ends), the inclusion of entanglements, solvent effects (i.e., net-
work swelling), and the extent of deformation. [  66  ]  Moreover, 
swelling of a network has a substantial effect on the modulus 
and depends greatly on the concentration and solvent quality. 
Neglect of these various considerations can result in a signifi -
cant over- or under-estimation of the modulus from the ideal 
classical form (i.e.,  G  =  ρ  x  k  B  T , where  G  is the rubbery  shear  
modulus, which is related to  E  via the Poission’s ratio, and  ρ  x  
is the number of crosslinking strands per volume), but the 
scaling relationship remains intact. To utilize rubber elasticity 
3489eim
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theory with rheometry, sinusoidal linear deformation measure-
ments are made in the low frequency ( ω ), rubbery regime to 
capture the shear modulus of the network ( G  = lim  ω   →0  G ′( ω ), 
where  G ′ is the elastic or storage shear modulus). [  67  ]  Thus, 
rheological measurements of  G ′ must be nearly independent 
of frequency and further must be independent of the applied 
strain (i.e., in the linear viscoelastic (LVE) regime) to be 
directly interpreted using rubber elasticity theory. The hydro-
gel’s response to low frequency sinusoidal deformation refl ects 
crosslinked hydrophillic chains surrounded by water. Nanoscale 
heterogeneities observed in some hydrogels [  13  ]  are lost in bulk 
rheometric measurement interpreted using mean fi eld-based 
rubber elasticity theory. For example, the polyacrylate coils 
crosslinking PEG ( Figure 1 A) become coarse-grained multi-
functional crosslinking units connected via PEG crosslinking 
segments. This outcome is the same that would be observed for 
bulk measurements in homogeneous hydrogels. 

 With these considerations addressed, several researchers 
have employed rheometry to monitor gelation kinetics while 
also characterizing the liquid-to-solid transition in hydrogels 
(  Figure 6  ). [  18  ,  38  ]  It should be noted that this transition is fre-
quently and incorrectly deemed the point where an incipient 
gel forms, or the so-called gel-point. Rather, the gel-point is 
typically marked by the Winter–Chambon criterion, where the 
elastic and viscous modulus scale identically with frequency 
( G ′ ∼  G ″ ∼  ω  Δ ); [  68  ,  69  ]  nevertheless, the gel-point tends to be in the 
vicinity of the liquid-to-solid transition ( G ′– G ″ crossover). [  70  ]   

 Beyond gel formation, rheometry and other DMA tech-
niques have been used to characterize the modulus of gel sam-
ples formed with different crosslinking densities. For example, 
numerous studies have used hydrogel systems of varying 
© 2010 WILEY-VCH Verlag Gm

   Figure 6.     Bulk property measurement with rheometry.  A) As the modulus 
is a function of crosslinking density, B) the polymerization progression can 
be monitored utilizing oscillatory bulk rheometry. Initially monomeric and 
oligomeric species yield a viscous response to oscillatory deformation, 
where the viscous modulus ( G ″) dominates the viscoelastic spectrum. 
With polymerization, the formation of the incipient gel occurs (shown 
in the second inset of panel B), defi ning the gel point of the material. 
The gel point is typically in the vicinity of, but rarely at, the elastic and 
viscous moduli crossover. At the end of the polymerization, the hydrogel 
network becomes fully formed with the elastic modulus ( G ′) dominating 
the viscoelastic spectrum.  
crosslinking density to evaluate the static elastic modulus of 
gels and then used these gels for 2D cell culture towards eluci-
dating mechanotransduction effects on cell properties. [  40  ,  71–76  ]  
Emerging areas of interest include translating this under-
standing to cells encapsulated in systems with defi ned elas-
ticity, where focal adhesions, cell morphology, and polarity can 
be quite different than in 2D. Beyond tailoring the initial prop-
erties of the gel, hydrogel systems have recently been devel-
oped to allow the formation of cell substrates that have a trig-
gered change in elasticity at any point in time. For instance, 
using photopolymerization, Hahn et al. have increased the 
modulus of PEG gels in situ by the selective addition of short 
crosslinking molecules within an existing gel, increasing the 
crosslinking density in space and time. [  12  ]  Khetan et al. have 
photocoupled peptide crosslinks within covalently crosslinked 
hyaluronic acid gels, temporally increasing the local crosslinking 
density and controlling cell morphology in 3D, [  77  ]  and Nowatski 
et al. have increased the crosslinking density of DNA-based 
gels via photocoupling in 2D. [  78  ]  Gel modulus also has been 
decreased in situ by photocleavage of gel crosslinks with con-
trolled irradiation, controlling cell migration and morphology 
in 2D [  48  ]  and 3D. [  79  ]  Such probing of cell responses to dynamic 
changes in their environment may prove quite useful in 
expanding the current understanding of the role of the material 
environment in focal adhesion formation, migration, and even 
differentiation. 

 While bulk measurements provide a global picture of the 
3D cell culture environment, there are several questions that 
still remain about how cells react to local spatial variation 
or how far into the material a cell is able to sense property 
changes. As these questions are crucial for understanding 
many of the basic questions about how cells are responding 
to their material microenvironment, new methods for probing 
the local mechanical properties must be developed. These 
methods must have a spatial resolution smaller than the size-
scale of a cell to determine local variation in the mechanical 
properties. Among these methods are AFM and tracer particle 
microrheology.  

  7. Atomic Force Microscopy (AFM) 

 The growing recognition of the important role of the microen-
viromental modulus in dictating cell functions such as differ-
entiation, [  40  ,  80–81  ]  migration, [  82  ]  and fate [  83  ]  has led to extensive 
use of AFM for determining local gel and cell mechanical 
properties. [  84  ]  To determine local surface modulus, the AFM is 
used in contact mode, where the probe measures force versus 
distance at a specifi c point on the gel surface (  Figure 7  A). 
The force versus distance data aquired from lowering and 
subsequently retracting the probe to and from the surface is 
converted into the surface modulus with the spring constant 
for the probe and by selection of a model for elasticity and 
Poisson’s ratio ( ν ) for the material of interest. [  85  ,  86  ]  The spring 
constant is easily determined using a standard substrate. The 
Hertz model is often used for describing hydrogels, and using 
it, good agreement between bulk and surface measurements 
of gels has been shown. [  78  ]  Last, Poisson’s ratio, which can vary 
for different hydrogel types, has recently been shown to differ 
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3484–3494
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   Figure 7.     AFM for local surface measurement of gel modulus and 
crosslinking density.  A) Cells on substrates of different crosslinking den-
sities exhibit different cytoskeletal organization and moduli. A cell on a 
highly crosslinked gel (right) has a cytoskeleton dense with actin fi bers 
(orange) and focal adhesions (green), pulling on the network through 
integrin–ligand binding (brown and purple) and responding to the elas-
ticity of the substrate, whereas a cell on a less crosslinked substrate has a 
diffuse cytoskeleton (left). With AFM, the modulus, and thus crosslinking 
density, of the underlying gel as well as the modulus of the cell’s cytoskel-
eton can be measured by controlled indentation of the sample surface 
during 2D cell culture (top) to explore this interplay between gel structure 
and cell function. B) A correlation between substrate stiffness and cell 
stiffness was observed with AFM measurements of fi broblasts cultured 
on polyacrylamide gels of varying crosslinking density. Reproduced with 
permission. [  89  ]  Copyright 2007, Cell Press.  

   Figure 8.     Illustration of passive tracer microrheology in a hydrogel with 
a crosslinking density gradient.  The embedded probe particles (red 
spheres) undergo Brownian motion, whose path is characteristic of the 
surrounding hydrogel (yellow chains). The insets show typical paths 
for probe particles in a hydrogel having a gradient crosslinking density. 
With increasing crosslinking density, there is a decrease in the mean 
squared displacement of individual particles. After multiple particles 
have been observed, the ensemble-averaged viscoelastic properties are 
obtained.  
for a hydrogel surface measured with AFM in comparison to 
bulk hydrogel measurements, where  ν  is 0.2 for a gel surface, 
which does not have adequate time to relax or drain during the 
nanoscale pertubation with an AFM probe, [  87  ]  and is 0.45–0.5 
for a bulk PEG gel. [  88  ]   

 Using each of these assumptions to determine a gel’s 
modulus with an AFM introduces some variability; however, 
AFM measurements of gel and cell modulus have been made 
repeatedly and successfully on multiple gels and cell types 
and have been part of several seminal works. For example, 
researchers have used AFM to characterize comprehensively 
the modulus of soft tissues and mimetic gels for studying 
mechanotransduction. [  40  ,  83  ,  90  ]  In addition, the interplay 
between substrate modulus and cell cytoskeletal organization 
and modulus has been investigated ( Figure 7 B). [  89  ]  With this 
tool, local modulus and crosslinking density are determined 
on surfaces and their infl uence on cell function probed, but it 
is still diffi cult to measure local modulus  within  a gel during 
3D cell culture. Towards measuring and monitoring gel mod-
ulus and crosslinking density in 3D, microrheology is being 
explored.  
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 3484–3494
  8. Tracer Particle Microrheology 

 Microrheology utilizes the motion of micrometer-sized probe 
particles to determine the mechanical properties of the sur-
rounding medium (  Figure 8  ). Unlike AFM, which probes the 
material at the surface, microreology allows access throughout 
the hydrogel volume. The probe particle motion is either 
actively manipulated via an external force, such as a magnetic 
fi eld or light tweezers, or passively observed as they undergo 
Brownian motion. In either case, the probe particle motion is 
affected by the surrounding medium. Thus, by resolving the 
particle motion, one can access the local viscoelastic properties 
of the material.  

 To probe gel properties, tracer particle microrheology 
involves the encapsulation of small particles within hydrogel 
systems and following their motion in situ with light micro-
scopy. This particle motion is subsequently correlated with 
local gel modulus and crosslinking density through a math-
ematical analysis of the forces acting on the sphere. The math-
ematical basis for tracer microrheology is the so-called gen-
eralized Langevin Equation, or particle force balance, which 
describes the driving force balanced by a material-based retar-
dation force. The history dependent material properties of the 
surrounding medium are captured in the retardation force 
through a memory kernel, or history dependent friction coef-
fi cient normalized by the mass of the particle,  ζ  m  (the second 
term on the right hand side of  Equation 1 ). [  91  ,  92  ]  As this form 
is analogous to the development of typical linear viscoelastic 
functions, such as the creep compliance or relaxation modulus, 
it is not surprising that this derivation provides a mathematical 
3491bH & Co. KGaA, Weinheim
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framework to interpret the probe particle’s spatial evolution 
(i.e., the momentum evolution,  p ( t )) in terms of viscoelastic 
properties. 

 The solution of  Equation 1  depends on the nature of the 
driving forces,  F , which is either an external force or a sto-
chastic Brownian force or the sum of both.

 

d p(t)

dt
= F −

∫ t

−∞

∫∫
dJ.m(t − J )p(J )

  
(1)    

 Passive tracer microrheology has a rich historical background 
that can be traced back to the work of Jean Perrin and a team 
of students who performed impressively precise position evolu-
tion measurements on colloidal particles undergoing Brownian 
motion, demonstrating the accuracy of the Stokes–Einstein rela-
tionship (〈Δ r  2 ( t )〉 =  tk  B  T / πaη , where 〈Δ r  2 ( t )〉 is the mean-squared 
displacement of a spherical particle having a radius  a  in a fl uid 
with viscosity  η ). [  93  ]  More recently, the Brownian motion of a 
spherical particle in viscoelastic materials was shown to follow 
the generalized Stokes–Einstein relationship, or GSER (〈Δ  r 2 ( s )〉 = 
 tk  B  T / πas   ̃0  ( s ), [  94–96  ]  where the mean-squared displacement is 
now a complex function expressed here in the Laplace domain, 
 s ); this result is the solution of  Equation 1 , where  F  is a sto-
chastic Brownian force. [  96–98  ]  The complex viscosity is conven-
iently transformed to the creep compliance in the time domain 
as  J ( t ) = 〈Δ r  2 ( t )〉 πa/k  B  T . [  67  ,  99  ]  This last expression is used as a 
design equation to approximate the experimental particle dis-
placement resolution and particle size needed to evaluate the 
elastic modulus of a material ( G  ≤ 1/ J ). [  67  ]  For example, an 
experimental particle displacement resolution of 10 nm (as 
obtained via video particle tracking [  100  ] ) for 500 nm size par-
ticles will have an upper modulus limit of ∼0.05 kPa. Thus, 
to measure the modulus of a covalently crosslinked hydrogel 
(0.1–100 kPa), the experimental resolution must be increased 
or the particle size must be reduced. 

 In the development of GSER via  Equation 1 , it is inher-
ently assumed that the surrounding medium can be treated 
as a continuum; however, as the size-scale of the probe par-
ticle approaches the characteristic length-scale of the material 
(e.g., the mesh size of the hydrogel) GSER is expected to fail. 
Furthermore, probe particles may interact with and possibly 
infl uence their surrounding environment, affecting the viscoe-
lastic measurements. [  101–103  ]  The probe particle interaction with 
the surrounding material can infl uence the viscoelastic prop-
erty measurement by attraction or depletion effects, thereby 
enhancing or reducing the local concentration, respectively. 
Two-point tracer microrheology addresses this issue by utilizing 
particle–particle cross-correlations, which provide viscoelastic 
measurement of the material between the two particles. [  104  ]  
Similar to how the two conductive spheres interact through a 
dielectric medium, two spheres undergoing Brownian motion 
exhibit correlations via a displacement fi eld in a viscoelastic 
medium. [  105  ,  106  ]  

 Despite its limitations, passive tracer microrheology has 
been utilized in exploring the dynamics of multiple biologi-
cally relevant low modulus materials, such as F-actin. [  107–109  ]  
The spatial evolution of dynamical properties in the cytoplasm 
of a live cell is achieved using multiple particle tracking of 
embedded probe particles. [  54  ,  110  ]  Additionally, the formation of 
© 2010 WILEY-VCH Verlag G
hydrogels up to the gel-point has been examined using passive 
tracer microrheology, [  111  ,  112  ]  which could similarly be used to 
characterize the degradation of a hydrogel undergoing a gel-to-
sol transition. This characterization may prove rather benefi cial 
for understanding the local process of matrix remodeling while 
a cell is migrating for quantative analysis of cell-dictated deg-
radation in complement to qualitative FRET-based assays. [  59  ]  
In addition, this local, quantitative monitoring of degradation 
assists in establishing the critical matrix crosslinking densities 
for observing or dictating changes in cellular processes, such as 
spreading, [  77  ]  process extension, [  113  ]  and ECM elaboration and 
assembly. [  114  ]  A challenge remains in probing the mechanics of 
a covalently formed gel, whose modulus may be too high for 
the measurement resolution of passive microrheology until sig-
nifi cant gel degradation has occured. To address this limitation, 
active microrheology should be explored. 

 Active microrheological methods have the capability of pro-
ducing larger displacements than passive methods, and there-
fore the displacements are easier to spatially resolve in materials 
possessing higher moduli. The application of an external force 
is readily incorporated into the generalized Langevin equation 
( Equation 1 ), where  F  becomes the sum of the Brownian and 
external forces. The two predominate methods used to exert an 
external force on a particle have produced forces through either 
an optical trap (laser tweezers) [  115  ,  116  ]  or a magnetic tweezers 
(via current through a coil). [  117  ]  The optical trap method uses 
focused light to create a potential well, essentially trapping a 
spherical particle. The force on the particle depends on several 
factors, but is typically larger than that produced by Brownian 
motion. Unfortunately, this force is still too small to resolve 
the modulus for a majority of PEG-based hydrogels used in 3D 
culture. Furthermore, the hydrogel heterogeneity complicates 
laser-based microrheological methods, which need direct access 
to the probe particle. The recent use of powerful and precise 
magnetic fi elds produces forces on spherical magnetic particles 
up to many orders of magnitude greater than optical trapping 
techniques; however, these lack independent control of each 
particle. 

 Although recently there have been several advancements in 
both passive and active methods of tracer particle microrhe-
ology, their use to probe a 3D heterogeneous cellular scaffolds 
remains limited. The theoretical framework appears to be well 
developed, but there are several experimental factors that must 
be resolved. Passive methods, particularly two-point video par-
ticle tracking, have several advantages, such as obtaining prop-
erty information both locally and between particles, but lack 
the resolution to examine the mechanical properties of fully 
formed, covalently crosslinked hydrogels. In order for passive 
tracer particle microrheology to be a viable option, new spatial 
tracking methods must be developed. Active methods exert 
an external force producing enhanced particle displacement 
and thus may be the most promising avenue to explore the 
hydrogel microenvironment. Despite the low external forces 
produced by optical trapping, exploration of thin hydrogels with 
low crosslinking density may be possible. This outcome would 
further allow individual cross-correlated motion to be explored, 
providing information on how mechanical disturbances are 
translated through the hydrogel matrix. Finally, magnetic fi elds 
that produce a large external force on magnetic particles may 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3484–3494
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be the simplest approach for exploring the hydrogel modulus. 
This method could provide information on the local heteroge-
neity of the material, as well as anisotropic effects that may be 
present in a 3D cell culture microenvironment.  

  9. Conclusions 

 This is an opportunistic time for advancements in cell-responsive 
hydrogel development and related characterization techniques. 
With the combination of advances in gel chemistries and 
techniques for monitoring the mechanics of cells and gels, 
questions about the complex interrelationships between micro-
environment structure and cell function are being elucidated. 
Real-time monitoring techniques for detecting changes in 
cell function, such as gene expression, protein secretion, and 
migration, are routinely used, and complementary techniques 
to monitor related changes in the material environment sur-
rounding cells are emerging, such as FRET-based assays to 
qualitatively characterize degradation of gels by encapsulated 
cells. For quantifi cation of gel property changes, rheometry is 
being utilized to understand modifi cation of bulk gel properties 
with crosslinking density and degradation. Local surface prop-
erty effects on cell cytoskeletal organization are being probed 
with AFM, and microrheology is being employed to observe 
gel formation and cell mechanics in 3D and, with advances 
in measurement resolution through active tracer techniques, 
may be exploited to observe local gel degradation in the future. 
Through these approaches, the collection of methods for meas-
uring changes in cell and gel properties is growing towards a 
better understanding of the dynamic relationship between a 
cell and its microenvironment.  
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